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\ ABSTRACT

Infrared and Raman spectrosbopies have been utilized to study the

adsorption ef TiCl,, [(CHS)SSI]ZNH,_ CH,OH, B(.CZHS)S, B,Hy a‘ns! Ga(CH,),
on silica and of .BZHG and (';‘-a\(Ci-l:,’)3 on 'X—alumiha._ Raman spectroscopy has

also been used to In}restigate the aqsorption of CHSOH"‘C_2H4’ CGHS’ ‘NOZ, 802

and H S on H+-axchang'ed zeolite ZSM-5, . -

2

Techniques have been developed to p.repare thin silica films which are
infrared transparent over the region 4000—500cm_1. This has a!léwed the
acquisition of vibrational information formqr!y unobtainable by transmission
_‘infrared spec_:troscdpy because of the lack of transparency of self-supporting
silica discs below about 1300cm-1. Thus, the important adsorbant-adscrbate
stretching vibrations an-d skeletal vibrations of adsorbates which occur below
‘IBOOcm_1 and which are crucial to the assignment of the éurface species have
been observed for t'hé above molecules on si;ica.' urthermore, the problem of
the intense fluorescence\‘ﬁackgropna in the ﬁaman spectrum of silica and alumina,
which overwhelis and masks the weaker adsorbate peaks, has been overcome.
Cpnsequently, Raman spectroscopic data in the 4000-"100cm.—1 region compli-
mentary to that given by infrared spectroscopy may be obtained.

Titanium tetrachlorige reacts in two ways with silica as evidenced by
the observation of two distinct types of Z§i-0-Ti vibrations. On moderately

dehydroxylated surfaces the sole reaction is

(1) ESIOH  +  TiCl, — =Bi-O-TiCl + Hcit

3

whereas on highly hydroxylated surfaces the additional reaction:



occurs. As expected, [(GH3)381]2NH and CHBOH only react with individual surface
silanols (whetﬁér or not t‘h'ey are hydrogaJn-bonded) to yield '-.'-.Si—O—Si(Ci—Is)3 and
'.-=..S'|—C)CH3 respectively and the corresponding = S$i-0O-Si and =Si-OC vibrations
have beén observed.

The infrared spectrum of silica which containéd both paired and isolated

hydroxyls and which was treated with B(‘CzH show that only one product,

5)3
ESi-_O—B(02H5)2, is produced. However, a time resolved study using infrared
spectroscopy shows that the isolated hydroxy! groups with a sharp band at -
37‘48t:m_1 react fastest while hydroxyl groups witlh a pair of bands at 3717 and
3525cm_1 react slower. This pair of bands has been assigned to two hydrogen-
vt‘aonded: hydroxyl groups.

Diborane (BZHS) at pressures of 10-20 torr does not react with hydroxyl
groups on silica ~at 25°C. However, at slightly elevated temperatures (such as
that due to the heat from the infrared source in a dispersive spectrometer) there
is some reaction and- at _1QO°C all hydroxyl_-groups react rapidly. Regardless of
the extent of rea;:t-ion, three distinct species, desi\gnated A,'B and C,-_are
produced. Species A, = SiOBZHs, is forméd froﬁ\/the reaction with isolated
hydroxyl group's or with reactive siloxane bridges produced on highly
dehydroxylated silica and is stable in the presence of gaseous diborane. Upon

evacuation species A converts to B, = SiOBHZ,but can be restored by the

readdition of diborane. Species C, {( = SiO)2BH, is produced by the reaction of



dibornnt with paired hydroxyl groups and is more abundant when the initial surface

hydroxyl density is greater. Oilborane also rescts with the reactive siloxane

sites which are crooted as a result of high temperature dehydroxyi'atlon to yield

species A (or B after aevacuation) and =SiH. The reactions between diborane and

silica pro:
£8i0 H H
\ 7 A
{3) =50 + QO.H,K6&A ————— 8 8 N H
H H H
! A

(4) 8]
VAN
ISlzl lSlt' . B2H6 2 :St-O-BzP-g + = SiH
A
- il
{(5) .. : ' H
) |
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] i \ | 1
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i (RN} 2°6 . in 2
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{6 ' \-
{6) . 2 /H
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§108,H, ———  ZSi-0-B  + _iBH T

N

P:d
)
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o

{m

Diborane reacts with the more basic hydroxyl groups on ¥ -alumina at 25°¢.
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The Raman and i‘nfrared Bands observed for the surface species are broad but have
been -assigned to '.'—_'AIOBHZ(I) and (EAIO)‘ZBH(II). reaction also occurs with
_ neighbouring Lewis acid and base sites to produce sbeci s | and a borohydride
species, EAI8H4(III). None of these species changes with the addition and'
evacuation. of gaseous diborane. The Iéa‘st basbﬁydroxyl qgroups react with
diborane at 1000(3_ to proddce s'pecies ! and lll. Alumina which had been treated
with diborane at 25 or 100°C catalyzes the polymerization of acetylene to give
the intensely coloured trans-polyacetylene polymer.

éegardless of the temperature used to activate ‘the silica under vacuum the

3)3 is with .the surface hydroxyl grou&\.

major reaction of Ga(CH

(7) =SIOH  +  Ga(CH,), ——) =S8i0Ga(CH,), + CH,T

3 4
@
(1)

For silica activated at greater than 40000, ‘reactive siloxane bridges also react

to yield species | and ESi(CHa) (I1). Almost all vibrational modes of species

I have been observed. At 250C1 MH3{M=N, P, As) coordinate tg the gailium of |
and there is also a smali degree of decomposition of this complex since traces of
=SiOH and CH, are observed. With increasing temperature this decomposition is
,accelerated until, near 500°C (M=N) or 250°C {M=P, As) GaM is formed. Spécies I
reacts within one minute at 25°C with gaseous HCI to eliminate one methyl group
as ‘CH4, and over the'next‘24 hrs the second methyl group is also converted to
CH4. The mechanis'm of the reaction is complex since = SiOH groups are also
created thus indicating that HC! can ;:leave the Si-O-Ga bond and spectroscopic

Al

evidence shows that monomeric GaClé and ESiC}GaCI2 may constitute the final

product.

Two types of reactions of trimeéthylgallium with alumina are observed and



their relative proportion depends on the activation temperature of th‘e alumina
during evacuation. On a highly hydroxylated alumina the major reaction is with
hydroxyl groups to produce EAIOGa(CH{iz and CH4.__ On a dehydroxylated alumina a
reaction also occurs wit.h Lewis sites to yield EAIOGa.(CH3)2 and EAICHS. These
two reactioné constitute a simple methbd to determine the relative amounts of
hydroxyl sites and Lewis agid sités. | .

Raman spectroscopy shows that methanol, ethylene, benzene and nitrogei’i
dioxide are physisorbed on }f-ZSM-S. Prolonged exposure or heafing of.t.he
3 2H4 Sr CGHG causes an intense fluorescence background to

appear. In the case of NO2 however, the spectrum remained unchanged. Sulphur

sample in CH_OH, C

.

dioxide is also physisorbed on H*-ZSM-5 but evatuation of the excess gaseous 802

and the addition of H_S leads to the forimation of sulphur and this suggests that

2
this zeolite might be an effective Claus catalyst.



CHAPTER 1

INTRODUCTION

The realization in the past forty years of the importance of surfaces
in physical and chemical processes has resulted in 7xtensive studies of
interfaces using various tec’iiques, and the blossoming of the new field of
surface science.

The nature of a surface at the molecular level is critical to
understanding its behaviour. However, studies ain?e'd afpbtéining such
information are limited to the gas-solid interface because ‘ihe majority of
the newer electron spectroscopic techniques avai!ablt’:‘“\Ls_ee-‘below) only
operate under high or ultra-high vacuum conditions. This therefore
preciudes studies of thé solid-liquid interface (except when conventional
techniqhes such as Raman, Infrared and nuclear magnetic resonance
spectroscopies aré used) which is important in biological and L
electrochemical processes and of the solid-solid interface which is
important for understanding mechanical properties. ;\_;:udy of the solid-qas
interface does,however,provide some information which is helpful in the
studies, albeit at the macroscopic level, of the other interfaces. B .

Many surface sensitive techniques such as low energy electron diffraction
(LEED), ultravidlet and x-ray photoélectron spectroscopies (UPS and
XPS), Auger electron spectroscopy (AES), nuclear magnetic resonance (NMR)
and secondary ionization mass spectrametry (SIMS) give information about the
electronic and structural properties of the surface and its chemical

composition. A complete study of surfaces requires vibrational information

which would give, in addition to str‘yctural data of the surface itself,
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information regarding the structure of adsorbates and of their interactions

with the surface. h

- +

Vibrational data of surfaces and its adsorbates can be obtained from
technigues involving electron scattering, neutron and Raman scattering and.
infrared absorption spectroscopies. High-resolution electron energy loss
spectroscopy (HREELS) is ca;::;ble of giving vibrational data for smooth metal
surfaces (clean or adsorbate covered).in ultra-high vacuum. Neutron
inglastic scattering (NIS) can give vibrational data for metallic or non-
metallic surfaces without requiring ultra-high vacuum but does require a
nuclear reaétor. Infraredland Raman Specgros;opies are useful for studyingI;
any type of solid surface in the presence or absence of a gas or liquid.
!) Studies of surface properties o_f macroscopic solids are hampered by
the fact that only a small percentage of tﬁe atoms are at the surface.
Probes involving electrons (e.g. LEED, HREELS,‘AES, UPS, XPS and SIMS} which
have small penetration depths in solids, are inherently surface sensitive.
However, probes sych as NIS, infrared and Raman spectroscopies which use
neutrons or electromagnetic radiation may have relatively long penetration
depths, resulting in bulk effects which may effectivi!y mask or overwhelm
the surface effects,

One way of overcoming bulk effects in Raman and infrared
' spectroscopies is to use highly dispersgd (high surface area) materials,
i.e. ,materials_u;vhich have very small particle size and hence relatively more
surface atoms to bulk atoms when compared to those with larger particle
sizes. Many vibrational studies of surfaces have been dor;e with highly

dispersed oxides such as SiO,, Al,O,, and TiO2 and dispersed metals

2Ty
supported on these oxides. (Dispersed metals require oxide supports because

L



of their tendency, by themselves, to form aggregates.) Of course, the -

vibrational spectra of these high surface area materials will sfill contain
features due to the bulk properties but surface effects can now compete with:
thbse of the bulk. ' - ' '
Silica is V\{idely used as a relatively inert high surface area support for
- dispersed metal catalysts. It is also extensively used in modified forms for
chromatographic columns. As a result of this, silica has been extensively
studied by infrared spectroscopy and to a smaller extent by Raman spectroscopy. b
Two of the first successful infrared spectroscopic‘ studies were carried out using
high surf:ace area porous glass1 and silica gelz. |
Alumina is extensively used as a catalyst and also a chromategraphic
support. Like silica, it has received extensive study b;( infrared spéctroscopy
but very little study by Raman spectroscopy. ‘
The zeolite called ZSM-5 which is a crystalline alumino-silicate has
recently emerged as the pre-eminent o;ide catalyst and is receiviﬁg great
attention. A However, few infrared and practicélly no Raman studies of this
material have been carried out. b
This thesis is concerned with the use of infrared and Raman
' spectroscopies to' study silica, alumina and. Z5M-5. In particular,these
studies seek to refine the infraret'i and Raman. techniques so that more
information can be obtained from them without complex or difficult
experimental adaptations. Further, new probe molecules are employed to give
new information about the surface properties of these oxides Ta aid in the
comprehension of the work to be presented in this thesis a brief review of

some of the known relevant surface properties of silica and alumina is given

‘here. A separate introduction to the properties of the zeolite ZSM-5 is

-



given in. Chapter 9.

Part A

Several 'excellent reviews concerﬁing the nature, concgntra_tJion and
reactions of the surface groups on silica have been publishedsms. .ln the
interpretation of studies with silica a distinction between silica as a ge! and
an aerosil must be made.

Silica gels are generally produced by the acid hydrolysis of sodium

silicate, silicon tetrachloride or tetraethoxysilane.

. + . +
(1) N828I03 + 2H — SIO2 + H20 + 2Na

() &)  SiCl,+4H,0 —* Si(OH), + 4HCI ‘
b)  Si(OH),—Si0, + 2H,0 -

; ‘H+ .
(3} a) Sl(C2HSO)4 + 4H20 a— SI(OH)‘4 + 4 CZHSOH v

b) St(OH4)4“—“‘7 SlO2 + 2H20

These gels have similar properties in that '_cche surfaces of newly formed gels are
highly hydroxylated with 4-8 surface hydroxyls per nm2, whereas aerosils have 1-4
per nmz. As shown by electron microscopye, the individual gel particles are non-
uniform in shap‘e and are hdneycombed with micropores which are accessible to
various molecules inctuding water. The properties of gels have been reborted f0
depend on the sizes of these micropores and on the types of hydfoxyl groups on -
the surface and in these pores-,-“.

Aerosils are prepared by the flame hydrolysis of silic¢on t?trachloride in a

stream of hydrogen and air at about 1000°C and the ratic of the three components

in the flame controls the particle size and surface characteristics12. Etectron
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rnir:.rosc:opy1:3 has shown that aerosil particles are usually spherical in shape and
Iack.micropores. Aerosils, because they are formed under relatively dry
conditions do not generally contain as many surface hydroxyl groups as does
silica gel. V_Furthermore whereas silica gel can have very high surface areas (as

high as BODmZg ) due to the presence of micropores, aerosils have a somewhat

2

lower maximum area ('400m 9_1). It is important to realize that aerosils and

gels are amorphous materials. It is generally accepted that these sil-icas
consist of SiO4 units connected together by bridgi;mg o;ygens in a continuous
random net_vyorkM. X-ray diffraction studies15 show that long range order is
destro-yed by Si-O-5i bond angle ﬁ*riations whi_ch can be quite large.

The silica used in the in(.vestigations reported in this thesis was an
aerosil. The fellowing discussion thereforle deals mainly with the
properties of aerosils and gels will o;ﬂy be mentioned for comparative

purposes.

The Infrared Spectrum of Silica

Figure 1-1 shows the infrared spectrum of a self-supporting disc of aerosil
before and after degassing at 150°C for 1hr to remove water. The totally
absorbing bands centered around 1108 and 815crn_1 have been assignedm' to --
antis;mmetric and symmetric Si-O-35i stretchiﬁg modes,respectively. The band
at 1640cm” | has been assigned as an overtone of that at 815¢cm” ! while those
at 1875 and 200(Jcrn-‘I are combination bands. The bands from 3750—{3300cm_1
have been assigned to O-H stretches of vanot;ls hydroxyls

Figure 1-2 shows the ififrared spectrum of an aerosil in the O-H stretching

region after degassing at various temperatures. It has been well established

. that the sharp band at 3748crn-1 is due to isolated hydroxyl groups on the silica
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U000,

Figure 1-1 :
The infrared spectra of aerosil (IOmg/cmz)
a) as received aerosil before degassing

b) after degassing at 150°C for 1 hr,
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- N ' M
3800. 3556. | ' 33d0. -

Figure 1-2
Infrared spectra of aeros11 (10mg/cm2) in the OH stretching region
a) before degassing and after degassing for 1 hr¥ at b) 25°C;
¢} 150°C; d) 300°C and e) 450°C.
f) spectrum of a sample similar to c) after exchange with D0 at
150°C and evacuation at this temperature for T hr,
(from Morrow et al. ref. 51)
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surface which are not perturbed by neighbouring hydroxyls“. Peri” has

calculated that the Si<O-H bond angle in isolated hydroxyls (I) on silica
gel was 113° and a similar value is expected for this on aerosil. Th?s bond

angle impliss that the SiOH bond has a high de.gree of covélency.

Si ()

.

»
—_—

The bands observed at 3;120, 3650 and 3550(:mﬁ'I have been variodg_l\yfttributeg to

different types of hydroxyl groups or adsorbed water by several au rs~and some

‘ of these assignments are ‘discussed below.
\ The broad band centered near 3550cm"1 in Figure 1-2 persists until

degassing above 400°C and has been assigned to either adsorbed water or

hydrogen-bonded hydroxyl groups. Galkin et 5.1-8 have reported that

aerosils previously degassed at temperatures between 200 and 800°C and then

exposed to water retained water upon degassing at 200°C but that this was

19, 20 concluded from their investigations

removed at 400°C. Fripiat et al.
that silica gel also retained water, even up to 300°C. Conversely ,Demarquay
and Frissard21 using nuclear magnetic resonance spectrosbcpy (NMR]} ,have
shown that water was rerﬁoved from silica gel at 100°C. Ghiotti et 31.22

havé shown from infrared studies with aerosil that there was no further

change in the spectrum at 1627cm-1 (H20 deformatior;)_after degassing at ‘2500
for 8 hrs and that therefore all adsorbed water could be removed at this

temperature.—This resuit has also been supported by the work of Hockey and

F‘ethica,23 Bermudez 24 and otherszsdm and has been verified for the
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aerosil used in the investigations reported in this thesis.

Two possible assignments of the 3550cm—1 band were considered by
Hambelton et _a_l.28 . The silica surface was first exchanged with DQO to
produce Si-OD groups in order to avoid interference by bands due to
atmospheric water during their infrared studies. This exchange produced
bands at 2760 and 26200:‘:‘\_1 corresponding to those initially a-; 3748 and

3550cm-1, respectively. They observed that upon the addition of DO new

2
bands appeared at 2550 and 2690cm_1 assignabie to adsorbed DEO and perturbed
isolated TSiOD. If the band at 2620cm ‘were due to ‘= Si0OD groups

perturbed by DO then this band shouid have diminished as ==SiOD groups

2

were removed by degassing at high temperatures. HQWaver it was found that

the 2620(:m_1 could be‘completely removed at Iower“degassing temperatures
than the bands at 2(‘59l0<:m_1 and 2550cm | which still appeared upon the
addition of DZO' Hence the band at 2f520<:r7‘1_1 cannot be due to a species
perturbed by DZO' Conversely, if the 2620\:;1'1_1 band were due to DQO bound to
the surface then there should be a broad band at lower frequen;::y which
mimics its behaviour. Such a band was not observed. Therefore Ham'be1ton'5t_
al. goncluded that the band at 2620cm”™ in the OD spectrum {or 3550cm ™ in
the OH spectrum) was due to two closely neighbouring hydroxyl groups
hydrogen-bonded to each other. The broadness ‘of the band for this species
was attributed to variations in the strength of this interaction because of
differing distances between any two such hydroxyls.

Subsequent work by van Roosmalen and Mol29 with silica gel w?ich also
had infrared bands at 3748, 3720, 3650 and 35500m._-1, showed that the band at
3720(:m_1 followed the behaviour of the band at 35500!’1’1-1 during degassing.

After evacuat& at 67°C no further change was observed in the water
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deformation region of the infrared spectrum for silica ga.| and difference
spectra obtajned aftér subsequent evacuations clearly showed that bands at’
3720 and 3550cm_1 continued to disappear during dedassing up tc') 600°C. By
comparing these difference spectra with the infrared spectra' of p'henol and
methanol dimers and certaini:1 water-base complexes van Roosmalen and Mol
assigned the band at 37"_20cm_1 to vibrations of free-OHa and that at 3550(‘.m_1

to hydrogen-bonded -OHb in species (l1)

3550cm-1\> ‘e i

VALAR a -

g 0 S~—— 3720cm™" ()
| | .

Si Si _
i i

Ghiotti et il.22a have also assigned two IR bands observed with an aerosil

at 3720 and 3520cn;n_1 to a pair of hydrogen-bonded hydroxyl as above. Their

T assignment was made by analogy with the bands produced by the reaction of

HéO with the siloxanes on a highly dehydroxylated silica as reported by

30, 31 'and Morrow e_ta_l.32 (to be discussed later).

Mbr_rBW'and Cody
Galkin et p_l.ss have observed that the amount of water adsorbed on
silica depended on the pretreatment temperature. It was reported that more
water was adsorbed on a silica which had been previously degassed at 400°¢
than on' one which has been degassed at only 200°c. Yc;ung12 had reported in
earlier work that the greater portion of the siliga surface was hydrophobic
based on the much lower surface area obtained using water as an edsorbent
compared to nitrogen in a B.E.T. surface area measurementj(Brunauer—Emmett-

Teller34). Young12 and others 1 33 35-43

have found that the amount of
adsorbed water depended on the concentration of surface hydroxyl groups.

Recently, Hobza et _a_l.44 using semi-empirical molecular orbital calculations

¢



16

o

have shown that ‘water adsorption takes place on the silanol groups which act
as proton donors to the adsorbed water. They have also shown that lattice
siloxane sites ( = Si-O-Si= ) have very little ability to form hydrogen-

bonds with water. Their calculations also suggest that water adsorption

first takes place on isolated or hydrogen-bonded pairs of hydroxyls. At

hi'gher coverages the tendency of water to self-associate dominates and water
cluster formation prevents monolayer formation. Hobza et al. also conclude
that a substantial fraction of water will be adsorbedK wher'e tw-o hydrogen-
bonds can be formed,i.e. with two =SiOH grcups,whereg\s‘ only a smalt

-~

portion will be adsorbed via one hydrogen-bond with an isolated hydroxyi
group.

Sitica degassed at 200°C is known to have more surface hydroxyls than
one degassed at 400°C but the observations of Galkin et a_I.:33 would seem to

2 23, 36

be at odds with this. However, Young1 and others have pointed out

that degassing silica above 750‘(3 resutts in the evolution of water from the
collapse of the hydrogen bonded-hydroxyl groups to form siloxane groups .

-
(reaction 4)

\O,:» \O .
! 5 VRN
(4) Si éi Si Si o+ H2OT

fl il 1] i

Young reports that provided,the silica is not degassed above 400°C, rzaction

(4) was reversible. If the degassing temperature exceeds 400°C,rehydration

~

does not regenerate all the hydroxyl sites and the 35506:’!1-1 band does not

return to its original intensity.
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The 3650cm  band observed”with aerosils is relatively weak compared
Yo thnt observad with gels. -This band observed with gels is generally believed
to bo due to hydroxyl groups which are perturbed as a result of interparticle
‘contact. As the pressure at which the silica disc is pressed increases,i.e.,as
the particles appronch ecach other more closély,thg intensity of the 3850cm-17
band mcrens:s.\)hc 3650cm band in aerlosal_-_i)also appears to increase with

|
5 ‘ N
280, but is still relatively weak. " These hydroxyl groups are usually

prossure
termed inatcassible because thoy 46 not Teact with molecules which readily
react with the isolated nnd,hydrt;gen-bnnded hydroxyls and they do not completelx}n
exchange with 020, as is tlldstrated in Figure 1-2. These hydroxyls are
irreversibly removed with the elimination of water by degassing above 500°C
and,according to Hockeygsa, this corresponds to an annealing process whereby the
. )

reintively weak hydragen bond petween these Hydroxyls are replaced by stable

'
siloxane bridqes.

As previously mentioned, gels are generally more hydroxylated than
porosils.  Gels have been reported to have about 4.6 hydroxyl groups

7, 46-4 . ' . . 51 ,
poef nm2 6-43 while aerosils have about half as much or I.e:;s50 5 . Using

»
the value of -L(S»O}-llhm2 several workersdﬁ' >2 have attempted to modulel the
silica gel surface to that of the faces of the polymorphs. of crystalline
siticn (i.e.-, - quartz, zristobalite and tridymite). In addition to
isolated and hydrogen-bonded pairs of hydroxyl groups two other types called

vicinal {111} and geminal {IV) hydroxyl groups have been postulated (the

hydroxyls of species (ll1}) would not be hydrogen-bonded like those of

/
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species (1) and would be much like isolated hydroxyls). However, as
lArmistead et 9-};53 corr.ectiy pointed out, any attert;-pt to find one prystal

plane to represent Eig;hly dispersed silica gel must be incc;rrect because in a
finely powdered crystalline silica, all possible crystalline faces ‘with their
differing r;ydroxyl surface density would be exposed. Further, as \.:vas previously

mep_tioned. silica gel is in fact amorphous and has very small particles of about  ~

’
s

A0 nm diameter.

Hair and Hsert!s‘1 and van Cauwelaert et %55 have reported that for an
aerosit there are distinct shoulders at high and low frequency to the peak due to
isotated hydroxyl groups. These shoulders at 3751 and 37’61cm_1 have been

assigned by these authors to the coupled vibrational modes of geminal hy_droxyl
groups. Their assignment has been refuted by Hockeyss and Maorrow and Cody57.

Hc:ckey56 and Morrow and Cody57 showed that the spectra of Hair and van Cauwelaert
could be reproduced by an improper compensation of atmospheric water by their

‘ infrared spectrometers. Hockey also showed that for D0 exchanged silica, where

2
there would be no interference due to atmospheric water, no shoulders about the
isolated =SiOD band were observed. Later van Cauwelaert replied to Hockey's
criticism by stating that their spectra were obtained under complete compersation.

Furthermore, they claimed that the shoulders shifted with temperature, which

would not be the case if they were due to atmospheric water.



However, it is well known as illustrated by Morrow and Codys-'r and Ryason45, that
the frequency of the = SiOH stretch shifts with the temperature of the sample.
Such a shift of the =SiOH stretch would resuit in an ébparent shift of the
shoulders since the bands dl;e to atmospheric water would not shift with the ...
temperature of the sample. That no s}‘poulders were observ;d with the D20
‘exchanged sample was explained by van Cauwelaert by (sic) "a loss in identity of
the middie and high frequency components.'

| Althou.‘;gh there is no evidence for the pr'es.ence of geﬁjina! hydroxyls on

58

aerosil, van Rossmalen and Mol™" have reported infrared evidence for

geminal hydroxyl groups on.silica gel. Their finding was based upon the
observation of two bands at 3742 and 3734cmh1 in addition t-o that at ?,'tTtchm"1
assigﬁed to isolated hydroxyls. The occurrence of two bands which they assigned
to geminal hydroxyls was accounted for by a slight hydrogen-bonding between the
two hydroxyls in a geminal group. That no corresponding bands were observed for
the DZO exchanged ge! was explained by the formation of a weaker. hydrogen-bond
betwéen = Si0D groups than between =SiOH groups. This weaker interaction van
Roosmalen and Mol contend would resuit in a smaller frequency difference between
geminal and isolated hydroxyls such that only one band would be observed for both
species, |

»

Using cross-polarization magic angle spinning (CP—MAS)ZgSi MMR to study

silica g:Ih, Macie! and Sindorf59 have assigned three peaks with similar chemical
shifts to =SiOH, T-'-'Si(OH)2 and Si.(OSi".-:': )4 (* indicates silicon atom
corresponding to a peak in the spectrum)'. This assignment was based partly on
the 2QSi NMR studies by i\/‘larsmann60 of silicate-water glass soieti:;'ns and the

observed chemical shifts for Si (OSi= ), HOSi (OSi=) and (HO), Si (OSi= )y

Their assignments also correlated well with the spin wgbaxation times for silicon

.



20

e

atoms connected to zero, one or two hydroxyl groups. !}at the species studied by

NMR are indeed surface or near surface species was assured by the use of cross
polarization since only those‘ s;Iicon r;uclei near protons, i.e., those nuclei at'or
near the surface are detected. An excellent introduction to the use of CP-MAS
NMR in the study of silicates is given by Fyf&61.

Recently, Sauer and Schrc\der62 have reported the results of semi-
empirical Self-Consistent Field Molecular Orbital (SCF-MOQ) calculations for
geminal silanols. From their calculations they concluded that the O-H
vibrational frequencies were the same for geminal and isolated hydroxyls and that
the coupling constin't for the two OH vibrations for the geminal species was zefo
within the error of their caiculation. There is only one 0-H vibrational fre-
quency so there would be no hydrogen-bonding .between the two hydroxyls of the

geminal species and they found that the most stable conformation would be that

shown below.’

* S (V)
VRN

-

It would therefore appear from the calculations of Sauer and Schroder that
it is impossible to differentiate by infrared spectroscopy between geminal and'
isolated hydroxy! groups. The arguments for geminal hydroxy! groups are quite
strong but for the above reasons the presence of these groups on aeroslls or gels
cannot be ruled out. The NMR evidence appears to supporl the presence of
geminal hyd;'oxyls, at least on gels. However, it is noted that while the

presence of hydrogen-bonded hydroxyls are well established on aerosils and gels
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no such species were detected in the NMR of gels.

Dehydroxylation and Hydration of Silica

As was mentioned previously, adsorbed water on aerqsils can be removed by
degassing at 25°C and ‘for degassing up to 400°C the dehydroxylation of hydrogen-
bonded hydroxyl pairs is reversible. The d.ehydroxylation process below and above
400° C will now be examined in more detail. For convenience, in the following
discussion isolated and hydrogen-bonded paired hydroxyls are called A- and B- ,_
types respectively. Siloxane sites produced by the coliapse of B- types
hydroxyls are termed B- type siloxanes while those produced by the
dehydroxylation of a surface with A- type hydroxyls are termed A- type siloxanes.

In Figure 1-3 the variation in the number of hydroxyl groups on silica gel
surface and the ability. of the dehydroxylated surface to rehydrate are shown.

The ability of B- type siloxane to rehydrate decreases beyond 400°C until
rehydration becomes very difficult after degassing e:t 850°C. Further, after
heating above 450°C the number of A- type hydroxyls decreases and new highly

5, 63-65  1pis observation might

strained A- type siloxanes were produced
indicate that a kind of annealing of the surface was tak.ing place.

Morrow_ et 11.51'have recently reinvestigated the dehydration of aerosil up
to 450°C. It was dbserved t.hat the intensity of the infrared band at 3'4"48cm‘1
increased with degassing temperatures up to 400° but beyond this temperature it
begins to decrease (Figure 1-2). The total numbers of accessible hyq_roxyl groups
at 150 and 450°C were determined gravimetrically by D‘2O excr:ange and were fdund to

be 2.4 and 1.2 hydroxyls per nm2,respectively. Many previous determinations of

hydroxyl content relied upon reactions of the hydroxyk groups with various
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reagents or by the amount of water lost at various temperatures. The fifst of
these methods yields uncertain resuilt‘s because reactions of_likely but really
unknown s';oichiometries were used. Tﬁe water loss methods lead .to erroneous
results because, as pointed out previously, inactessible hydrgxyls will condense
and eliminate water upon degassing o_f silica. Davydov et a_l.66 have shown in
an earlier work that D20 exchange would give the best measure of surface hydroxyl
concentration,so the results of Morrow et al. must be deemed reliable.

Marrow et il.m were able to show that the increase in isolated hydroxyl
groups might be due to three hydrogen-bonded hydroxyls (VI) which would condense
to form one molecule of water and one B- type siloxane and one. A- type hydroxyl

(Reaction 5).

H\ , ,H\ H
2N N
) o 0 -0 0
I | | /" \
(5) Si Si Si . Si + Si Si + H.0
1 in 1L il eIl 2
(v

The OH vibrational frequencies of these hydrogen-bonded and terminal hydroxyls
would be expected to be similar to those for an hydrogen-bonded pair. The
siloxane produced upon dehy@roxylatiofa would also be expected_to behaweJ like a B-
type siloxane.

Morrow e_til.311 65 have reported. that upon degassing an aerosil above
40000 the concentration of A- type hydroxyls diminished and a wegk pair of bands
appeared at 908 and 888cm~1. These bands were éssigned to a highly strained
siloxane (A- type) formed by the collapse of A- ty_pé hydroxyls. - The formation of

K]
such siloxanes from isolated hydroxyls which are at jeast 10A apart
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2
(1.2 OH/100A™ at 400°C) must involve migration of surface cations and/or anlons

si**, H*, OH™, 02"

LY

There is evidence from NMR spectroscopy that the hydrogen of
the surface hydroxyls on silica gel has considerable mobility at high

temperatures 67.

Whereas the siloxanes from B- type hydroxyls are nbt easily rehydrated at
26°C after heat treatment above 85000, the highly strained A- type siloxanes can
be rehydrated even after heating the silica at 1100%C ,as reported by Morrow et

a|.31’ 32.

al These silexanes were highly reactive and reactions with HZO’ NH3 and
CHSOH at 25°C were reported (Reaction (6) ).
H
/
0 HZO ) =Si0OH
7N\ 1
(6) Si Si o+ NH — Si + ZSINH
meoom 3 i 2.
CHBOH | :SIOCH3

The B- type siloxanes are not known to underge the above reactions under the same

conditions. .

-

Interestingly, Morrow et 11.32 reporzc that the two hydroxyl groups formed
by the reaction of HZO with A~ type siloxanes havea single band at 374‘lcrn_1 50
that they are apparently not hydrogen-bonded. However,this band was considerably
broader than the J=8iOH band at the same frequency formed by the reaction of NHS
or, CH3OH. Morrow et al. postulated that the tv;ro hydroxyl groups formed with
water are not equivalent but that the frequency separation of their IR bands was
much smallelr than the band widths so only one broadl band was observed. They
" supposed that the reason for this was that the siloxane site was not symmaetrical
and support for tr;is was given by the adsorption on these siloxanes of pyridine

and trimethylamine which reportedly did not affect the intensities of bands at

~
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908 and 888,crn_1 equally. Furthermore, Codys‘ﬁl notes that it is difficuit to
.asslgn a siloxaﬁe type species to two bands at 908 and 8880m-1 as this would
indicate an Si-O-Si band angle of nearly 90°. The assignment becomes even more
dubious as Cody also notes that an additional weak band was present at 930(‘.m-1
when the a:aros'il was degassed at 1200°C.

Morrow et il'32 have also reported that on a silica with A- type siloxanes, .
in addition to the band at 3'4’41c:rn_1 that appeared upon the addition of sufficient
water to remove the bands at 908 and 888cm-1,a pair of new bands appeared at
3720' and 3520c:m_1 when Iar_gér quantities of water were added. Strong evidence .
was presented which supported the assignment of these bands at 3720 and 3520\':m—1
to a pair of hydrogen-bonded silanbls which were formed by the reaction of water
with another type of siloxane which may be similar to the B- type in reaction

(4). Volkov et 31.43 had proposed that excess water adsorbed on a highly

dehydroxylated silica formed species .(VII).

O ~H—0 VI

Si H
it

69, 70

Based on the infrared frequencies found for the water dimer , Kiselev proposed

that the OHa and OH_ vibrations occured at 3520 and 3?20cm‘1, respectively.

b
However, the Fésults of Morrow et a_l.32 for the adsorption of H2180 showed that
Kiselev's model was incorrect. As would be expected, the reaction of H2180 with
=i'20-si= produced two bands at 3720 and 3710cm” | corresponding to the =si'fon
and ESinH stretch of terminal OH and the band at 3520cm~1 showed no measurabie
isotoplc shift due to its large half-width. Usiqg DZO’ Morrow et al. observed t;vo

. ‘ J
bands at 2740 and 2610cm” ' which corresponded to those at 3720 and 3520cm™ " with
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H20. Furthermore, the species responsible for the bands at 3720 and 3520::m_1

could only be removed by degassing above 250°C whereas hydrogen-bonded water on
aerosil ,as previously mentioned, can be removed at 25‘00. Klie\ et _a_l_.ﬂ
investigated the near infrared spectrum of water adsorbed on silica. They
concluded that silanol groups—act as proton donors to water. Hobza et i'-M also
concluded from semi-empirical moiecular orbital calculations that sitanols were

o
the proton donors when hydrogen-bonded to water, so that species VIl proposed by

Kiselev is extremely unlikely to occur.

The Raman Spectrum of Silica

The Raman spectrum of aerosil silica is shown in Figure 1-4. Laughlin and

Joannopou10572 have assigned the peaks observed at 450, and 800cm_1 -as well as a

very weak one at 105(]cm—1 to the rocking, bending and stretching vibrations

respectively of an Si,O bond in the Si20 unit shown below.

2 7

” ’ .
The major cause of the broadening of these bands has been attributed by Laughlin
and Joannopwlous72 and: Gaskell and Johnson'° to the Si-O-Si bond angle
variations. X-ray diffraction studies15 have shown that this bond anglé

variation may be as large as 20%from the average angle of 1440. The band at _
3740c:m_1 in Figure 1-4 has been assigned to the O-H stretch of surface ESiOHN-

7 and associated with this band’is one at El&Oc:m"-I and its assignment as the

77, 78 77

Si-O stretch of =SiOH is well established Murray and Greytak ° have

assigned a weak broad band at 380cm-1, which is not obvious in Figure 1-4, to the

L .

\ .
/

/
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wagging vibration of <=SiOH,
The assignments of the bands at 490 and 606cm-1 have been the subject of
some controversy, These bands have been assigned to defects in the silica '

network hecause their intensities relative to the bands assigned to bulk features

o= :
increased with neutron bombardment-}rg or with fictive (glass transition)
temperatureao" 81. It was also found that in fused silica (heated at 500-

150000) additional utraviolet absorptionaz2 and paramagnetic optically active

83, 84

centers are observed which are associated with the creation of these

defects.

It has been suggested by Bates et il_BS that the band at "30!‘:ir:m_1 was .

related to a 'dangiing silicon bond in the network, possibl the associated
complex = Sis *0Si= . Galeener et ﬂ.ss proposed that this band was in fact
due to the non-bridging oxygen of the above complex. Calculations by Laughlin

and Joann0pou10387 showed that both O_Si- and 'OSiO3 had vibrations near SOOC'm_.I

3

but that this vibration was Raman active o?wl\y for the latter species. Later work

87, 88

by Laughlin and Joannopoulos suggests that the band at t’iOfScm'1 was due to a

Si-8i  stretching vibration which would be Raman active. However Galeener et

86

al.”" have disputed this assignment because the analogous band in the Raman

s.pectrum of GeO2 did not increase in intensity for germanium rich samples, i.e. ,
GeXO2 when x was greater than 1. . - .
Recently, Mikkelsen and Galeenersg have reported the Reman spectra of
vitreous silica equilibrated at various fictive temperatures and then quenched in

water. They found that the band at 606<:m—1 increased exponentially with
increasing fictive .temperature. They also reporfed that the activation energy-

for the formation of the defect was one order of magnitude less than the energy- '

barrier for viscosity which is associated with~Si-O bond breaking. For this

-



reason they suggested that the defect was not associated with Sroken 5i-O bonds.
Mikkelsen apd Galeener have also determined that the (‘io_ﬁcm_T band was independent of
the presen ecn.c hydroxyl groups,which is contrary to the reports of Murray and
Greytak”' and Stolen and Walrafenso. Finally,all the above Raman studies did

1

note ‘that the 490cm band increased with the 800cm ' band but the relative

changes in this band were difficult.to determine because of the sharply sloping
background at 500ecm . o
In a recent publication, Silin et il.go postulate that the defect band at
606(:m—.1 was due to a peroxy linkage in the silica network, i.e., Z5i-0-0-8i = .
This conclusion was based on calculations for a model of silica at the fictive
temperature where 3- coordinate silicon atoms ( =S8i-, a - type defect) and non-
bridgin'g oxygen atoms ( =Si-O¢, b- type defect) were mobile with activation
energies élightly less than the Si-O bond breaking energy. For such ‘a system it

was proposed that, in addition to recombination of the mobile defects to restore

the original silica network (R), two 3- coordinate silicon atoms could combine to

1

form a silicon-silicon bend ( = Si-Si = , A- type defect), and two non-bridging

¢
oxygen atoms could create a peroxy bond ( = Si-O-O-SiZ , B- type defect). From

their calculations Silin et al. found a similar fictive temperature dependence of

the EEOEit:m-1 band as did Miklielsen and Galeenersg. Further support for this,

assignment presented by Silin et al. was the Raman spectrum of used silica
enriched by 50% with oxygen-18. The simulated spectrum for this™ample based ~
upon 180-180, 160-180 and 160—160 peroxy linkages with vibrational frequencies

575, 580 and GOEit:m—1 yrespectively, and equal band widths agreed very well with the

observed spectrum,

The assignment of the—-so called defect modes at 490 and 6000m4

remaing controversial. There is some indication that peroxy linkages might be
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responsible for these bands,however, an assignment based on broken ZSiQSi=

linkages with dangling bonds cannot be ruled out particularly since the defects
can be produced by neutron bombardment at 25°C, whic is well below the fictive

temperature.

Finally, i.t is noted that there is no reported Raman spectrum for highly
dehydroxylated silica,i.e.,silica c—:ontainin.g_the highly strained siloxane -
bridges. it is very likely that bands due to such a siloxane bridge would be
very weak in the Raman not only because of the tow abundance of such species but

also because all Si-O modes are generally only weakly Raman active.

Site Concent.ration and Reactions on Silica

There have been many attempts to determine the concentrations of A- and B-
type hydroxyls and reactive siloxane sites via their respective reactions with so

called hydrogen sequestering reagents such as SiCIxMe4_X, GeCIxMe4_x (x=1-4,

8,17,24,28,47,48,53,54,91-97

Me=CH,), Al Meg, AIC,, BCl,, TiCl, and (MeSi),NH

Earlier studie's with reagents such as A1013 and 863 relied upon measurements-of
the amount Ej HC! evolved in the initial. adsorption step and in the subsequent
hydrolysis, or, upan elemental analysis of the treated silica. In any case, it

was necessary to assume t-hat these reagents e.g.,BCIB,must have reacted with

paired or isolated hydroxyls in the following manner.

=8i—0 =S8i—0
(7) },H + BCl, y B-cl + 2rctT
=si— o’\ " =si—0
H

——7 2Si-0BCl, ., nel T

)
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Hockey and ;!_Mmis'._tead91 have reported that BCI3, MeCISSi or SiCl4 reacted
with both A- and 8- type_ hydroxyls but that the latter type reacted more stowly.
In contrast, thoy also raported that M020I28i or M33CISi reacted only with A-
rd * . .

type hydroxyls. These observations have been rationalized in terms of the.

stercochemistry of the reaction ond is discussed in Chapter 4 of this thesis.

Pefri” and more recently McDanielw have reported the reactions of SiCI4

- with silica gel. McOaniel concluded that for silica gel dried at 200°C 70% of.

the roacting hydroxyls reacted as pairs, 40% at 400°C and none at 700°C.
McDanicl also reported that siloxanes also react with SiCi4 under more severe

heating thoa@vas required for reactions with hydroxyl groups. The reactions

- postulated were: D

{9} ESIOH + SiCl, — ‘ESi-OSiClS + HCL T
(10) , 23OH .+ sict, ———) =8i-0-SiCl,-0-Si + o2xo -
{11)  =5-0-Si= éaC|4 —r—) =5i-0-08iCl, « =SiCl

T N '

The types of studies to determine the concentration of hydroxyl species on
Ny

silica mentioned above have the inherent flaw of having to assume that only _

reactions of certain stoichiometries can occur with isolated of hydrogen-bonded

. hydroxyl grouAps. " There is no reason to assume, for example, that some pairs of

hydroxyls could not 'ccncgivably react as singles. More fundamentally, there is
even ho reason to assume that pairs are the only type of hydrogen-bonded

hydroxyls.i.e.,that triplets and guartets of hydroxyl groups do not exist which

L

might aiso react differently. Furthermore, the reactions employed could not
distinguish between hydroxyl groups that were hydrogen-bonded or geminal pairs.
In order to use the above types of reactions to determine the

concentrations of hydroxyl groups, the reactions that occur with a given reagent

K
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must first be unambiguously established. Subsequent chapters in this thesis desl
with the determination of the stolchlometry ofsuch reactions usiné vibrational
spactroscopic techniques., In particular, new techniques (Infrared and Raman) have
been developed in order to obtain low frequencl spectra characteristic of the

adsorbent-adsorbate stretching modes.

Part B
Alumina

In contrast to the silicas discussed in the previous section, aluminas,
even high surface area ones, exist in various crystalline forms. The aluminas
used in industrial processes and academic research are usually in thef] - Ior Y -
form. Aluminas are used-rﬁostly as catalyst supportsg8 for metals and ‘other
oxides and are widely used in the petroieum industry. By itself, alumina is
useful as catalysts for simple organic reactions such as the conversion of

— —

alcohols to alkenes and ether's-, isomerizations of alkenes, ortho-para cgnversi.on
of hydrogen and for the Claus processgg‘ 100.

~ Alumina is an important material in catalysis because of 'several factors,
First, it is readily available in large quantities+and in high purity. Aluminas
are also quite thermally stéb'le and have relatively'high surface areas (100-300
m2/g). They are mi'croporous‘and the pore volume can be controlled during

fabrication. Furthermore, aluminas are amphoteric materidls and thus possess

both acid and basic properties. This acidity and basicity is controlled by the

surface groups or ions which terminate the micro-crystallites and canm be ' :
modified by heat treatment or varicus additives. These properties are the
fundamental reasons for the importance of alumina as a catalyst and as a catalyst

support.
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Two excellent reviews on the structure and properties of N-and ¥ - alumina
have been published by Knazingerwo and Kndzinger and F!atnasamygg and the

following discussion is largely based on these reviews.

Structure of N- and ¥ - alumind .
" } . . )
Alumina in the X - form can be obtained by thermal dehydration of
boehmite ( AIO(OH) ) at 450°C. in addition, § - alumina can undergo the

following therma! transitions:

| 450°C . 730°C 1000°C ' 1200°C
2AI0(0H) ——— ¥ -Al,0, '——78—A]203—'—’8+°(—A|203 — X-ALO
_HlZC.) m
Similarly, - a_(un-';wir;é-'can be obtaihed from mineral bayerite ( Al(OH)S):
230"53 . 850°C 1200°C .
———) _ _ - _ -
2Al(OH)3 L rl"mzo3 2] AI203 - _mzo3
5 )

Bothn - and X - alumina can be considered as defect spinel structu‘res'
which are tetragonally distorted, this distortion being greatest for th-e,X—

LT i i i ' 4
form he unit cell‘of spinel (AI2MgO ) consists of 32 oxygen atoms and 2

cations. Thus for alumina in the spinel structure with 32 oxygens, only
21 1/3 cation positions are occupied and so there are 2 2/3 vacant cation

positions. The oxygen sub-fattice is built up of cubic clos.e-paéked stacking of

101, 102

oxygen layers., According to Lippens this stacking inX— alumina is

regular (e.g.,ABCABCABC) but in h - alumina devlations can occur (e.g.,

03

ABCACABABCBC). Leonard et a_l.1 , from radial electron distribution and

fluorescence measurements, have shown that the oxygen sub-lattice is more

L4

densely packed for X- alumina than for l"\ - alumina since the Al-O bond lengths
. . ‘ )

3



" h
calculated from these measurements were shorter for Xa alumina. Their results

_also indicated that the’l octahedral sites (6-coordination) 'in the.-oxygen sub-lattice
were preferentially occupied by A13+ compared to the tetrahedral sites (4 -
coordination). Recently, John et a_l.104 have measured the occupancies of these
.si.tes' ‘for h - and ¥ - alumina by using 27AI.M/t\S*I\lMR and found that a greater
fraction (0.37) of tetrahedral sites were occubied for N - alum.ina than for & -
alumina (0.25). In addition. whereashe occupancy did not change with
temperature for the ¥ - form, for Y]->alumina the tetrahédr-al occupancy
decreaséd stightly with increasing témperature.

"The above differences in N ~ and & - alumina results in slightly
-differe.nt properties. The crystalline aluminas develop slightly different
maximum surface areas with the f] - form having the higher value. This.is
_probably due to the lower packing density for n - siumina. Ammonia

99, 242

adsorption shows thatl‘l - and 8/ aluminas have similar numbers of

acid sites but that these were significantly stronger for the lq- form, The!
catalytic activity of l"\_- alumipé is also higher.

| Several workers have attempted to model the surface of alumina by
considering certain preferentially exposed crystal féces in the micro-crystallites.
101, 102 |

Lippens considered that the densely packed (111) face of V\ - alumina

could account for its surface chemistry while Yor X— alumina the exposed

faces were the less dehsely packed (110) or (100) faces. Peri105 and

-
Butt et 21:106, 10: in their models of the X - alumina surface considered only
the (100) face.

Energy considerations dictate that anion layers will terminate a

crystallite and Knozinger and Ratnasamygg have shown that for the alumina surface -

this layer will consist of hydroxyl groups. They have shown that for the (111)

'\l

-_/ .



face of an alumina having the spinel structure five types of hydroxyl groups are
possible while for the (110) face three types are possible and for the (100) face
only oné t:‘ype is possible. Kndzinger and Ratnasamy considered that the (111)
plarm_e;hsid two types of layers parallel to it called A and B (following the

o . 101, 102 :
- designation of Lippenset al. ") and that the (110) plane also had two
layers, C and D, while the (100) plane gave only one iayer. The layers parallel
"to the {111) and (110) planes are shown in Figures 1-5 and 1-6 respectively. The
A layer has A|3+ in 16 tetrahedral and 8 octahedral positions while the B layer
has 24 cations in octahedral positions. The C layer contains equal numbers of
cations in tetrahedral and octahedral sites while the D layer contains cations in

- .
only octahedral sites. ‘ @

When the A-layer in the (111) plane is covered by a layer of hydroxyl

anions two types of terminal hydroxyl gréups are possible cailed by Kndzinger and

: - +
Ratnasamy types la and lla. The type la consists of a tetrahedrally coordinated A13

H H
-/ l
o . 0
l \l NN
Al . Al Al
/1IN A VAR / \
la ' Ila

while the type lla has an octahedral and a tetrahedral AISJr bridged by a hydroxyl
group. Type lla occurs three times more frequently than type la. The B layer of
the (111) planmred by hydroxy! anions has two types of hydroxyis called llb

and |Il shown beélow. There are three times as many type b as type IIl.

s
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The {110) of the alumina spinel lattice
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If possible cation vacancies are considered (2 2/3 per unit cell) then a fifth
type of hydroxyl type Ib is possible if the tetrahedral cation is removed from

type lla or one of the octahedral ones from type llb.

i ‘ \ﬂw : |
The two possible types for layer C parallel to 10-plane re\typés fa and

Ilb which occur to an equal {extent, while for layer D and for the (100) face,
only type Ib is possible. Thus the ‘maximum number of hydroxy! typals on an
alumina surface is fivé and their relative concentrations will depend o\the
degree of exposure of the various crystal faces.

Knszinge.r and Ratnasamy have estimated the net charges at the hydroxyl
group "and at the oxygen atom of this group after removal of the proton. The .
order of increasing positive charge at the hydroxyl group (and hence decreasing
negative charge at the remaining oxygen) is Ib<la<Iib{Illa<Ill. It is
therefore expected that type‘ 1l hydroxyls should have the greatest Bronsted

acidity since the removal of a proton from this hydroxyl leaves the smallest
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negative charge.- Conversely type Ib would have the greatest bésicity because
removal of an hydroxyl group would leave 'fhe smallest positive charge at the
anion Qacancy.

The infrared spectrum of ¥ - alumina from 4000-500{:m—‘l is shown in Figure
1-7 and Figure 1-8 shows the region from 400_l0—3000cm_1- on an expanded scale.

Periws,

who considered only the (100) face of alumina in his mode! for 5 -
alumina,assigned the five infrared bands in the O-H stretching regicn to five
distinct hydroxyl group (of the type Ib) iﬁ which the OH. group had 0 -4 nearest
oxida neighbours. One weakness of this model, which Peri himself a'dmit;, is tﬁat
only one crystal face was considered. Furthermore, as Knozinger and Ratnasamy
point out, the assumption that Ehe number of nearest oxide neighbour would be
the determining factor for the OH stretching frequer{cies is questionable.

Jones108 has reported the infrared spectrum of crystalline lithium
hydroxide. and assigned a band ét 3839cm-1- to the O-H stretch. Jones compared
this value with the stretches of OH and OH™ at .3735 and 2955cm-1,respectively, as
reported by Herzberg109 and concluded that the OH stretch in general increased
with increasing negative charge. On this basis Knozinger and Ratnasamy assigned
the five possible types of hydroxyl gré:ups to the five infrared bands observed

for /| - or. ¥ - alumina, Thus, the infrared bands in Figure 1-8 for ¥ - alumina

at 3790, 3772, 3747, 3727 and 3684cm” ' (3795, 3780, 3737, 3733 and 3689cm ' for N -

aluminasg) are assigned to types Ib, 1a, llb, lla 'and.Hl respectively. The
relative intensities of these bands will obviously depend on the concentrations
of the respective surface hydroxyl group and these may differ for h ~and & -
alumina.

The relative acidity and basicity of the hydroxyl groups on alumina would

be expected to be a determining factor in the dehydroxylation process on alumina,
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Figure 1-7
Infrared spectrum of ¥ -alumina (
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at least in the initial stages at Iovi; temperature when proton mobility would be
low. It has been shown that type la and lla hydroxylsoccur in layer A of the
(11} face and that type lla occurs three times more than the type la and is the

more acidic hydroxyl. In fact these two hydroxyl groups occur as n‘eighbours.

Thus, during dehydroxylation type lla would lose OH and type la HY,  evolve H,O.

and to create an anion vacancy (Lewis acid site) exposing a coordinatively

unsaturated (cus) 3- coordinate A13+ with a neighbouring cus oxygen (Lewis base

site) which bridges 4- and 6- coordinated ‘A13+ cations.

(12) T

OH 0 0

l / | y 7\

(t)-Al  + (0)-Al Alt) =~ (1)-Al + (0)-Al  Al-(1)+H,0
Ia lla {Lewis (Lewis base)
acid)

(t) - tetrahedral
(o) - octahedral
Similarly in layer B types llb and lll are nearest neighbours and type l1lb is the

more basic and occurs thrice as frequently. The dehydroxvlation process would

therefore be:

(13) H '_ T
(0)-Al \AI-(o) + (Al=(0) ), (0)-Al +

o—

|
Al-{o)} + (Al-(O))3

b Hi

In the C-layer of the (110) plane types la and llb are nearest neighbour and

dehydroxylate according to the same principles to expose a cus 3- coordinate

AI3+ and a cus oxygen bridging two 6- coordinate AI3+. in the D- layer of the
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(110) face and on the (110} face only one kind of hydroxyl group occurs and so
dehydroxylation to produce cus oxygens and aluminum atoms probabiy prdcedes ina.
statistical manner such”as that proposed by Perl'Ios in his model of the alumina
surface. > |

The interaction between neilghbourlng hydroxy! g';;oups via hydrogen-bonding
would be expected to play a role in the dehydroxylation scheme outlined above. ‘
This interaction will depend on the 'co'ordination of the hydroxyl group because th?s
determines the orientation of the O-H bond and of the oxygen lane pair electrons
of this group with respect to the surface. This situation is exarﬁined for the
(111) face of alumina. In the A- layer (the type lia hydroxyls are 2- coordinate
and have a long pair of electrons available for bonding but are held in fixed
positions with the O-H bond pointing away from the surface so that hydrogen-
bonding betweén t‘ype lla hydroxyls is unfavourable. Conversely, the type la
hydroxyls in the A- layer can rotate about their single bonds and can therefore
have favourable orientations for hydrogen-bonding with neighbouring type lla
hydro){yls. The ‘type lla hydroxyls are the more acidic hydroxyls and will thus be
the proton_donors for the hydrogen-bonds and therefore the mare perturbed ones
(see Part A for hydrogé‘ri-bonded.silanols). For the B- layer, type lIb h}}droxyls
have the same orientation as type lla and therefore would not likely interact
with each other. Type Ill hydroxyls are 3- coordinate and therefore rigid, with
O-H bonds pointing away from the surface. Also, they do~pet have any lone pair
of electrons or free orbitals suitable for any further bondlng

The above consideration means that type lIf hyd oxy\sjwmh an infrared

-1

band at 3684cm ' for X - alumina should remain unperturbed at high surface

L
hydroxyl densities whereas the bands at 3772, 3747 and 3'.f27cm-1 for types la, llb

iand Ila'respective!y should be perturbed to some extent. The dehydroxylation



reaction for type Ill hydroxyls is not as simple as shown in reaction {(13) because
tHe‘ transfer of the proton from this hydroxyl group would not be facilitated by
any interection with the type !IIb. -This probably therefore involves some proton
mobility‘ for the type I hydfoxyls during dehydroxylation.

if dehydroxylation pro eedes s/ou n\d above a situation would soon be
reached for the A- and B- Iayer of the M11) plane where only the more abundant
hydroxyls of type l‘la and llb respectively are left. The degree of
dehydroxylation at this point would be 50% since type lla and Ilb are initially
threé' times more abun\dant than their neighbours. This picture of dehydroxylatlon
is overly sumpl:fled and the regular dehydroxylatlon may bhe dtsrupted by a number
of possible occurences. Such occurences might be, for example,less favourable
dehydroxylation of néighbouring groups ila or llb hydroxyls on the {111), or {110)
faces. Another occurence could be the formation of type Ib hydroxyls from type
1B hydroxyls in the B- or C- layers or. from type lla in the A- layer.

If regular dehydroxylation proceeds as outlined ahove then it would be

expected that initially the infrared bands at 3727 and’ 3747cm” corresponding to

types lla and Ilb would be the most intense if the (11])-face were

preferentially exposed since these hydroxyl types are three times more abundant

than the la and HI hydroxyls. Once dehydroxylatson commences the two mfrared/

bands for la and ill hydroxy!s should be decreased to a greater extent than those

for types lla and lib. This behaviour has in fact been observed for Y] - alumina
., 99 110 ) .

by Knozinger and Ratsanamy and Borello et al. . For X - alumina Peri and

Hannan111 and Peri112 have reported a more ready removal of the infrared band due

to type 1lib than the bands for the other types and this may be due to a greater'
proportion of the C- layer of the (110) face for which types la and Iib exist in

equal proportions. It has also been o_bservedgg that, as expected, the type Il

_ o
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hydroxyls are the least perturbed at high h&vdroxyl densities and that types
ia, lla and lib are considerably perturbed. °

The scheme proposed for the regulaf dehydroxylation of alumina is one where )
the mo;'é basic hydroxyls sites combine with the more acid hydroxyls to eliminate“
water thus leaving cus-oxygen and _qis.-a?ninum atoms with the smallest possible
chargo. .Thls means that the neighbouring Lewis acid and base sites thus formed
ate weak.- For bothy\ - and X - aluminas catalytic éctivity was observed only for
8 dehydroxylated ;surface. _Km'izingmr113 has reported that for regular
dehydroxylation (up to 50%) as discussed above, there ‘were 100 times more Lewis
sites created than th.ere were catalytic sites fbg e'.g.,CH4 exchange with D2 as

determined by CO,, poisoning experiments. Kndzinger and Ratnasamy have pointed

2
out that catalytic activity only appears after dehydroxyiation above 300-400°C
although 3.'1":~:1(J”crn—2 of cus-oxygen and-s_g:s_-—aluminum. atoms are already present.
It was therefore concluded that these Lewis acid and base sites created by’
regular dehydroxylation could-hardly be involved in c;atalytic activity, They
considered that during dehy'droxylation abov;SOO"C special site' configurations of
low probability began to deveiop which have the structurél and energetic
properties required fo{”;\ active site for cataly\sis and this site was identified
with defects in the dehydroxylated ‘surface.

. in developing their model for the creation of these defect sites,
_Kn'dzinger and Ratnagamy considered the- case of the (111) face when 50%
det?ydroxylation has been achieved. At this stage, all types la and I hydroxyls
have been condénsed with neighbouring types lla and 1lb which are in threef;id
excess in the A- and B- layers,respectively. Thus, rows of types lia and [lb
remain in these A- and B- layers, Further dehydrog:yzlation_ results in the
condensati.on of eduiv'alont hydroxyl groups which leads to the creation of defects

in the form of a row with three cus-oxygens associaﬁd with three cus AIS+_
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' f‘\ - and ¥ - alumina, respectively. Other malecules such as carbon dioxide
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However, Knazinger and Ratsanamy, acknowledging that soﬁ\e tAypes 11, la, and Ib
hydroxyls.still remained on alumina even after dehydfoxyl_atiun“_aﬁt_i 300°C,
concluded .tha; irregular dehydroxylation must occur. Thus they state that at
increasing temperatures the mobilities of both surface hydrogen and lattice
cations can promote the restoration of hydroxyl configurations which have been
eliminated at lower temperatures, particularly those configurations involving
cations in tetrahedral sites: Thus, defect sites of iow probability can be

created. , v

" The adsorption of carbon monoxidg (CO) on Y\- and ¥ - alumina at 36°C has
beers used by Delia Gatta et a_l.114 to obtain information about the nature of

these defect siters.l ne CO vs.ras adsorbed on either N\ - or Y - a|u.mina ‘degassed
below 400°C. However, after dehydroxylation above 400°C, CO charagterized by an
infrared band at 2203—2215cm-1 was adsorbed and the amount of adsorbed CO |
increased lw:ith dehydroxylation 'up to 600°C. Upchn Jehydroxylation ;bove 500°C a
new adsorbed CO species with an IR band at 2244cm_1 was obsefvt;d and, in addition
the fype la hydroxyl IR band was perturbed. This latter CO species was the more
strongly adsor_bed one with a; heat of adscrption of 58.5kJ mole”1 compared to
B.4kJ rnoled1 for the other speciies- Both species, however, can be desc}ibéd as CO
linked to a cus-surface Aia+ via I - dative bonding. The site density for the
strongly adsorbed CO species was determined to be 2x10"3cm ™2 and 6x10' 2cm ™2 on

115-118

119, 120

nitriles , ketones120. pyridima*s“20 and olefinsgg have been found to perturb

the fa hydroxyls under the same dpnditions as did CO and, because the
concentrations of these compounds fn the surface required for the pertubation

of this hydroxyl were the éame order of magﬁitude as in the case of CO,the same

15

site was probably responsible. Fink1 has designated these as X- sites.



No conclusion can be reached about the detailed nature of the stronger
adsorption site for CO although it -must be a typg-of defect site because it is observ-
ed only after dehydroxylation above 400%. The second site (X - site)
must also be a defect site and must also involve a neighbouring type la
hydroxyl. This hydroxyl group must be in an environment where hydrogen-bonding
was not possible with, for exampl.e. neighboﬁring cus-oxygens or other hydroxyls
since a sharp IR't:]and was observed for this hydroxyl group before CO 'adsorption. N
Conversley. this hydroxyl group must be close enough to be perturbed by CO
adsorbed on a neighbouring anion vacancy.

In summary, W - and ¥ - alumina both have five types of surface hydrbxyl;
groups which can be modelled very well 'by the (111). (110) and (100) faces of

v R .
alumina with a defect spinel structure. The so callNegular dehydroxylation

below 400°C produces weak Lewis acid and base sites which are coordinately

”

unsaturated aluminum cations and oxygen- atoms,respectively. These Lewis sites

are weak and are not responsible far all the observed catalytic activity of these
a!uminaé. Dehydroxylation above 400°C, which can be described as irregﬁi'ar,

produces tﬁg very strong Lewis acid site which is responsibie for catalytic .-
activity and has a neighbouring hydroxyl group which can interact with'

species adsorﬁed on this Lewis acid site. The acidity of ]/\ - alumina is l‘
slightiy greater than \l( - alumina. The greater catalytic activity of }] - alumina
compared to X - alumina is probabl; due to the greater concentration of catalytic

sites produced on lq - alumina.

Objectives of the Present Study

We have showh that the surface of silica has different types of hydroxyl
groups and siloxane bridges. The silanol groups are either isolated or hydrogen
bonded, the latter being favored on highly hydroxylated samples. Dehydroxylation

below 400°C brings about the conversion\gygﬁe ‘hydrogen-bonded silanols to
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siloxane bridges which can be completely reformed when water is subsequently
re-adaéd. However, dehydration above 400°¢ teads to the elimination of the
isolated hydroxyls with the formation of very reactive strained siloxiif
bridges and the normal siloxane bridges become increasingly resistan? to
rehydration. Previous attempts aimed at determining the numbers of various
types of siloxane and silanol sites on silT;a have given ambiguous results
because the structures of the chemisorbed probe molecules used were unknown.

The surface of fully hydrated ¥ -alumina has five different’ types of
isolated hydroxyl groups. Dehydroxylation below 400°C is order}y and
.produces pairs of weak Lewis acid and base sites. Dehydroxylation above
400°C is not orderly andmingolves the creation and migration of surface
defects. This latter pFocess produces strong Lewis acih and basc¢ sites which
are responsible for the catalykic activity exhibited gy ¥ -alumina.
Quantitative determination of the numbers of the various types of sites
present as a func;ion of activation temperature is, ;s with silica,
difficult because most probe molecules react in a similar way with these sites
and their structureslare unknown.

The present investigation had two objectives. Firstly to develop
new tchn}ques; using infrared and Raman spectroscopies, i order to obtain
a complete vibrational spectrum from 4000 t§ 100 cm"]. Secondly, to use
these technidues in order to determine the numbers and types of the various
types of active surface sites discussed’above, on alumina and_silica, as a
function of the temperature of activation.

%



CHAPTER 2
4
- , 4
GENERAL EXPERIMENTAL
!.(‘ .

The Infrared Spectrometers .

Infrared spectra in these studies were obt’mned using either a Perkin-Elmer
283 dispersive spe\&ometer or a BomemDAB 02 Fourier Transform Infrared (FTIR)
spectrometer. With the Perkin-Elmer 283 spectrometer spectra were usually
recorded using a scan speed of 150 em™ ! min”! with a,resolution of 3-5 em™ ', . The
instrument was normally used in the double _beam-mode and spectra were recorded‘ in
% transmittance. TBhe spectrometer had a post-sample chopper and this resulted in
the unmodulated radiation from ' the source impinging on the sample ‘which caused
considerable heating. This t‘reating effect is discussed in a later chapter of
this thesis.

The Bomen FTIR spectrometer had two sample compartments, one equipped with
a I|qU|d nitrogen cooled mercury cadmium telluride (MCT) detector and the other
wrth an ambient temperature tri-glycene sulphate (TGS) detector. Both detectors
allowed the recording of infrared spectra between 4000-400 cm - but the MCT
detector had a higher sensitivity and was used exclusively in these studies. The
spectrurn was obtained by recording 100-400 coadded interfzrograms over a period
of 40 160 seconds and theniip\eﬂ‘brmmg a Fourier transformi. The spectral reso-

lution employed was 4 — althdugh resolutions of .02 cm™ could be obtained

‘if required.

The Ramsan Spectrometer

The ﬁaman spectra obtained in these studies were acquired from a Jobin-Yvon

HG - 2 Raman spectrometer. The laser used was an argon ion laser
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from either Control Laser Corporation or from Spectra Physics Inc. Usually

the 514.5 nm laser line was used to irradiate the sample with.50_-1000 mw of
power. Plasma emission lines whjch would create sharp spikes in the spectrum
were excluded by the use of an Anaspec L_asef Filter Monochrometer. .

Spectra were usually recorded between 40(’)0—_100cm_1 at a resolution of about Eic:r'rl—1

with a scan time of 39 minutes.

The Vacuum Line

A standard pyrex vacuum line of about 1000 cm3 volume was used in the
preparation of degassed- samples and to)manipulate gases from various ‘containers
to the sample cells. Pumping was achieved b<y an oil or mercury diffusion pump
backed by a mechanical pump with pumping speeds of 27 and 1 litre/s of air
respectively. A liguid ﬁitrogen trap separated the manifold from the two pumps.
 When using a mercury diffusion pum-p a second trap separated it from thé oil pump,

SN _

The manifold was equipped with a mercury manometer for measuring pressures
greater than 1 torr, a McLeod gauge for p-ressures between 1 - .005 torr and a
thermocouple gauge for quick rough pressure estimations. The manifold had
several outlets equipped with high vacuum teflon stopcocks and ground glass
connectors. The ultimate pressure achievable with such_.'a vacuum s-ystem was 10'6_
10_7 torr. With the evacuated manifold isolated from the pumps the pressure rose
to 10—4l torr in‘ab'out 5 minutes. The sample cell and containers of gases and
volatile liquids were connected to the vacuum line via ground giass joi:;ts

greased with Apiezon N high vacuum grease.

Samgle Cells
a) For Infrared Studies

Two types of infrared sample cells were used in these studies. The
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first type shown in Figure 2-1 is the same as that described previously by
Morrow and Rlamamurthy121. The lower part of the cell with the furnace émd
infrared windows (eitﬁer NaCl, KC! or Can) was made of either pyrex or quartz.
The sample holders were also invariéblsf made from quartz while the cell tops
were of pyrex. The ground glass joints of the cell top ancli bottom were greased
with Apiezon H. The sample could be raised into the furnace Lregion by means of a
magnet applied to the holder's enrilosed‘ iron tip. The furnaces consisted of .
asbestos paper surrounding the call arouncnj. which was wound Kanthal wire at a _
density of 4 turns/c;m..This was insulated by two layers of a ceramic paper tied
securely with asbestos cord. A chromel-alumel thermocouple enclosed in a quar’éz
tube was inserted between the insulation and the heating wire. Temperatures of
500°C could be achieved with the pyrex cells and 1200°C witn the quartz cells.
Figure 2-2 shows the second type of infraréd cell used. This cell and
sampie holderwere made from quartz and equipped with a standard furnace described
above. The infrared windows were of NaCl. One ,window was permanently cemented
with epoxy resin directly to the quartz tube while the other was cemented to a

Ca,on Ultra Torr vacuum adapter which fitted over the other end of the tube where

-

the sample was inserted. The O-ring in the Cajon adapter was Iightly coated with
Apiezon H high-vacuum grease. This cell was used primarily when in_ situ heatingf.a’

of the sample p;ositioned in the IR spectrometer was required.

b) Raman Cells -

The Raman cel!l used is shown in Figure 2-3a. The; cell was made from pyrex
and the windows were of 0ptibal quartz. Two types of sample holder were employed
and are shown in Figures 2-3b and 2-3c and d. The conventional sah’\ple holder in

in Figure 2-3b was made from pyrex and was used with 12 mm sample discs. The
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Raman Spectrometer
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hoider in Figure 2-3¢ and d which was in two parts was made from quartz and was
used when only a few milligrams of sample was available and, in these studi‘es,

only for the zeolite ZSM-5. |

This cell design was found'to be the optimum one for the efficient

.collection of the Raman scattered light, Figure 2-4 shows thé configuration of

the laser, cell and spectrometer employed in this work. The 90° scattering
geoﬁwetry was found to be the best one when compared with scattering geomstries
in which the angle of the incidence of the laser ~‘geam with the sample was waried -
from 2234° to near 90°,i.e.,45°-i80° scattering geometries. No difference was

found in the intensity of the Raman spectrum whether the sample was run in the

"cell or not when using the optimum geometry.

| Materia.ls

The silica used was Cab-0-8i! HS-5 obtained from. Cabot inc. of Tuscola,
Illinois, U.S.A. ~ The oxide had a B.E.T. (N,) surface area of 330 m2/g. It was
“used either in the as received form or was calcined at 550 for several days
before use in order to remove organic impurities.

Sample discs of silica for infrared studies were prepared by placing a
preweighed amount of silica, 20 - 200 mg, in a 2.5 cm stainless steel cﬁie which
was then compacted al't.a pressure of 107Pa. This sample could then be placed in
the IR cells shown in Figures 2-1 and 2L2. _ =

Thin silica films with .5 - 5 mg of silica on a 2.5 cm ZnS ar ZnSe
infrared-window could be prepared in one of two ways. For thick films, .4-1.0
mg/cmz, a preweighed amount of silica was placed on the face of the stainiess
steel dieﬂand was spread out in a thin layer. The IR window was faid on top and

v
/
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twirled genf:ly so that the silica was now épread in .a thin relatively even layer
between the die face and window. A slight pressure was then applied jsethe
centre of the window and the window was rais'ed.vertit:ally f.rom‘the die. A rela-
tively stable film of silica then adhered to the window and its weight could be
determined accurately if neccessary. Silica films with less than 0.4 mg/cm2 of
N

material could be preparéd by carefully spreading the silica on the IR window
with a stainless steel spatula using firm smooth strokes. - For most work the
silica film was/usually prepared so that the absorbance at 1“1080m-1 was 1.2-1.8

absorbance.

Alumina
The alumina used was Degussa Aluminum O.xid C from Degussa A.G.
Frankfurt. It had a B.E.T. $N2) surface area of 105 mzlg. [t was usually
calcined in air at 550°C for several days before use to remove organic
contaminants and adsorbed 002._
Alumina often adhered to the sudrface of the stainless steel die during
pellet pressing. In order to overcome this, wafers of lens paper were placed
bétween tﬁe die faces and the alumina powder during préssé}ng. This paper could
easily be removed from the alumina disc afterwards. The minimum sample thickness N
obtainable by this method was 20 mg/cmg. The lens paper was impregnated with

‘alumina by pressing several alumina pellets before making the one actually used

in an experiment.

Preparation of Raman Samples

The following sample preparation procedures were employed in all
Raman experiments ih this work unless otherwise specified. Initially the furnace

region of the cell, and the sample holder were heated in air at -480°C—for 6 hrs.
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The sample'disc to be used in the experiment was calcined in air at 500°C for at =
‘least 2 hrs. THis disc was then transferred to the cell within 10 minutes of

removal from the oven and was evacuated at 25°C for about 10 minutes. Approxi-

mately 600 torr of 0, was added to the cell which was then heated at 480°C for 30

min. followed by evacuation for 10 minutes. The addition and evacuation of 02

was repeated three more times and the sampﬁe was cooled in 600 torr of 02 to
25°¢. Finally, the oxygen was evacuated and the sample was ready for the
recording of the Raman spectrum. The above outlined prcedure was found to

produce samples which were almost invariably fluorescence free.

Chemicals

Natural isotopic abundance(n) diborane (nBZHG) was prepared by the reaction

of iodine with NaBHh in diglyme and was purified by triple distillation at -70%

over a dry ice/acetone bath. The purity was confirmed by infrared and mass

spectrometry. Deutersted natural isotopic abundance diborane(n8206) was prepared
in a similar manner'usiné NaBDh. Boron-10 labelled diborane was prepared by
decomposing the CaFZ:IOBF3 complex (96% ‘OB, from Oak Ridge National Laboratories)

to yield IOBF3 and then reducing the ]oBF3-ether SAIution wi th LiAth.
Phosphine was prepared by thermally decomposing commercial PHMI and was
purified b# distillation.
Borane carbonyl was produced y_the reaction of carbon monoxidey with
diborane in monoglyme over a dry ice};agggne bath at -20°C and the préduct
was distilled at *7800 over another dry ice/acetope bath.

Arsine was produced by the reduction of ASC13 with LiAth in ether.

Distiliation removed most of the ether and the last traces could be removed by
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passage over silica which had been degassed at 450°C.
HCN was made by the reaction of concentrated sulphuric acid on KCN.

The HCN was dried over P,O_ and purified by distillation.

275 ’
Trimathylgalliom with a purity of 99.999% was obtained from Alpha Ventron
. .

iind was used without further treatment. T

»

All other chamicnlsvused were obtained from standard sources. Plurlity
checks of these chemicsls were made when necessary by infrared and mass
spoctrometry and they wera distilled, dried and degassed as needed. ‘Degassing
involved froozing of the gas at liquid nitrogen tempe.rature and evacuation at

J
this temperature. A small "experimental" section has been included in the

i

succeeding YChapters with details of specific procedures pertinent to those

oxperimenis..
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CHAPTER 3

TECHNIQUES FOR A“COMPLETE VIBRATIONAL
ASSIGNMENT OF AN ADSORBATE ON SILICA .

|
Introduction
The low frequency vibrational spectrum of absorbates on metal oxides,
wherein lie the adsorben_t-ads'orbate stretching modes, is not noFmaHy accessible

because the self-supporting oxide discs are infrared transparent only to about

1000 cm~~. limitation has been overcome in the case of silica by

us-ing a thin film of the oxide supported on.an infrared window which, in the

J

present case, gave sa where transparent to 500 em ™) Further, the

K

complimentary low freguency vibrational information- which can in principle be

provided by Raman spectroscopy has usually not been attainable because of the

high background fluorescence of the oxide. H wever, a technique has been

developed in the present work which yields speftra of negligible fluorescence and

high signai-to-noise ratio. These technigues have been used in the present work
to give almost complete vibrationa! information regarding the adsorption of
hexamethyldisilazana ( [(CHS)

«l .
(TiCId) on silica.

5 Si ]2NH,HMDS)_, methano! and titanium tetrachloride

Infrared spectra from 4000-1300 em™! and Raman spectra from 4000-100 em™!

«r
for HMDS and TiCI4 adsorbed on silica have been reported by several workerssa'

94, 122—124. It has been accepted that the reaction with HMDS procedes according

to reaction (1)125. However, the antisymmetric “E.Si'-O-Si'-'; stretch has not been
observed since it would lie in the region of total absorption below 1300 crn'1.
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7 H : .
. ! : ’ : '
=i ‘ e i
(1) 2 =8i Oi-.| + (CHS)3 Si-N-Si (CH3)3—>, 2 =5i0-Si (CH3)3 + NHST
Retently Kinney and Stalay126 have reported infrared photoacoustic spectra (PAS)
from 4000-600 cm_1 for TiCl4 on silica and have assigned low frequency =Si-0-Ti «
vibrations purp'orted to be due to the species =—‘-SiC)—TiCI:3 and ( -_'=-..E‘,i—0)2 TiClz.
. &
.+ This sfudy is concerned with a re-examination of the adsorption of HMDS
and TiCl4 on silica using infrared and Raman spectroscopies. In addition, a

critical comparison of the thin film technique and infrared photoacoustic

spectroscopy is made using the results obtained for TiCI4 and methanol on silica.

Experimental

Except where _specified all silica samples used were calcined at 500°C in
gir and degassed in vacuum at 500°C for infrared experiments and at 480°C for
Raman st’udies.d In cases where the silica was degassed .at 150°C an uncalcined
silica was used. The infrared experiments wi"'!c’h '!'iC14 were carried out in the
conventional IR cell and in a typical experiment the sample was exposed to the
vapour pressure of TiCI4 for 1 minute and then evacuated forfhour at 25°C. The
reactions_ with HMDS fof infrared studies were done in the smali cell capable of
in situ heating and in these experiments the vapour pressure of HMDS was added to

.

the cell which was heated to 150°C for 30 minutes followed By evacuation and
cooling to 25°C for 1 hour. In. the Raman experiments, the feaction with HMDS.,was l
carried out at 75°C for thr in order to minimize the background fluorescence

which increases with heating of the sample. The reaction of methanol with silica-———_ -~ _
was done at 32500_using the in situ cell and the sampie lwas exposed to the vapour
pressure ¢f methano! which was changed every 10 minutes in ordér to minimize the

effects of leakage of the seals of the cell at this temperature. The cell was
R



then evacuated and cooled to 2500 for 1 hr.

v
'

Results

+

The }nfrared spectrum of a silica film before and after its reaction with
TiCl4 is shown in Figures 3-1 and 3-2 for samples whi'ch had been degassed at 500
and 15000, respectively,while Figures 3-3a and 3-3b show the corresponding
difference spectra. In Figures 3-4a and 3:4t3 are the Raman spectra which'were
observed befc;re and after treatment with TiCIhof silicawhich had been degassed
at 480°C and Figure 3-5 shows the spectrum after reaction with silica which had
been degassed at 150°C. No background Raman spectrum was obtained for the 150%
degassed sample dué to the high background fluorescence present before addition
of TiCI4.. The frequencies of all the observed bands "are listed in Table 3-1.

‘  In Figures 3-6a and 3-6b are shown the IR spectra of a thin silica film
prior to and after reaction with HMDS. Figure 3-7 shows the difference spectrum
(6b—6la) for HMDS while Figure 3-8 displays the difference s;pectrum for deuterated
HMDS-d18 ( [(CDS)asi]2NH ). Figures 3-9 and 3-10 show portions of the Raman
spectrum for HMDS for and HMDS-d18 treated silica. All infrared and Raman band
$frequencies are Iistéd in Table 3-2.

Figures 3-11 and 3-12 show the infrared spectra observed after reacfing
methanol with silica. The new peaks for.the‘ adsorbate in Figures 3-11b and 3-12
are observed at 2996, 2957, 2856, 1114 and 853 em Y. ,_)
Discussion ' — : ‘ g

Part A : Titanium tetrachloride

The addition of TiCI4 to silica resulted in the appearance of new IR bands
in the region .1100-700 c:m_1 and the dfsappearance of the peak at 3748 cm_1
indicates that the new features are due to species formed by the reaction with

-
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Figure 3-1 .
"a) Infrared spectrum of a thin 5111ca film degassed at 500°C for 1/2 hr.

b) After reaction of a) with TiCls at 25°C followed by evacuation for 1 hr.
The region from 4000-3500 cm-1 for curves a) and b) are shown on an
expanded ordinate scale {inset). '
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Figure 3- 2 "
a) Infrared spectrum of a th1$ silica film degassed at 150°C for 1/2 hr.
b) After reaction of a} with iCly at 25°C and evacuation for 1 hr.

e
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1500,
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Figure 3-3 i

a) Difference spectrum Figure 3-1b minus Figure 3-la for 500°C
degassed silica reacted with TiCl,.

b} Difference spectrum Figure 3-2b.minus Figure 3-2a for 150°C
degassed silica treated with TiCl,,
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1000 : 500

Figure 3-4

a) Raman spectrum of a silica degassed at 480°C for 1 hr.

b) Spectrum of a) after reaction with TiClg and evacuation
at 25°C for 1 Hhr,.
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Figure 3-5 '
Raman spectrum of silica which had been degassed at

150°C for 1 hr., reacted with TC14 at 25°C and
gvacuated for ] hr. \b

—1

#

x103c.p.s.



Table 3-1

- Frequencies of infrared and Raman bands for the
reaction of titanium tetrachloride with silica.

Infr‘ared/cm'1 Raman/cm” !
Silica degassed 1030 'vs 1050
at 500C _ 922 w 505
‘ 790 m 415 vs
730 vw 127 s
Silica degassed 1035 vs 1050 w
at 150C 1010 sh 505 m
917 s ‘ 440 sh
786 s 415 vs
725 W 127 s

vs- very strang

VW- very weak:
sh- shoulder
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cm™

Figure 3-6 ‘
a) Infrared spectrum of a thin silica film degassed at 500°C for

1/2 hr, .
b) After-reaction of a) with HMDS at 75°C for 142 hr. and

evacuation for 1 hr.. T 1

Inset shows ordinated expansion of the region friom 3100-2700 cm™
of curve b). '
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Figure 3-7

Difference Sﬁectrum Figure 3-6b minus
reaction of silica with HMDS.

Figure 3-6a for the
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103 C.P.S.
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Figure 3- 10 . '
Raman spectra in the C-H and C-D stretching reglons
‘{a)} and b) respectively) for ‘the samples from sFiqures
Figures 3-9b and 3- 9c
: , L)
H , \
/z) s
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Table 3-2

.

Frequencies of infrared and Raman bands for silica.
reacted with hexamethyldisilazane(HMDS).

HMDS HMDS-d18
Infr‘ar‘ed/cm'1 Raman/cm'1 Infrared/cm'] -‘Baman/cm_‘1
2964 vs 2086 s 2222 g9
2907 s 2910 s 2124 & |
2850 W 2050,2010,1984
1420 m 1080 sh
| 1260 m 1270 m 1012 m 1005 s
1100 vs ) 1050 ww 1100 vs
Bg70 s 784 w
B50 s 853 w ' 740 s 745 - w
758 m C762 w
700 m -617 m
610 s .hb2 s’
2 . 220 sh 180 sh
160 sh 120 sh )

vs- very strong
s - strong

m - medium

W - weék

VW- very weak
sh- shoulder .

4
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- ggeea . 3000, - . 2000, 10480,
‘ cm
Figure 3-11 v
a) Infrared:; ‘spectrum of a thin silica f11m degassed at 500°C for 1/2 hr.
b) After reaction of a) with methanol. -1

Inset shows an ordinate expansron of the region frem 3100-2700cm” of

curve b).
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Fiqure 3-12

Difference spectrum Figure 3-11b minus
reaction of silica with methanol.

Fiqure 3-1Ta for the
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, &
the surface hydroxyl groups. Independent work has shown %hat using self-

supporting.silica ;:Iisbs the reaction with hydroxyl groups goes to completion in

. about 50 seconds‘mz. The spectra shown.in Figure 3—3,for si!ica’_srw'hich have
bee;n degassed at 500 and 150°C prior to reaction are noti.ceably different,
particularly with respect to the banrci-';.t 920crn_1. The silica degassed. at 15.806

has relatively more hydrogen bonded droxyi groups than one degassed at 500°C.

The differing intensities of the 920 crn_1 might indicate that TiCl4
reacts in two \;vays with silica: s
(2) ) H _ _ Ticl
T/ ; )3
O e .
| I T
Si + TiCl ? S + HCI
mo 4 i
(3) H & o . Cl .
SN S N Y
0] O . Ti
l [ 7\ oy
Si Si + 'I'ECI4 7 0 0 + 2HCIT
1l [ _ [ |
4 Si Si

n 1\

Y

While the disappearance of fhe hydroxyl band and the evolution of HC! has been

noted in earlier studies there has been no transmission infrared or Raman data

W
which demonstrates that TiCl4 might react in two ways with silica.

b

The infrared and Raman spectra of tetrakistrimethysilj_xytitan?um,

-

Ti[OSi(CH)3]4, has been reported by Kriegsmann and Licht1?8 and they assigned

»

bands at 1060, 950 ‘and'918 (;m‘1 to Si-O(Ti) vibrations and that at 773 em™ to an

asymmetric Ti-O stretch. The species ZSiO-TiCl, from reaction (2) would be
« o

3
expected to be the predominant one for silica degassed at 500°C and the bands at '

< { . '
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1030 and 790 cm_‘I may be assigned to the Si-O and Ti-O stretches respectively of

this species. In Figure 3-3b, the bands at 1010, 917 cm‘1 and 786, 725 cm_1

may be assigned to two ‘asymmetric stretches of = Si-OTi and =Ti-0Si, respecti-

vely, in (=—._‘.Si0)2 T_iCi2. A comparison of the spectra ifh Figures 3-3a and 3-3b

shows that the !ntensities at 1010, 786 and 725cm_I increase with, t at S Necm
1
and that, therefore, the above assignment is probably correct, notwithstanding

the overlap in the assignment of the band near 790 cm_1.

The only significant difference in the Raman spectrum of the two silicasﬁ
\

after reaction with TiCl, is the presence of a shoulder at 440 cm™ in the case
of the sample degassed at 150°C. This band has not pFevioust Qeén observed and,‘
in accord With the differences observed in the infrared spectra, this band may be

assigned to the symmetric'stretch for 7TiCI2 in taSiO)zTiCIQ. The bands at 505

and 415 cm_T are assigned respectively to the éntisymmefric'and symmetric

stretching modes of —TiC|3 in ESiOTiCI3 wheras that at 127 cm-.| can be assigned

to a -TiCl3 deformation mode. The antisymmetric and symmetric Ti-Cl stretching

129

modes for TiCI4 are reported at 500 and 389 cm—1,respectively, those for

BrTiCl, at 508, 489 (doublet) and 439 cm ™'

and 462 cm | )

’ 2 2
The Ti'CI deformation modes for these malecules all occur between
1

while those for Br,TiCl, are at 492
105 and 140 em™'. The above assignment for '_che"t}ands at 505, 440, 415 and 127
c::m‘1 are therefore quite reasonable. It is likely, given ‘the weakness of the

symmetric >TiCl2 stretch,that the two other Raman bands For(ESiO)zTimz are

obscured by those of zZSiOTIiCl The weak.band at 1050 cm_1 ‘may be assigned to

3

the =Si-0 stretch[ in =‘=‘SiOTiCI3 since a strong band occurs near this frequency

in the infrared spectrum of this species. However, a localized =Si0-Si
stretch in silica is known to occur hereYZmd isfurther known to exhibit strong

variation in itsRaman scattering cross-section. In the present case this cross-

) ]

/!

-1

AT
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’

5.
section may be increased by the presence of the new surface species.

126

Kiri'_ney a'rfd Staley have studied the reaﬁ({on of TiCl4 with silica using

photoacoustic spectroscopy and have reported that new peaks were observed at 990,

920, 790 .and 730 em™! with a shoulder at 1040 cm '’

In" their experiments Staley
and Kinney ad‘ded small .doses of TiC14k to_the silica and reported that a band at
980 c:m_1 in the background of silica disappeared with the appearance of the L:and
at 920 r:m_1 and that,at this point, there was no change in the hydroxyl band at
3748cm"1. Tﬁey noted that only after further additions c;f.TiCI4 did the hydroxyl

band disappear aﬁd a new band at 990 f:m-1 appear. On 'this basis they proposed

the following reactions:

(4) O
VARN X ‘ . .
S§i Sl o+ TiCl, — SSiOTCl; + =SiCl
] Hi
0
. AN _
(8} “=SiOTiCH, + Si si —— ( =si0), TiCl, + = SiCl
-3 il T 2 2 .
¥ .
(6) =SiOH + Ticl, ————) =siOTiCl,  + wel T
N\ . .
(1) ESiOH + =sioTicly,— ( =si0), Ticl, + HCIT

2.

Kinney and Staley'’s spectra are displayed in F'igure 3-13 and they show -

that the band at 920 e¢m” ' is the dominant feature. The bands at 890 and 920 cm™

were assigned to the Si-O stretch of '—.E-'SiOTiCI3 and (?—'_SiO)z"TiCIz,reSpectiver,
&

whiie the bands at 790 and 730 cm-1 were broadly assigned to Ti-O stretches. No

assignment of the shoulder at 1040 crn-1 was made. Kinney and Staley used a

different kind of silica to that employed in this work and ,while it was degassed
. . »
under vacuum conditions, it was transfered to the photoacoustic cell in a dry box.

L
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They also reported a drastic colour change of the silica when TiCI4 w'as added but

no such change was observed in this work or has been observed previously by

others.

-

The assignment of the band at 980-Cmﬁ1 to a siloxane bridge is ques-
. { . ' |
tionable even though they contend that their siloxane bridge was different from

A
30-32, 65

that detected by Morrow et al. at 908 and.B888 cm_1 which was discussed in

Chapter 1 of this thesis. Murray and Greytakn and Morrow st a_l..130, among

otherszas‘ 131-133

,have assigned a band at 980 CIT'I_1 to the =8i-O stretch of
S|iOH.  This barfd shifts upon deuteration and its assignment is well establishad.
The 6bservation by Kinr"ley'and Staley that the 980 crn-1 band disappeared
and that the EJZ%_c:m—‘l band appeared before any change in the hydroxyl band is
questionable ir&ljght of the information ab%egardiﬁg the assignmeqt of this
band. In the ‘pres'ent study it was found thét when small doses of TECI4 were

added to silica a weak ﬁand first appeared at 1000 Cm-1 and at this point the
hydroxy! band at 3748 cm_1 had decreased. With further quantities of TiCI‘i the
‘band at 1000 cm_1 shifted to higher frequencies until the spectra in Figure 3-3
were obtained.

The spiectra obtained in the current w'orkr and the change‘s observed as
presented are quite different from those of Kinney and Staley. The difference -
in the type of sirlica used, the transference of the degassed silica to the
‘photoacoustic cell and the drastic colour change on addition of TiCI4 make
furthsr' comparisons and discussion of their results difficult and ;ﬁqn:haps

unwarranted. - :

Part B : Hexamethyldisilazane

The reaction of HMDS with silica to produce E-'Si'—?O—Si(CHS)3 in r.eacti?n
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(1) can be reconciled with th_e gbserved_vibrational frequencies in Table 3-2.

The assiénment of the vibrations of this Spécies is aided by referring to the
vibrational data for hexamethyldisiloxane ([(CHS)S Si]ZO) shown in Table 3-3.
The bands for the adsorbed species at 2964 and 2907 crn_1 are the antisy'mmetric

. and symmetric -CH,, stretches while those at 1420 and 1260cm_‘l are the

3
correspending deformation modes and those at 867, 850 and 762 crn_1 are CH3

rocking modes., "The antisymmetric and symmetric -SiC3
1 i

and the bands at 220 and 160 t:m—‘l are SiOC deformation modes. The peak

stretches are at 706 and
610 em”
at 2850 cg{_“ in.the Raman spectrum is probably an overtone of the CH3 deformation
at 142.(’)"'c~m-1. Deuteration shifts all the bandsexcept for the intense infrared

band at 1100 cm-1' and it ié therefore assigned.to the antisymmetric Si-0O-Si

stretch. As was the case with TiCI4,the band at 1050 cm_1 in the Raman spectra
with HMDS might be assigned to a ESi’O;SiEstretch in the bulk silica or of

the species ESi—O-Si(CHs)g. 'The assignment for the bands observed with HMDS-d18

parallels that of HMDS as presented in Table 3-2.

. Part C : Comparison of Techniques

The technique of photoacoustic spectroscopy (PAS), as discussed earlier,
is capable of giving vibrétiona1 information of self-supported oxides which is ’not
mormally a;:c?ssible with infrared transmission spectroscopy. It has been shown
here,however that low frequency vibrational data characteristic of an adsorbate
bonded 1o silica surfaces may be obtained using thin silica films and
conventional transmission infrar;ad spectroscopy. The photoacoustic spectrum of
TICI4 on silica obtained by Kinney and Staley and of methanol reacted “with S;ilica

by Benziger e_ta_l.135 are shown in Figure 3-13 and 3-14 respectively.

The obvious difference between the photoacoustic spectra and the cor-
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Figure 3-13 | 1
A, Infrared photoacoust1c spectrum of silica degassed
- at 450°cC. ,
B. After reaction of A with T1C]4
C. Difference spectrum B-A.
126)

(from Kinney and Staley ref.
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Difference in normalized
photoacoustic amplitude

I | .
4000 2800 1600 400 cq!

Figure 3-14 .

_ Photoacoustic infrared difference spectrum for a
silica which tad been degassed at 350°C and reacted
with methanol at 400°C

(from Benziger et al. ref. 135).
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responding infrared spectra is the signal-to-noise ratio which is significantly‘great-

er with the latter technique. Further, in the low frequency region the ‘
spectra are significantly different from those reported in this werk. In bcth *
PAS experiments th;"type of s_ilica used was identical but was different from that
used in this research and may account for the différences compared to the spectra
obtained here. The results of Kinney and Staley, which have been discussed, and
the deficiencies in their assignment are obviously In part due to p;oor

signal/noise ratio in addition to the other points mentioned.

Benziger observed bands at'frequencies which are identical to those
‘ yi

obtained here as well as bands at 1464 and 1404 cm 1. Although these twe bands
were not observed with a thin film they have been observed by others using self-

supporting discs'7 138 - The band at 852 cm”! has been assigned by Benziger to the

.

$i-O. stretch and that at 1114 cm™ | to the C-O. stretch of “=SIOCH,. However,
the 8521crn*1 band could be assignéd to the -CH3 rocking mode which would be
expected .to occqf‘ here and that at 1114 cm-1 to the =Si-O stretch which for’
=5i-0 Si(CH3)3 o\ccurs;' at 1100 ecm™'. The éssigﬁment of the. 852 cm™' band could
be establiéhed by using %eute}ated methanol which would result in the band .
shifting by 80-10g c:m_‘I to low fregquency if it was a -CH3 rocking frnode. The ‘
assignment of the 1114 cm-1 band is much more difficﬁlt since both C—'Oland Si-0 N
‘'stretches occur close to 1100 em™'. with the higher signal/noise ratio and the
sharpness of 'the band using thin films it may be possible to-use carbon -13
labelled -methanol to h;alp in the"‘assignrh'ent because whereas a C-0O stretch would
be sigr?ifjcantly shifted the Si-O stretch would not.
Sample preparat’ion with PAS is simple' since a buli; powder may®be employed

while some work is needed to prepare a thin fiim. "However, degassing of a sample

for PAS must be done in a sepmrate vacuum cell and the sampfe must be transferred -

- [ 4
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~under dry-box conditions to the photoacoustic cetl. Furthermore, reactions with

corrosive gases which would damage the photoacoustic cell,e.g., TiCl, must also be

4
done in a separated vacuum cell and the sample then transferred as above. Thus

an experiment with PAS might involve several transfers of the sample from

reaction cell to the photoacoustic cells with the increasing risks of contemi- ™ ™
nation due to oxygen and water from the atmosphere. The main- advantage of the

? . .
thin filrn technique is: that all sample preparation and reactions including

heating in the presence of corrosive gases may be £arried out in the sample celi .
i.e.,sample handling is rhuch easier than for PA?. Wh.ereas thg'thin film
technique can use any IR spectromete.r with a computer ¥or data handling in
'spectral subtractions, PAS requires special additional équipment sug:h as an
acoustic ¢all, micropl;xone detector and a r‘nodulated Iig';ht source, Bbéau;e ot the
nature of PAS the spectra obtained are highly susceptible to airborne noise and
build'tfjmrations. Additionally, using the same Fourier T-ansform IR o
spectrﬁome'ter,.thin_*fi@ spectra can be acquired in seconds while sevaeral~minutes

to hours are needed to get photoacoustic spectra with good signal/noise. The one
° 1 ) .

important disadvantage of the thin film technique is .that the sample must remain

v
-

-in a fixed position in the IR beam once the experiment has started which mneans
that the ins';trljmerit is not otherwise avéil\able-fo.r us;e. but its simplicity and
excellent results\ com_nensate for this. As is the .case with .pr?otoacoustic -
spectroscopy,.thé lowest fre&uency now attainable is determined by the IR sourcc,‘
the detector and the IR windov;rs used for the' ceills and supportir.\g the thin fiim.
Thus, as fal.' as studies with silica are concerned, the thin fi;l\q technique

— .
. appears to be superior to that of photoacoustic spectroscopy in terms of. the

speed of acquisition of spectra of high signal—toﬁise‘ ratio. ¥

¥
'
-

-

LY



. Conclusions-
Using thin films of silica,low frequency vibrational data for the ad-
sorption of TiCl4, CHSOH and HMDS have been obtained. Two adsorbed species are

found after réaction of TiCId with silica and Si-O-Ti vibrations at 1010, 920,

” while those at 1030 and 790 have

. béen assigned to ESiOTiCIS. For HMDS adsorbed on silica & band observed at 1100

cm_1 has been assigned to the asymmetric Si-O-Si stretch of ?’-Si-O-Si(CHS)S.

790 and 730 have been assigned to (_ESiO)ZTiCI

Raman spectra with high signal/noise have been obtained for the above spacies-and
show that with thin films and the use of conventional spectrometers total

vibrational information leading to an unambiguous assignment of adsorbed species

can.be made.
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CHAPTER 4 ' -

THE REACTION OF TRIETHYLBORANE WITH SILICA

v

Introduction .

It has been well established that the hydroxyl. groups on aerosil surfaces
are present in two ﬁwain forms and that their relative proportions-depend on the
temperature at which the surface is degassed. These two forms are: 1) isolated
- hydroxyls having a sﬁarp band at 3748 cm—1 and 2) neighbouring hydrogen-bonded
hydroxyl groups displaying a sharp band \[@aj/S?ZOch and a broader cne around
3550 cm_1. These bands may be modified by the presence of adsorbed water, but if

22-27 I
. In

the surface is degassed at 25°C,all adsorbed water can be removed
addition to the above types of hydroxyl groups, there exist perturbed interstitial

hydroxyls whose concentration depends on the pressure at which the silica disc

was made and on the temperature of degassing. These hydroxyls have a band at
3650 cm ' with a tail to 3400 cm ! and are inaccessible to -most adsorbates and
-reactants at 25°C.

The hydrogen bonded and isolated hydroxyls have been reported to react with
trichloromethylsilane and tetracﬁlorosilane at differe?tt rates at temperatures
above 250°C whereas dimethylchlorosilane and trin-weti;ylchlorosilane react only
with the isolated hydroxyls. Other reagents such as boron trichloride display
no such selectivity in their reaction with these hydroxyl groups. The selec-
tivity of the chlorosilanes and absence of such selectivity with boron
trichloride has been explained91 in terms of the transition state of the adsorbed

~

molecules as shown below.

g
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With isolated hydroxyls, because the silane is tetrahedral the more bulky

CH3 groups point away from the surface whereas the less bulky chlorines point

towards it so that HCI elimination is facilitated.. With hydrogen-bonded

hydroxyls however, steric-hindrance due to the hydrogen-bond prevents such a

transition state and the reaction is expected to be slower. The fact that boron

trichloride is not selective was explained in terms of a tetrahedral transition

state where all the chlorines point away from the surface so that all hydroxyls

react at the same rate,

Cl Cl

\ /

B
l +
Cl

Planar

While-the existence of ‘isolated and hydrogen-bonded hydroxyl groups is

kn’rﬂn on derosils the existence of geminal and vicinal hydroxyls has only been

postulated.

was postulated by Hair and Hertl

54

The presence of geminal hydroxyl groups on degassed aerosil which

55
and Van Cauwelaert, Jacobs and Uytterhoeven
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57. Although the

has been convincingly refuted by Hockeyss_and by Morrow and Cody
presence of closely .nalghbou;-ing non-hydrogen-bonded hydroxyls has been suggested
to ‘expl.aln the reactions of chloromethylsilanes with highly de.gassed aerosils the
existence o_f vicinal hydroxyl groups has not been proven spectroscopically.
Gemtinal hydroxyl groups have subsequently been reported on silica gels by varidus

. ) . .58, 59
researchers using infrared and nuclear magnetic resonance spectroscopies .

H—0 0 0 —H H—0 0 —H
N/ N/ \ /.
si Sj . Si
/\ /N AN
Vicindl Pair ' Geminal Pair
3720cm ™! aratem™

W

.The vicinal and geminal hydroxyl groups are not capable of intr_a-grouﬁ':hydfogen-
bonding for steric reasons. ' Although the vibrations of the gemi_nal hiaro%_yls
groups could be coupled no such coupling has been observed for' these groups on
gels and the single infrared band reported at 3741 cm_1 overlaps with that of the
isolated hydroxyls at, 3748 em .
The present sfudy represents an attempt tol resolve temporalily the -reactions
between the hydr.oxy‘l groups on aerosil silica with:ri'ethylborane (TEB).
Changes occuring during the reac{ions are clearly inoWn by ;che use of computrer—
aid«::yd spectral subtraction. T

A

EerrimentaI o .-

The silica used was either untreated before degassing or Was calcined
in air at 500°C. Self supporting discscontaining either 10 or 20 mg cm_2 of
silica ‘were bressed at 107Pa and then degassed at eitfier 150 or 450°C for 1 hr.,

then cooled to room temperature prior to the addition of triethylborane .



(TEB). Triethylborane, 99.99% was pbtainéd from Aldrich and contained natural

-y

isotopic abundance boron-- 10 and boron - 11. Before use the TEB was degassed

during several freeze-thaw cycles using lfquid nitrogen. Titanlum tetrachloride

—~

from Aldrich was .degassed in a similar manner. DZO (99.8%) from Merck, Sharpe
and Dohme,degassed prior to use“, was used to exchangs the hydroxy! groups on
silica by repeated exposure to the saﬁpie at 150°C. The water used in the
hydrolysis of the TEB treated silica was triply distilled de-ionized water which

hé:d been degassed as abdve. Oxygen (99.8%) was obtained from Air Products. All
spectra were recorded on +the T_':’aomen FTIR using the MCT detector and a resolution

of 4 cm_1.

Results -
TEB did'nc;t'react rapidly with surface silanols at 25°C and thel initial
spectra showed onty the effects of physié:al adsorption: Figures 4-1 and 4-2 show

the spectral changes in the hydroxyll""stre;tching regiﬁn after TEB '‘was added at
25°C to silica which had been degassed at 450 and 150°C,reSpectively. In the
former case the peak. at 3748 em™! for isolated hydroxyls shifted to 3700em ™!
whereas in the lattercase the ;hift was to 3696 cm_-1. In both cases f‘he shifted
peak was considerably broadened compared to the u;\perturbed hydroxyls-and the
shoulder initially present at 3720 cm-1 in the 150°C degassed silica was no
longer discernible in the shifted hydroxyl prpfiie which could be restored by 5
minutes evacuation at room temperature in both cases.

Triefhylborane reacted slowly over a period of 24 hrs to completely
remove the peak due to the isolated hydroxyis. New strong peaks which were

not removed by prolonged evacuation appeared at 2967, 2946, 2924, 2887,

. 1465, 1388, 1345 and 940 cm—1. These peaks were at the same frequency regardless

S
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of whethér the sample had been degassed at 450, or 150°C except, In the latter

case‘, they were more-intens_e. Figure 4-3 shows spectra of a 50 mg silica disc

before and after reaction with TEB while Figure 4-4 shows the corresponding
difference spectrum between 3200 kand 1300 cm ™", Figure 4-5a shows the background -
spactrum of a thin silica film which had been' degassed at 400°C for 30 minutes,
Figure 4-5b shows the spectrum after reaction with TéB and Figure 4-6 the

difference between these. Quite similar_results were obtained forla thin silica

film degassed at 150°C. The Raman spectrum of silica degassed at 480°C irEi
reacted with TEB for 24 hrs showed o_nly weak peaks at 2942 and 2895cm_1'.
Figure 4-7 shows the spectrum of the hydroxyl groups which had reacted on
silica degassed at 450°C, i.e., Figure 4-3a ha-s been subtracfed from F'igureh4—3b.
. Figure~4-8 shows the same presentation for silica which had been degassed at
150°C. There are two additional peaks at 3726 and 3550 cm ' in addition to that
present at 3748 crn_1‘ for the isolated hydroxyl. Figure 4-9 shows the further
changes. in the hydroxyl stretchir;g region after reaction with titanium tetra-
chloride of a silicg which had been degassed at 150°C and “rea_cted with TEB. The
broad peak is centered at 3480cm” " and has a sho;JIder at 3650cm”'. No similar

-

changes were discernable with a silica which had been degassed a{ 450°C.

Figure 4-10 shows ;he spectral changes with time after the addition of TEB
to silica which had been degassed at 150°C. Every 2 hours the sample cell was
evacuated for 4 minutes, the spectrum recorded and then subtracted from the
previous recorded Spec.trum to yield the changes that occurred in the OH region in
that‘~2 hr interval. After 10 Hrs. reaction the TEB was lefi in the cell for 14 -
hrs. and then evacuated anq the changes in this period are illustrated in Figure
4-11. Three distinct bands are observed at 3746, 3717, and 3525cm’. The final

~overall change shown in Figure 4-12 is very similar to that shown in Figure4-8.

Kt ™

L
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Figure 4-1

a) Infrared spectrum in the OH stretching reg1on of silica
(10mg/cm?) degassed at 450°C for 1 hr.

b} After addition of 7 torr of tr1ethy1borane to a)

c) After addition of 34 torr of triethylborane.
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Figure 4;2 . f : :
a) Infrared spectrum in the OH stretching region of silica

(10mg/cm2) degassed at 150°C for 1 hr. R
h) After the addition of 34 torr of triethlbgrane to a).

3
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Figure 4-3 2 '
a) Intrared spectrum of silica (10mg/em®) degassed at 450°C
for 1 hr. '

b) After reaction of a) with 34 torr of triethylborane for
24 hrs. at 25°C followed by evacuation for 24 hrs. \
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Figure 4-4.
0ifference s

?ectrum Figure 4-3b minus Figure 4-3a in the reqgiom
3200-1300cm- !, :
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Figure 4-5

a) Infrared spectrum of a thin silica film degassed at 400°C for
1/2 hr, -

b) After reaction of a) with triethylborane for 24 hrs and
evacuation for 1 hr at 25°C.
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Figure 4-6 :
Difference spectrum Figure 4-5b minus Figure 4- '5a in the region

1500-500cm-1.
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Figure 4-7 _
Differente spectrum in the OH stretching region
degassed silica from Figure 4-3,

for the 450°C
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figure 4-8 . ' - v
Diffference spectrum in the OH stretching region for a silica RN
{(19mg/cm?) which had been degassed at 150°C for 1 hr and then \
reacted with triethylborane for 24 hrs.
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Figure 4-9

Difference spectrum in the QOH stretching region for a silica
which had.been degassed at 150°C, reacted with triethylborane
for 24 hrs and then with TiCly i.e. the spectrum shows the
change in the OH region as a result of an additional reaction
with TiClg. ‘
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Figure 4-10

Time resolved difference spectra for a silica (10mg/cm2) which

had been degassed at 150°C and.then reacted with triethylborane.

See text for details. The difference spectrum are for a two

hour interval after a total elapsed time of a) 2 hrs; b) 4 hrs;
~— ¢) 6 hrs; d) 8 hrs and e) 10 hrs.
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Figure 4-11

Difference spectrum of the sample in Figure 4-10 showing the
change in the OH region in the final 14 hrs of a 24 hrs
reaction with triethylborane.
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Figure 4-12

a) Difference spectrum for the sample in Figure 4-10 showing the
change in the OH region during the first 10 hrs. of reaction
with triethylborane.

b) Difference spectrum show1ng the change in the OH reg1on
during the 24 hrs of reaction.
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Figure. 4-13 shows the corresponding results for silica degassed at 150°¢C
and partially exchanged wi?:h 020. The peaksﬁdue to the adsgrbate ware as- pafore
and so,too,was the change in the OH region. The changes in the bD region are
shown in figures 4-14 and 4-15. The three peaks due to deuterated hydroxyls that
. reacted with TEB are at 276j, 2740 and 2625 c:m'"1 while those due to reaction with
titanium tetra_chl;:ride are at 2690 and 2570 cm ..

When, 18 torr of H20 was added at 25°C to silica which haq been treated with
TEB a weak peak appeared at 3748 cm ! .along with an intense broad band at 3300
cm"1 but the peaks assigned to adsorbe_d TEB did not change significantly,

Heating the sarnpl'e to 200°C in HZO reduced the intensity of the peaké due to TEB
and the EDH peak at 3748 increased significantly. Finally heating at 380°C in
water removed :;II the TEB peaks and left pegks at 3748, 3700, 1460 and 1379 t:m_1
(Figure 4-16). The TEB' treated silica is quite thermally sta.ble and decompo- ‘
-sition of the surface just began at 200°C and new peaks abpeared at 2620, 2598,
2578, 2508, 2285 and 1568 crnF1 (Figure 4-17). The addition of 28 torr of O2
produced an immediate change in the spectrum of TEB treated silica. The uitimate
re_s’gl't after 24 hrs shown in Figure 4-18 was a strong band at 2984\{%—1 and two
weaker ones at 2940 and 2888 cm” . The 1400 - 1300 cm™ region was completely
abso‘rbing at this stage.

During the reaction of TEB with silica at 25°¢C ethane was detected by mass
spectrometry. After the reaction of TEB with silica a sample portion of the gas
phase was cbndensed in a liquid nitrogen frap conneqfed to the inlet otf the mass
spectrometer. The condensed gases were slowly war?‘ned up and ethane (m.p. '-18300)

was detected first and as the trap warmed further, the excess TEB (m.p. -9300) was

detected.
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Figure 4-13- ' ?
a) Infrared spectrum of a silica {20mg/cm~) which had been

partially exchanged with D20 at 150°C and degassed at

150°C for 1 hr,
b) After reaction of a) with triethylborane for 24 hrs and

evacuation for 1 hr.

e
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Figure 4-14 | -
Difference spectrum in the 0D stretching region for Fiqure 4-13b
minus Figure 4- 13a
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] Difference'spectrum,in“tpe
from Figure 4-13b after reaCtion with TiCl

D stretching region for the sample
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Figure 4- 16

Infrared spectrum of a silica (10mg/cm ) which had been degassed

at 450°C, reacted with triethylborane and then hydrolyzed:

a) After hydrolysis at 200°C for 1 hr and evacuation at 25°C
for 5 min, . . : ' “

b) After hydrolysis at 380°C for 3 hrs and evacualtion at 200°C

~+  for 1 hr. ;
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Figure 4-17 5 ,
Infrared spectrum of a silica {(10mg/cm”) degassed at 450°C and S
reacted with triethylborane followed evacuation for 1 hr at | ya
a) 200°C; b) 300°C and c)_466°C. ’ .
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Figure 4-18 1

Infrared spectrum in the 3200-2700c¢cm region showing the changes
after the addition of 28 torr of oxygen to a silica which had been
treated with triethylborane

a) Spectrum before the addition of 0

b) 02 for 5 min.

c) 02 for 24 hrs, 4%
d) evacuation for 1 hr 25°C,
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Discussion

The change in the ‘frequency of the isclated hydroxyl from 3748 to 3700cm”
following the immediate introduction of TEB to the cell indicates thht the ‘
intaractlonrwith adsorbed TEB is weak. -The shift is of tr;e magnitude expected
for _weakly interactln;; non-polar liquids such as carbon tetrachloride, hexane,

139, MO. It might be exbected that the interaction

nitrogen and carbon monoxide
was between the slectron deficient boron in TEB and the oxygen of the hydroxyl

group.
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However, as will be shown, the subsequent reaction was selective with respect to
the type of hydroxyl, which is cantrary to the situation with the analagous boron
trichloride previously mentioned.

Two possible reactions between TEB and silica may be efvisaged:

(1) H_C -'CH

b 4

B

/ |

0 + B(CyHg)g c:
Si .
f i

1
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Cc,H

‘2 5
(2) H, H ' .. B
8] O o O
SI} I - I ‘I ‘ : ?
i Si B{C_.H Si i
o o + ( 0 5)3 II|I :S:|I + 2CZH6

It will be shown that the results support the notion that reaction (1) was the

sole reaction on silica. The assignment of the observed bands was made by

141, 142

analogy' with those for gaseous TEB The two intense bands at 2967 and 2887

cm_1 are the-antisymmetric and symmetric stretch of - CH, while those a®¢ 2946 and

3

2924 c:m_1 are the corresﬁonding - CH2 - strefching modes. The bands observed at
1465 and 1389 cm:1', respectively aré assi:gnable as the —“CH3 antisymmetric and
symmetric defor‘r;nations, respectively. The intense band at 1345(:m1 is attributed

to the sole B-O stretch and that at7940‘ cn‘f‘ as possibiy. a C-C stretch or a

symmetric -BC stretch. The observation of a single B-O stretch precludes the

2
possibility that (-ESiO)zB is present since this species would have two BQ

stretches and these frequencies would be different from that of =SiOB.
Furthermore, the relative intensities of the 1465, 1389 and 1345 t:m_1 bands were the
same whether the sample had been degassed at 450°C or 15000; in the latter case

more paired hydroxylsshould be present for possible reaction with TEB to.yield
3 .

( ESiO)zB.

The spectrum of a thin film of silica reacted with TEB showed additional

bands in the 1100 c;m-‘I region,where a broad band centred at 1110 t:rn-1 and

1

another 31] 1060 cm ' with a shoulder at 1020 t:rn_1 were observed. The band at

1

1‘i10cmd1 might be the -802 asymmetric stretch which for TEB occurs at 1120cm .

The 1060 c:rn_1 band could be the =Si0O stretch of 25108 which is expected to lie

L .
between 1200 and 1000 cm™ ' since those for Si-08i, Si-OC and Si-OTi, reported in

the previous Chapter, lie in this region.”
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It has been established that when silica v‘. d'eg‘&;ged,at 500°C.all_pair'éd
hydroxyls are removad and that the density of isollated hydroxyls on the surface
is nbout‘ 1.2-1.4 per 100 nm2. These, remaining hydroxyls are isolated in the
sonse that they are too fai.' away from eéch other for hydrogen bonding but
" novertheiess thero is » range of environments for the hydroxylssﬁ. This view is
supported by the prosent ‘results (Figure 4—7‘) where the peak for those hydroxyls
which rescted with .TEB shows 3 slight asymmctr‘} to ‘low frequency.

The difference spectrum in Figure 4-8, whict} 'shows the hydroxyls groups
that- reacted with TES on a 150°C degassed silica," was very different from a
similar differgnce . spectrum for a silica which had baen degassed at 500°C. Here,

in addition to a band at 3748cm"1, a pronounced shoulder was observed at 372()::.111_1

as well as a breed band at 3550 cm-1. The disappearancg of these three bands.
hes been analyzed by time 'resolved Spectros;:Opy. This study, sh‘.ﬁwn in Figures 4-
10 and 4-11 showed that in the first 2 hrs of reactibn,a band at 3748 cmq,with
asyemctry to low frequency and 'a broad band near 3550 crr*--1 disappeared. I[n the
succogding 8 hrs however, while the band 3748 t:m_1 was still disappearing, no pro-
portionately strong band was apparent at 5550 CT-1‘ After 10 hrs approximately
B0% of the isolated hydroxyls had reacted. In the final 14 hrs the spectrum
(Figure 4-11) revealed that a pr_cportionaliy large amour;t of hydroxyls,with a
boand at :'5717-cm'1 and a broad peak centered at 3SQSCm_1,had reacted compared to
the isolated hydroxyls.

The intensities of the broad bands at 3550 and 3525 em™1, in Figures
4-10a ond d-11,réspectively. are approximately the same.- However, whereas there
was an intense band at 3717 ecm | in Figure 4-11 there was only a slight

" assymmetry at this frequency on the tail of the isolated hydroxyl band in 4-10a.

Even though the bands at 3720 and 3500 cr'n'1 may be removed by degassing at
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450°C their absence in Figure 4-7 and the relationship of their intensities

indicate that the three bands at 3717, 3550 and 3525% cm“1 are associated with at .

"

least two different kinds of hydroxyl groups.

One implication of the above results is that the 3550 crn_1 band is due to
~three or more hydrogen-bonded hydroxyls (see Chapter 1.) and that the 3717 and
3525 crn_1 bands a~re due to a different type of hydrogen-bénded _spécies.

Peaks at 3720 and 3520 cm-'I in the infrared spactrum of silica have been

rep.orted by Volkov et a_l.43 and Morrow et 3I_.32. Volkov assigned these bands to
either an unsymmetrically perturbed water molecule or to a water dimer. Morrow

et al. assiéned thq;é"t{ands to a pair of hydrogen bonded hydroxyls which were

]
’

— N
generated during the rehydration of highly dehydroxylated silica.

H . H

/ b ~ . / a
O ) 0O
| _ |
Si Si
m ' it

V (OH,) 3520 em” )

V(OH ) 3720 em !

. . ]
In agreement with their work with DZO’ the present results in Figures 4-13 and 4- ,—/
14 showed that for ba(tial H/D exchange no additional bands are found in the 3700

-1 . ‘ . .
Toem region as cne weuld expect if a water dinfer were present,

. *

: s -
in further agreement with Morrow we find in the - OD region of the spectrum a

»



. o 115

-~

band at 2740cm-| corresponding to the 3720cm_| band. No time resolved work was
done with the deuterated sample so the corresponding low frequency band which *
Morrow found at 2610 cm—1 is not assigne'd hera. This band would overlap in

Figure 4-14 with the OD band for the hydrogen-bonded groups of QD at 2625 crh_1

and this probably accounts for the broad band observed here in the pres.;nt case.
The suggestion that the 3720 and 3520 cmf1 bands could be due to strongly
adsbrbed water may have some validity in ca‘se of gels and is supported by the
solid-state nucleér magnetic resonance studies of Maciel and _Sindoffsg. However ,
aerosil silicesare very different from éels and it has been well established that

water is completely removed from aerosils by degassing at 25°C because the

deformation mode of H,O at 1627 cm”' in the infrared spectrum of an aerosil

2
disappears completely. Further, TEB reacts readily with only one of the hydrogens
of H20 to produce (CZHS)2 BOH‘M3 and reaction of the second hydrogen to yield

[(CQHS)ZB]QO requires moderate temperatures and a carboxylic acid catalyst. Thus
if water were present a peak at 3700cm ™ for > BOH should have been created.
Figures 4-9 and 4-15 show the resulting disappearance of -OH and -OD

groups, respectively, when a silica degassed at 150°C was reacted with TEB and then

with titanium tetrachloride. The removal of bands at 3645 and 3480 crm ! is

consistent with perturbed hydroxy! groups in the interstices formed by
_interparticle contact in the silica. These hydroxyls are inaccessible to the

~
more bulky TEB but some can react with TiCld. The D_O exchanged sample showed

2
that not all the hydroxyl groups accessible to DZO are accessible to TEB or

: TIC|4.

' v
Triethylborane treated silica was fairly stable to hydrolysis as is shown

in Figure 4-16. The hydrolysis was minimal at 25°C and stow at 200°C when a band

at 3748 Cm_1 due to =SiOH began to appear and the peaks due to eg_sorbed TEB
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showed a slight decrease. Hydrolysis was rapid at 380°C and the bands ag 3700,
- 4
1460 and 1379 em” indicate a = SIOB(OH),, species or boric acid was produced
along with =SiOH. : ‘ i
The surface of the TEB treated silica showed considerable thermal stability

and Figure 4-17 shows that decomposition did not begin until about 300°C. Bands

’

in the 2600 - 2500 cm | region due to BH species appeared and a band at 2285 c¢cm’~

indicative of =SiH show that pyrolysis was-the probable cause of decomposition.

The addition of oxygen to TEB *:eated silica shown in Figure 4-18 indicates
that oxidation of the surface species was occuring. The final bands observed in

Figure 4-18d can be assigned to an sthoxy (-0 CH20H3) species attached either to

- . -
boron or silicon. Further speculation is not warranted.

Conclusions

Triethylborane reacts with hydroxyl groups on silica which are of three
types L isolated, hydrogen bonded groups of three or more hydroxyls and hydrogen
bonded pairs. The reactions occur at different rates with the first two types
reacting fastest and the hydrogen bonded pairs the slowest. The product of these

o

reactions js the same,i.e.,=SiOB (CZHS)2 and the reactions may

be presﬁed as shown:
3

=Si0OH .« 5(02H5)3 ———-—/) ESiOB(02H5)2 + CoH, 4

V(OH) 3748 cm ™

/o s

N . /

0 0 0 B(02H5)2 H. H

| I l | i

Si Si Si  + B(C.H) —— O e 0 o

M T 1 25 ! I |
" V(OH_) 3550em” i i Si

1



?lil ‘ :.:‘.nl + 2B(02H5)3——-—) 2:8108(02H

1

gy + 202H6’T'

. W(OH ) 3717cm”

D(CH,) 3520cm |

"The reaction of hydrogen-bonded groups could, in principle, leéve hydrogen-bonded
pairs which are sterically hindered: from further reaction with TEB. However
there is no way to ascertain this from the present available' data.
The relative rates of reaction for the hydroxyls cannot be ra{ionalizeﬁ in
terms of the scheme outlined by Hockey for the chlorosilanes and boron
“~dArichloride. It is possible that stericdeffects and O-H bond strengths {or aci-
dity) play complex roles in the observed results. Further speculation

cannot be made here with the present data.
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CHAPTER 35

THE REACTIONS OF DIBORANE WITH SILICA

7
Introduction

#" Diborane was one of the first probe molecules which was used to dstermine

144-8°

the concentrations of hydroxy! groups on silica surfaces It was believed
to react with the surface hydroxyls (isolated, hydrogen-bonded pairs and geminal
pair )in the following ways:

(1) =S5i-OH  + %BQHB —_— ESiOEIHz + H2T R = 2

(2) 25i-0 < 28i-0

AN

[N

.ﬁESi_—O/\/
P H
S OH ‘
(:Q e s - /
- =Si
OH

+ 1B.H. — =5 BH+ 24T R - 4

26 \O/ 2

With very iﬁighly hydrated silicas an additional reaction was believed to occur:
(4) 3 2SI OH + B, H, —— ( 2Si0),B « 3H21‘
R = 6
The ratio of hydrogen evolved to diborane consumed (R) for a kﬁown mass of silica
in these hydrolyses was related to the concentrations of the surface hydroxyis.

The above reactions were originally proposed' on the basis of the values of

R whichi were obtained using silica gel. This was further substantiated after
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additional work by Waeiss, Shapiro and Knight ", who noted that for deuterated

diborane (8206) only HD was evolved so that the reaction was indeed between
diborane and the surface silanols with, one molecule of hydrogen gas being evolved
. X 146, 147

for each -OH reacted. Later work, however, by Naccache et al. with ‘silica

gels gave different R values for which they proposed the following set of

reactions: | a
(5) =SIOH  + BZHG —_— ES|—0-82H5 + 'HZT R =1

' H BH2_

. / .
(6) 581-0H- — - Q + B,H, — 8iOH----0 + 2H,T
\ 26 2
H - BH2
R =2
-

The structure of the '='SiOB[.2\I-15 species was not discussed.

To this point there was no hard evidence to prove the existence of any of
the proposed surface ':sglaecies obtained after reaction with diborane until Mathieu
a\nd'lmelik149 reported R values and corresponding infrared spectra for'the
reaction of diborane with silica gels degassed at 150°C and.600°C. The R value
for the silica degassed at 150°C was 2 and the inffanjed spectrum had an intense
band at 2580cm~1 with a weak shoulder at '.‘2510cm_dI whitl:h they 'assigned to the
species '.-_'--'..Si—OH——--O(E!HZ)2 in reaction (6). The value of R for the silica
degassed at 600°C was 1.0 and exhibited infrared bands of two types: (1) at 2625
and 2515cm™" and (1) at 2560 with a doublet near 2465cm™|. During evacuation of
the diborane following the reaction, type | bands decreased while typ;a I .
increased and on this basis Mathieu and Imelik assigned type | to physically

adsorbed diborane and Il to =SiOBH BHS(X).

2
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. This species contains‘tetravallent boron, which is unknown for boron compounds. It
is known that diborane (Y) and other highekr boranes c—on'tain hydrogen bridges and
that 'thf_'se bridges have IR f.rec;uences around 2200 and 1600cm—1; howev'er, Imelik
does not report the observation of any infrared bands in these regions.
B_averez‘and Bas‘tik150 also reported IR spectra and R ;.rames_for silica
gels and aerosils. The R values obtained were slightly higher than those of
Mathieu‘ .and' Imelik for the gels But their IR 's;pectra were significantly
different. The IR spectra by Baverez and Bastik were better resolved and.for
both the gel and aerosil degassed at eith‘er' 200 or 450°C they observed type [
bands at 2597 and 2520cm_1 and type Il bands at 2560, 2479 and 2452cm_1, and these
two types behaved similarly to those observed by Mathieu and Imelik. ‘ In addition
however, Bavelrez found in all reactions a-new band, type Il at 2585cm_1,whi'ch
was independent.of the behaviour of types | and Il .bands, ard weak bands at 2110,
2090, 1560 and 1535 which mimiced the beh_aviour of type | bands. Type I' bands
were assigned te the hydrogen bridged diborane (Y) which was co-ordinated to a

lone pair of electrons on surface oxygens (N) and type |l to BH, also coordinated

3

-
to surface oxygen (M), and these two species were in equilibrium because N or M

could be made to dominate the spectrum by readding or evacuating diborane.
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&
B,H, BH.,
' 0 .
. | 7N
?.] m —_— 5§ ST+ 12 BZHG‘T
(N) o (M)

The exact mode of codrdination of species (N) was not explained and the
assignments of the spectra of N and M was specﬁlative and vague. The type !l
band at l2585cmt1,_which was most intense with silica degassed at 200°C was
assigﬁed to the species produced in reaction 2.

Following the above studies, Fripiat and Van ’.i'ongelenms repqrted a similar
investigation for silica gels degassed at 150°C.. They proposed that in addition

to reaction (1) two other processes were taking place:

(7) H H
N
/N a7 N/
H H B
/ \ Ve N\
£ A
1 . [
Si ST+ BH, '511' "Sl1l * 4 H, R = 4
m Hi
(8) , OH, ~ H
o, ™ B— 0gH,
N I -
! 0
-~ : ' I
Si -+ B H.— s
i 26 Si | + 3H2 R = 3

n

The most recent report concerning silica treated with diborane found in the
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literature is that by Maschenko151- for gels degassed at 150 and 800°C. For the

gel which was degassed at 150°C, after treatment with diborane the IR spectrum

had bands, at 2585, 2373, 2487 and 2467cm_1 in addition to & weak band at 2290(’.‘[‘0_1
and an intense band in the 1:-100—1400crn"1 region. In contrast, the silica gel
degassed at 800°C exhibited intense bands at 2578, 2487, 2467, 2290, 1387 and

1362¢m ™. The band at 2585¢m™ ", in agreement with other authors,was assigned to

" the species produced in reaction (2) while the bands at 2578, 2487 and 2467 cm‘1

were assigned to the species ESiOBH2 in reaction (1), The spacies ’—_--'SiOEiH2

would be expected to have only two bands in the 2(300—211C)EJt:m"1 region,namely, the
antisymmetric B-H stretch and, at lower frequency, the symmetric stretch. The
author postulated that three bands are observed because the doublet at 2487 and

2467cm” ! corresponds to two types of -BH,_ for which the force constants of the

2
asymmetric vibration were different from that of the symmetric vibration. They

therefore proposed- that a second reaction to produce -BH

(9) /O\ -
s s+ IBH————  =8TOBH. + =SiH
m 1 26 2

Reactive siloxanes are known to be Jge'nerated by the high temper'atuﬁégassing of

oCCuUrs:
2

silica and, in support of the above reaction, Mashchdnko assigned the band at

2290(:m_1 to a =Si-H species which is knov'vn, to have IR bands in -this region.

— -~

. . ‘___/ )
-Finally, the bands at 1387 and 1:362.;:m_1 were assigned to B-O stretches but the

—-—

" nature of these species were not defined. It is interesting that Mashchenko does

—

not observe nor does he comment on the bands at 2597 and 2570.':m_1 observed by

149 150

S
Mathieu and Imelik and Baverez and Bastik . . ) ’ T~

Severa!l species produced in the reactions of diborane with silica N

gels and aerosils have been proposed in the studies described above and some of '

the shortcemings of these have been mentioned. Up to the present time no

- -~
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unambiguous assignments have been made regarding the é:bserved-infrared da.lta and-
simllar observations by different authors have been assigned to dissimilar

specles. Oﬁe of the problems with regards.-.to the IR spectra-of adsorbed diborane
is that the bands a}e broadened due to the isotopic abundance of boron,i.e., 20%
B-10 fand 80% B-11. Another problem is that different gels and aerosils were used
in the above investigations. [n the present _investigation a complete assignment

of all the surface species .formed by diborane on silica was attempted using
infrared and Raman spectroscopies (Part 1). In order to obtair) a com[;:lete
assignment it was necessary to use in addition to normal isotopic abundance
diborane (nBZHB) pure mBz‘Hs, 108206, and oxygen-18 exchanged sii.ica. Early
attempts in this study to characterize the surface species involved the reaction

of the borane surface species with amines, alcohols and alkenes and .additionally
the reaction of borane carbonyl (HSB:CO) with silica. These early attempts gave

inconclusive results and will only be briéfly reported at the end of this chapter

(Part 11).
7.

Eerrimental

All silica samples- used were previously calcined at 500°C in air except for

-

samples that were degassed at 15000, in which case uncalcined silica was used.

S T
Oxygen-18 exchanged silica was prepared by'-four 12 hours exposures of -the sample
18 =" -
to 15 torr of 99%H20 at 420°C for 48:-hours 'at which point there was better

than 90% exchange of ‘—‘_-.-SiOmH to -ESiO1BH. All infrared experiments were carried

out in the conventional type quartz infrared cell since it was found -that
extehsivq reaction occurred between the walls of pyrex cells and diborane at

0 . . o
100°C. For this reason, after each experiment the quartz cell was heated in air

at 1000°C to oxidize any borane species on the cell walls which would otherwise
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- contaminate silica samples subsequently degassed in the cell. Infrared spectra
—
in Part | were recorded using either a Perkin-Elmer 13G, a Perkin-Elmer 283 or a
Bomen DA3-02 FTIR spectrometer, while those in Part |l were obtained exclusively
from the 283 spectrome&gr. The borane treated silicas :r_efere;d to in Part Il were
silicas degassed at 1000°C which were treated with diborane af 25°C and

evacuated at that temperature for 1 hr. \

Part | ) The Nature of Chemisorbed Diborane on Silica ,

A difference was observed in the extent of the reaction between silica
degéssed at 500°C and dlrborane depending on whether the spectrum was ded on
the 283 or FTIR spectrorlneter. When 10-20 torr of diborane was left in contdct
with sitica which was posntuoned in. the infrared beam, after 30 mmutes
approximately 5- 10% of "the hydroxyl groups had reacted on the sample in the 283
spectrometer and no reaction had occured with that in the FTIR spectrometer.
Moarrow and l‘vioran152 have reported that, with blélck samples, heating in the
infrared beam of a dispersive instrument can be severe and Volkov et 3I_143 have

reported similar results for white samples. Using the extent of reaction of
diborane with silica at known temperatures it has been estimated that'undef the
alg?ve conditions the temperature o‘f the sample in the 283 spectrometer was
approximately SOOC, slightly cooler in the 13G spectometer ar.'nd near am.bient in
the FT"IR: spectrometer. It is therefore concluded that under the above conditions
diborane does not react with surface hydroxyls at 25°C; however, as will be
discussed later- it does react at this temperature with surface siloxanes

generated by high temperature dehydtoxylation of silica.

Exposure of a silica sample at 100°C to 10-20 torr of diborane resulted -in
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com;}leta reaction of all accessible hydroxyl groups.in 15 minutes and the spectra
were the same whichever |r\frared Spectrometer was used. Figure 5-1a shows the IR
spedt\rum from 2700- 1300c/p6 ! after reaction of a silica degassed at 500°C with

excess‘qng at 100%C. " infrared bands were observed in the BH stratch reglon at

o ~2597, 2565 and 2516cm 1, in the region of BHB bridge vibrations at 2092, 1983,

P

1
h

,‘\.

" evacuation-was observed at 2280cm- .

1700, 1563, 1545 and 1524cm” " and in the region of B-O stretch at 1336cm™ .

Evacuation at room temperature caused a gradual change in the spectrum and the

gltlmaté result is shown after evacuation at 100°C in Figure 5-1b where all the

" bands for BHB bridges -have disappeared and new BM and BO stretches have appeared.

A weak band whicﬁ remained unchanged in the presence of diborane as well as after
-1 )

Figures- 5-2a - d more clearly show thé"Ehéﬁg’e‘s"’ff?étiézémed in the BH
stretching region after reacti’o.n.with mBsz and evacuatioﬁ. T.iwese spectra show
that bands A diminished in—‘i_;\tensity upon prolonged evacuation and-at the same |
'gime bands B érew while a band C appe.ared to remairll unchanged. These changes are
most clearly iliustrated in Figure 5-3a whic:is the difference spectrum 2b-2c.

The peaks pointing up are those disappearing and those pointing down are being
created. The bands marked A* and B* are almost coincident as shown in Figure 5-
2b and ¢ and since B* is more intense than A* the net differencg in Figure 5-3a

is the appearance of B*. fhe band marked C in Figure 5-2a - d is in fact"not
qhaTnging with gvacuation and so does not appear in Figure 5-éa. Figure 5-3b

shows the corresponding difference spectrum for 82H6 |

The changes shown in Figure 5-1, 5-2 and 5-3 were reversible with the
'anifioh and é;:ac;_uat[on of diborane and indicate that there is an equilibrium

between the species responsiblé for bands A and those responsible for bands B and

that, furthermore, in the former species, there are BHB bridges but none in the
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figure 5-1

Infrared spectrum of "B2Hg adsorbed on a silica (]Omg/cmz) which

had been degassed at 500°C for 1 hr.

a) After the addition of 10 ‘torr of MB Hg to the sample ‘at 100°C
for 30 min. {the gas phase contribution and the silica back-

. ground have been subtracted)
b) After evacuation of a) for 30 min, at 100°C.
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2700 | 2500

Figure 5-2 | .

Infrared spectra in the 34 stretching region for adsorbed
108,Hg @ LS

a) Conditions as in Figure 5-1la

b) Evacuation at 25°C for 1 min.

c¢) Evacuation at 100°C for 5 min.

dY Evacuation at 100°C for 30 min.

.8ands due to species A, B and C are explained in the text.
Thé~dashed spectrum is that for oxygen-18.exchanged silica.
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2700 2600 2500
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Figure 5-3
a) Difference spectrum Figure 5-2b minus Figure 5-2c.

b) A similar difference spectrum for "B,Hg.
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Figure 5-4\\bt ' 2
Infrared spettrum of nBZH adsorbed on a silica {(10mg/cm®)}
which had been degassed at 150°C for 1 hr.

a) After the addition of 15 torr of "82H5 to the sample at
100°C for 1 hr. (gas phase and silica background
contributions have been subtracted)

b) After evacyation of a) at 100°C for 1 hr.. The 1400-1300
region was totally absorbing in spectra a) and b).
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Figuré 5-5

a) Infrared spectrum under the same conditions as in Figure
5-4a except the sample had been degassed at 1000°C.
b) After evacuat:.un of a) at 100°C for 1 hr.
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Figure 5-6 ]0-\‘\\

Infrared spectrum of ByDg adsorbed on a silica

degassed at 1000°C,

a)'In the prescence of 10 torr of
b} After evacuation at 20°C for 5 hrsS

10 o
8206 at 20°C.

c) After evacuation at 20°C for 24 hrs.

The % T scale refeérs to c)

'Abeen displaced.

and the other spectra

(4Omg/cm2)

havg
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Figure 5-7 ‘ 0
?ama? ﬁpéctra of "BpHg adsorbed on a silica degassed at 480°C
or r.
g and heating the sample

a) After the addition of 10 torr H
in the laser beam at 500mW for 1§ ﬁrs. ,

b) After evacuation of a) at 100°C .for 15 min.
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Table 5-1

-

Frequencies of infrared and Raman bands assigned: to
species A, B, C produced by the adsorption of diborane

on silica.

species | 1%8,H, | 118,H, 105§3§*'113206 19 4,0,
2612 2597- 11986 1966 2565 -
2574 2565 1908 1890 1912
2522 2516 1860 1848
2097 2092
A 1992 | 1983
1717 | 1700
1575 | 1563
1545 1545
1524 1526
1340 1336
2583 2565 1956 1940 2563
B 2484 2479 1831 1821 2488
2459 2456 1890
1386 1356 1340 '
2602 2585 1950 1936 2602
¢ 1400 | 1380 ’ 1950
927 910

£~ a) Data of Morrow and McFarlane ref. 153. .,
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_Figure 5-8 - - -

Bar graph nepresentatioh of the BH and BD stretching
modes for species A, B and C. The dashed Tines show the
new band positions for mixed H/D species.
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latter. DIfference spectra,similar to those in Figure 5-3 were obtained for any

two stages in a series of spectra recorded during evacuation althoug’hﬂ‘the
absolute intensities were different. From this it may be concluded that one
species is responsible for bands A and one species for bands B and that these

species are in an equilibrium with each other that involves gaseous diborane i.e.

-B,H
A 2 6, B

’ +82H6
In addition to this; a third species C is present which remains unchanged and .
independent of the presence of excess gaseous dibofane.
Spectn.'a corresponding to those of Figure 5-1 are shown in Figures 5-4 and
5-5 for silicas degassed at 150°C and 1‘00000 and reacted..wi.th nB:’ZHB‘ Spectra

were also obtained with "B.D. and 10B D. and in the case of the latter is shown

276 276
in Figure 5-6. ‘Figure 5-7 shows the corresponding Raman spectra for the sample
in Figure 5-1a and 1b from 2700—2660cm-1. No low frequency Raman bands were

observed. Table 5-1 lists ail the band frequencies for species A, B and C and

Figure 5-8 shows bar graphs of the BH(D) stretches listed in Table 5-1.

Discussion

It has been shown that diborane at a pressure of 10‘—207 torr does not react
with silica at 25°C but that heating by the infrared beam of a dispersive )
- infrared spectrometer causea some reaction to occur. W:his observation might have
been.an important unknown factor in the discrepancies of earlier work, all of
which used dispersive infrared spectrometers. ‘The heating caused by _the IR beam
was also shown to influence the spectrum observed after the reaction wit'h silica

and the evacuation of diborane, Nevertheless, the spectra observed in this work

most closely resembled those reported by Baverez and Bastik but the use of
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A
1082H6, 1082D6 and the recording of the spectrum in the presence of gaseous

diborane was unique to thig work.

The appeéranée of species A and a small amount of*species C in the presence
of gaseous ditlnoran.e, after the complete reaction of all accessible hydroxj;l . ’
groups'and the observed equilibrium between species A and B, indicate that species
A and B are not simply coorc_iinated BZHG and BH:3 as posfulated_ by Baverez and

Bastik. However, in view of the decreasing amounts of species C generated on

.silica degassed at higher temperatures, this species, in agreement with Baverez
and Bastick, is assigned to (E_SiO)zBH as in reaction (2). At high diborang -
coverage of silica, the B-O stretching region from 1400-1300czrn_1 was totally

absorbing, as shown in Figure 5-4. At lower coverages, using 1082H bands due to
) :

5'
(ESiO)ZBH were observed at 1400 a?\‘nd 927cm_1. These bands have been assigned, in
accordance with similar bands observed for cyclic boroxine154, to the -802
antisymmetric stretchfand B-H deformation mode, respectively, of ('ESiO)ZBH. It is

clear that the small amounts of species C generated cannot account for the
reaction of all hydroxy! groups with diborane especially in those silicas

degassed at gOO and 1000°C which have very few hydrogen-bonded_ paired hydroxyls..‘
The observations that species A contains BHB bridges and the equilbrium involving

species A and B and gaseous diborane suggest the foilowfng scheme:

(10) H H H M H H
NS N/ NSNS

B B E— B B, +
/N LN /N /N 2
H H H =8i-0 H H .

€  =SioH =+

A



137

(11) ' H
e "
E$I-0-B,H, ===  =5i-0-B P 4B M i

H
A 8
o
{

While the infrared bands observed for species A might be interpreted in
terms of diborane coordinated in some manner to a lone'pair of electrons the
assignment of the B bands to coordinated BH3 is not plausible because the observed

BH stretches (2580—'2450cm_1) are highér than those normally observed for

155_9. The species ESiOBzHs shown in reaction (10)

would be expected, by comparison with 521-{6169 to have three BH stretches of
) ~—

‘terminal BH groups in the region 2E50.0—251.’10cn'1_1 and several-BHB bridging

coordinated BH 3 (2450-2350)

vibrations aroulnd 2100, 1900, 1750 and 15000m—1- and a single B-O stretch at

1336cm;1, as observed. Partial exchange of '_.-'-'SiOBZH6 with B.’ZDG or the reaction of

silica with 82H3D3 would be expected to produce .oné'additior)al band midway in

frequency betyeen the antisymmetric and symmetric terminal BH
10

5 stretches (2612

and 2522cn;1respectively, for “B) and, indeed, a new band was observed at 2565c:m-1.
- The above arguments aiso apply to the fully deuterated species an.d the results
are as ex'pect‘gd.

The species B, "="SiOBI-;2,wouId be expected to have two IR peaks in fhe
region of BH stretch but in fact three peaks were observed. | It is this
observation that has been the cause of the ambiguity in the previous attempts to
assign this species. The formation of species B using 1OB2D6 lends support to

the above assignment as‘in this case only .two BD stretches are observed and .

futhermore, as e‘xpected, upon partial deuteration only one new band midway between
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these two was observed (Figure 5-8). In contrast, the partial deuteration

p.roduces two new bénds in the BH stretching region. Further support for the
assignment of species B comes from the results of Morrow"ss‘who report- that upon
50% deuteration of species B three bangs~Were observed in the region of‘B-O i
- stréfch at 1386,.1361 and 1340cm ('using 1OB2H3DB) and the ratio of their
intensities was that which would be expectefj for the abundance of a spec'ies BX2
'where the probability of X being either H or D was 50%.

Data from the BD and BO stretch regions appear to support the assignment of
species B‘to ':'SiOBDz while the BH stretch infrared data obtained appear to
contradict this assignment. "To clarify this, diborane was reacted with silica
for which the ".—..'=Si160H. groups had been 'exchanged- to give ESi1BOH. In this case,
while the spectrum for species A remained the same, that for species B now

contained only two bands {Figure 5-2d). The band assignable to the antisymmetric

stretch of F_SiOBH2 was unchanged in frequency after oxygen-18 exchange while a

single band ‘appeared at the midpoint of the doublet at 2‘470cm_1 (Fig 5-2d).
Paytial deuteration of the ESi1SOBH2 species produced a single band at 254t5crr|_‘l

and although this was not at the midpoint of the symmetrié (2470cm-l) amtisymmetric
' (258£’,cm_1) frequencies, i.e., 2527cm‘"1, it offers some further encouragement for the
assignment. These observations with-oxygen-16 and 18 silica may be rationalized

in terms of one component of the doublet being a combination band involving the

B-O stretch, which was intensified by Fermi resonance wkth the other component at

2470cm-1. Such a combination band could be composed of the 8—016 stretch at

ASY

1386cm ! and a band at approximately 2470-1386 = 108‘4Lcn‘1_1 which is close to the
expected -BH deformation mode and which was not observed becahse the sil.ica is
opaque in this region.

Although d}borane c-foes not react with surface ZSiOH groups at 25°C there

'

E
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was a reaction at this temperaturs with the siloxane groups created by degassing

silica at temperatures greater than 400°C. This reaction was particularly

noticeable for silica degassed at 1000°C; When approximately 0.1-5.0 torr,of
diborane was added to this sample at 25°C a band at 2280(:rn_1 assigned to ‘ =SiH

grew in unison with the bands due to E-:'Si-OE!H2 and the disappearance 31‘ the bands

30-32

due to the reactive siloxane at 908 and 888cm'1.‘ Only very weak bands due

to = SiOBZH5

Diborane thus has a third mode of dissociative chemisorption which is shown in

appeared because there was almost no excess diborane present.

reaction (9) as proposed by Mashthenko. Additional evidence for the assignment
of the band at 22.80cm"1- to =SiH is given by the results obtained here when using
10!3 D_ when this band now shiftsto 1562cm~1 which,is the expected frequency for

P26
sin/p 161, 162

Conclusions

At pressuresof 10-20 terr diborane did not react at 25°%C with'the
hydroxyl groups on silica. It did, however, react at this temperature with the
siloxane bridges produced as a result of the high temperature dehydroxylation of
silica,to give ESiOBH2 (E’.SIOBZH5 in the presence of excess gaseous diborane)
and =SiH. At 100°C diborane reacted rapidly with hydrogen bonded and isolated
hydroxyl groups to produce (ESiO)zBH and :;':SiC)BQH5 as shown in reactions (2)

and (10), respectively. The species ESiOBZH5 was predomihant in the presence of
o ‘/'H_.—
gaseous diborane at 25°C but in the absence of diborane -_':',SiOE’;H2 wag” the favoured

species. The assignment of the above species, based on the extensive 3 fra@

data obtained, is virtually complete. The assignment of the species '—'*.'-SiOBH2 was

complicated by the presence of infrared combination bands but the wei-ght of

evidence presented strongly supports the present assignments. .
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Part I The Chemisorption of borane carbonyl
and
some reactions of diborane treated silica
7 -

In the early stages of the present invest|/gation into the nature of
y .

. chemisorbed diborane on silica the reactions ¢f some amines, alcohols and alkenes

-

with the borane treated' silica weré studied. (The res t;’to‘g Eese studies

presented here remain difficult to interprét becauSe the abdve reactions were
carried opf when what are now known to be '_--'-'_SiOE'.H2 and 'E':SiOBzH5 were present
simu!taneéusly and in varying relative concentrations. _The reaction of borane
carbonyl with silica was also studied to determine if this reactant would give

the same adsorbed Spec;ies as did diborane,. and hence a clue to the identity. of

this species, but the results were disappointing. Nevertheless resuits of the

study of these reactions are briefly presented here for the sake of completeness.

«A, - The Reaction of Silichith Borane Carbonyl

Borane carbonyl (HSB:CO) prepared as previously described always contained
traces of diborane due to thermal decomposition. While distiHation was used in
attempts to remove most of the diborane impurity, analysis of the gas remaining

after exposure of silica to HSB:CO always showed significant amounts of BZHG in

~ the infrared spectrum of the gas phase. The fact, therefore, that exposure of a

2|
‘and traces of :""-SiOBsz(i.e., the spectrum was identical tc that produced with

diborane itself)could not be assumed to have arisen from a reaction solely of

silica degassed at 1000°C to 10 torr of H,B:CO at 25°C produced = SiOBH,,, = SiH

HSB:CO with 2 SiOH. In spite of this the results did provide some reinforcement

for ‘the intuitive belief that = SiOBH, was being produced in the reaction-of

2

=SiOH and diborane. ' g

‘ Y



141

{

) B. " Raactions with Amines
i) Ammonia

The addition of 10 torr of ammonia (NH ) to dibora.ne treated silica
rnsulted in the lmmedaate disappearance of the bands due to =S|O’§'Fl§ano

—Si082H5 which were replaced by new bands at 2400, %00 3400, 3500 and a

broad band at 3100cm” (Figure 5-9a). Evacuation of the cell caused these bands
1

to gradually decrease,and new bands at 3560, 3460, 2585, 2565, 2540 and 2490cm -
grew in unison. A band at 1610cm”| (not shown) present upon the addition of NH,
e did not change with avacu&fion. If the reaction was carried out using deuterated
amn'\’onia (N03) the new bands on addition of ND:3 appeared a; 2760, 2575, 2530, 2400
anr 2300(::'1'-_"1 and those upon evacuation were at 2560, 2480 and 2460cm-1 with those

-

at 2760, 2575 and 2530cm ™! remaining unchanged.

ii) © Pyridine

The addition of 4 torr of pyridine to the silica sample tre_étec; with
diborane ‘re'moved-the IR bands due to ’-:'--_SiOE!H2 and ...SlOBzH5 and caused the
éppearance of an intense broad band centered at 3000cm~1 and two weaker bands at
2390 and 22§0cm"1. Evacuation of the cell at 25°C reduced the intense band at
3000cm—1 to a2 weak peak while the bands at 2330 and 2290«:1"5'\"1 remained unchanged.
Further evacuation at 150°C lead to g- dramatic decrease in these three bandsand
the partial restoration of the original spectrum due to =SiOBH
. . -
iti)  Trimethylamine

o

) Tho™ exposure of borane treated silica to trimethylamine foliowed by
evacuation~at 25°C generated several sharp bands in the 3000—2800(:m"1 region
- attributable to adsorbed trimethylamine and two moderately strong bands at

2380 and 2300cm™ while the original BH bands disappeared.
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Figure 5-9
Infrared spectra of diborane treated silica
a} After the addition of 10 torr of NH 4
b) After evacuation of a) for 1 bhr.

The vertical scale refers to a) and b) had been displaced by
40% T. e
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Discussion

L)

Ammonia and Its substituted amines are known to react with the borane-

tetrahydrofuran (H,8:THF) adduct to form amine-boranes 031 164

THE D BH; + AN ———— © AN: BH, + THF
AN: - an amine
while the adducts formed with substituted amine are stable that with ammonia
undergoes slow thermai conversions at 25°C:
. 2HN:BH, ———— [ BH,(NH,), T BH,”
H.N : BH —_ H,N = BH + H

3" 73 ‘ 2 2 2 - . —

Thé analysis of the infrared spectrum of the borane treated silica after
reaction with ammonia is difficult because the expected adduct, ’E-.Sli—OBHz:NHB,and
the products of its thermal decomposition (which may be accelerated |n the ‘heat
of the infrared beam af the 283 spectrometer) would all be expected to have S~
similar NH and BH stretching frequencies. Any speculation about the nature of
the s.pecies produced hgre would be fruitless given the limited data available and
the unknown extent of any possible decomposition of the species initially formed.

The adducts of BH‘3 with pyridine and trimethyl amine are known to have

antisymmetric and symmetric BH stretches around 2330 and 2280(:m_1 and the

observation of two'moderately strong bands in this region after the adsorption of

these amines on borane treated silica indicates that the corresponding adducts
were being formed with ESiOBHz.  The formation of adducts in the present case
indicates that the boron atom, as would be expected, still retained strong Lewis

acidity with respect to the basic amines.

C. Reactions With Methanol and Cyclopentanoi.

The spectrum obtained after reaction of diborane treated silica with
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80 J

3000 . 2500 ¢ cm

Figure 5-10

Infrared spectra of diborane treated silica after reaction
with and evacuation of: -

a), Methanol B

b) Cyclopentanol N

The T scale refers to a) and b) has been displaced by 17% T,
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either methanol {CH_,OH) or cyclopentanol (CSTHQOH) were similar. After the

3
addition of 3 torr of methano! followed by evacua%ion new bands were observed at

2980, 2890 and 2560cm” | with shouldersat 2870 and 2500cm”™' while in the case of
cyclopentanol the bands were at 2970, 2880, 2555 and 25‘10cm_'I (Figure 5-10). If
it was assumed that the reaction of these alcohols was one in which BH bonds were

being replaced by B-QOCH, or B-O{;SHQ and that th& single band at 2560cm_1—-was

3
that of the remaining =BH species, this would indicate that there was not much

difference in\steric hindrance involved in the reaction with a small methanol
' AY

molecule versus a large cyclopentanol molecule. This argument strongly'favours
ESiOBH2 since,if only one moleculg of the alcohol reacts, the steric hindrance by

replacing one hydrogen with *005"’9 or —OC3 would be about the same whereas
+

replacing two or more hydrogens with these groups would create much greater

steric hindrance in the case of-OCSH so such a reaction might not occur and the

2]

spectra would be different.

D. Reaction wifh Alkenes

The reaction of borane treated silica with 2-methly-2-butene (1), 1,3-

butadiene (ll) or ethylene (lIil) resulted in the disappearance of all bands in

the BH stretching region and there were no bands at 1600c:rn-1 or above 3000cm“1

which are indicative of the presence of adsorbed alkenes.

H.C H
3\ / H\ /H
C = ¢C C=C H
-/ \ / AN s
H.C CH,, H C=¢
3 ‘ /7N
H H
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i H H HoC CH
N / AN /
C=¢C cC=cC
. / AN AN
H H HoC CH
I ‘ | v

The only infrared bands observed are those due to saturated hydrocarbons. By

‘contrast,the reaction of 2,3-dimethyl-2-butene (IV) leaves a strong band at
2440cm-1 in addition to those due to saturated hydrocarbons.

It is well known that in tetrahydrofuran, |, Il an)d Il react to completion

with BH3 while 1V reacts to only partial completion due to steric hindrance, i.e.,

- CHR.)

ch = CR2 + BH3 — B(.-CR2 5)g

\*‘)

b1, I R = -H, or -CH3

(CH3)2C = C(CH3)2 + BHS-—“—“"* H2B —_(]3 - (CH3)2

v 2

CH(CH,)
Similar reactions might be expected for diborane treated silica with species
containing BH bonds and the presence of a single infrared band due to a BH

species after reaction with |V is a strong indication that a borane species with

only two attached hydrogens;i.e., =SiOBH, was initially present. If three

2

hydrogen were initially present then IV wouid have reacted to give -BH2R and
two infrared active B-H stretches should have been observed. Finally, the absence
of infrared bands due to-unsaturated hydrocarbons after reaction of the borane

treated silica with il might be rationalized as follows:
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. CH,——CH

. == B 2
.-T:\SiOBH +j__-—~> ESiO—B< : '

2 —_——
<_ H CH,—— CH,

Such ring forming rea‘ctiomas this are. known to occur with dialkenes and

165, 166
BH, )
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CHAPTER &

THE ADSORPTION OF DIBORANE
ON :
¥ —ALUMINA

- Introduction _ T

Only "three infrared spectroscopic studies of the adsorption of diborane on
allumina, done between 1974 and 1977, a;pear in the literature 151, 167, 168:
Similar spectra were observed in‘each. case but definiltive .assignments for the
postulated surface species were not made. In the previous Chapter,.new insight
was givén into the nature of diborane adsorbed on silica and with this k:"nowledge
it was felt that a new study relating to diborane and alumina was warranted.

The first infrared study of diborane adsorbed on alumina was reported by
Mashchenko‘ls.‘, who observed that, for an alumina degassed at.GOOOC, upo; addition
of diborane the hydroxyl bands at 3700, 3742 and 3800 c:m_1 decreased and new
infrared peaks appeared at 2570, 2495, 2200, 11.160, 1365, 1325, 1250, 1200 and
1155 ¢m ™', Mashchenko assigned the peaks at- 2576, 2495, 2200, 1460 and 1155 to

AIBH4 formed according to the following reaction:

m{ B/ m<‘
7N N
OH 0 0 H 0
| | B,Hg 1 G
/m\ /m\ —= /m\ 3 AN + 1,7
N0 0 0" N0 0 0~
H H
N S
&N /BH\ B
0 o W, H ‘ " .
R
Al ’
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-

The other l_:ands at 1365, 1325, 1250 and -1200 c:m-1 were assigned to "vibrations of
B-O bonds with various force constants and possibly, with variotis types of
symmetry”, No assignment was made in the 2600-2400 cm_Tspect‘ral region for the.
BH stretch of the (:.-?AIO)ZBH species and the disappearance of the hydroxyl bands
.was not discussed in tgrms of the Eeactions proposed.

167, 168 reported that diborans

The other studies by Matsuda et al.
adsorbed on a 450°C degassed alumina produced new infrared bands at 2580, 2485,
2170, 1470, 1370, 1330, 1260, 1190 and 1150 cm_1. Matsuda associated the bands

T with B-0

from 2580 -1470cm—‘I with B-H bonds and those from 1370 - 1150 cm_
bonds. By compafison “With the infrared spectrum of aluminum borohydride Matsuda

et al. assigned the bands at 2170 and 1470 r:m"1 to EAIBH4 but did not discuss

how such a 'species would be formed. The bands at 2580, 2485, 1370 and 1150 cm:
were attributed to the species -OBH,, produced in reaction (2).
H
' /
(2) BH, + 2 O-H —> 2 0O-B + oH, T
| H - | “

-

No assignments were made for the bands at 1330, 1260 and 1180 cm_1 and no
consideration was given to the changes in the hydroxyl region of the spectrum

from 3800 - 3500 cm ..

Although both Matsuda an_d Maschenko agreed that a AIBH4' species was
produced upon adsorption of diborane on alumina they differed in the assignment
of a second species to —OBH2 or (':"A! Q)2BH respectively. Neither author tried
to interpret the observed infrared spec.trum in the 3800-3500cm ™' and 1400-

\1100cm_1 regions. Therefore, a more thorough investigation into the nature of “~_.

adsorbed diborane was carried out using infrared and Raman spectroscopies. In
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infrared spectra.

-

' L
The adsorption of diborane on titanium dioxide (Ti02, anatase) was.

cursorily investigated. High surface area anatase has only two types of
hydroxyl groups, one which is acidic and the other which is basic in character.
Anatase is also repc;rted to havg two types of Lewis acid sites. One t.ype \.is a
weak Lewis site and ihvolves a Ti-O-Ti species while the other a strong site
involving incompl-etely 'o-ordinated surface Ti4+. Both types of Lewis sites are
reported to be formed Ry dehydroxylation of anatase above 1'50?0. An excellent |
review of the surface properties of titanium oxides has been ;Jublished by
Parfittwg.. Anatgse presents a less Compiicated surface than does alumina but
has similar surface sites,i.e.,basic and acidic hydroxyl groups and strong and
weak Lewis acid sites. It seemed reasoﬁable that an investiga'tiqn of the
adsorption of diborane on anatase might have given valuable<insights of the
corresponding reaction with alumina. This however was not the case. Never-
theless, these results using anatase along with those obtained with alumina are
presented in Paft | of this Chapter.

Weiss and Shapiro”0 and c:‘chers171 have reported that diborane treated

-

silica-aluminas catalyzed the polymerization of acetylene to benzene. Weiss also
observed that during the polymerization the silica-alumina which was initially
white changed to a violet colour. Thé species producing this violet colour has
not been identified up to the present time. An investigation was undertaken to
determine the source of this violet colour gc_eneréted by the reaction of apety‘lene
over a borated silica-alumina and also to determine if‘a'similar colour cha.;wge
could be observed with a diborane treated alumina or offretite. The results of

- these investigations are present in Part 1l of this Chapter.
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Experimental - )

The Degussa alumina was calcined in air at SSQOC efore degassing except
whére the sample was degassed at 150°C, in which case an yncalcined sample was
used. Degussa anataée was calcined at 500°C in air before degassing at 15b°C
The anatase was then heated in 300 torr of oxygbn at,400°C to remove any further

organic impurltles cooled’ to 25°C in oxygen and then evacuated at 25° C for 15

minutes.
/

R —

" For infrared expiments 100 mg of the sample was pressed . at 107Pa
pr'éssure into a 2.5 cm di t\whereas for Raman experiments 150 mg was used and
presseci at the same pressure into a 1 cm disc. JInfrared spectra were recorded on

“both the Perkin-Elmer 283 and the Bomem DA3-02 FTIR spectrometers. The Raman

spectra were recorded using the 4880A (blue line) of the argon ion laser to avoid
' poss}b'le ﬂ.uorescenc-e problems of blue chromopho'res adsorbed on samples in
several experiments involving the reaction of acetylene with diborane treated
oxides. ' , .

In Part Il references are made to diborane treated oxides and their
preparations are listed below.
i) Alumina: Borated alumina was prepared by degassing alumina at 450°C and
reacting this sample with diborane at 100°C for 1 hr followed 'by.evacuation at
100°C for 30 minutes.
i) Silica: Diborane treated silica was prepared in the same manner as for

alu\mina except the sample was initially degassed at 500°C.

-1i)  Silica - alumina: Davisson sitica-alumina (13% Algog) ‘was d";agass“’ed at
. b

3_0000 for 1 hr and then exposed to diborane at 25°C for 15 min.. Evacuation at-

:._‘\

25°C for 1 hr proc‘i}cgd borane treated silica-alumina.
, \

v} Offretite: The H* exchanged form of this zeolite having a silica to
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alumina ratio of 80:1 was degassed at 500°C. Similar treatment with diborane as

in (iii) produced the required borated offretite.

Results and Discussion:

Part |
E— w

i) The Adsorption of diborane on alumina

Figure 6-1a shows the infrared spectrum of alumina which had been degassed
at 450°C while Figures 6-1b and 6-1c¢c show the spectrum after axposure to the
sample and evacuation of diborane at 25°C and 100°C, respectively. Figure 6-2a )
and 6-2b show the spectral subtractions for Figures 6-ib - 6-1a and 6-1c - 6-1a ,
respectively. The corresponding spectra for alumina degassed at 150°C and 920°C
are shown in Figures 6-3 to 6-6. The infrared bands observed in all the above
spectra are quite broad and considerable overlapping of the b'ands is apparant.

It will be sagwn that this was not simply due to the ovsrlap of boron -10 and

boron -11 bands. as a result of employing "g but in fact to. the presence of

ZHG
several species with similar infrared band frequencies.

The changes observed in the O-H stretch region of the infrared spectrum of

alumina degassed at 450°C and 150°C and then reacted with diborane at 25°C are

-

shown in Figures 6-1 to 6-4. For tr;‘e aIuEﬁ!qa degassed at 45000, Figure 6-2a
shows that the hydroxyl groups with bands at\B?QO, 3773 and 37’35cm—‘|
corresponding to hydroxyls of types Ib, Ié and IH')' had reacted. These are the
most basic hydroxyls on alumina (org:ler of increasing basicity : I la<lib<lag

" Ib) and basic hydroxyl groups are 'the ones expected to react with the Lewis acid,
diborane. Figure 6-4a shows that hydroxyls with infrared bands at 3738 and

3687cm with a weak shoulder at 3777cm” | had reacted on alumina degassed at

150°C and treated with diborane. As was mentioned in Chapter 1, hydroxyl pairs of

7/
/
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S | cm :
Figure 6-1
a) Infrared spectrum of an a1um1na degassed at 450°C for 1 hr,.
b) After reaction of a) with 10 torr of “BZHB for 1 min. at

25°C and evacuation for 15 min.
c) After reaction of b) with “82H5 at 100°C for ] hr. and
evacuation at 100°C for 30 min.
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4090,

Figure 6-2 .

Difference spectra for n82H6 reacted with an alumina which had
been degassed at 450°C

a) Figure 6-1b minus Figure 6-1a

b) Figure 6~1c minus Figure 6-1a.
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figure 6-3
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a} Infrared spectrum-of a]unlna degassed at 150°C for 1 hr.

b} After reaction of

by.eyacuation for
c) After reaction of

0

a) with n82H6 at 25°C for 1 min. fo]]owed

15 min.
b) with 82 at 100°C for 30 min.
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Figure 6-4

Difference spectra for a 150°C degassed
a) Figure 6-3b minus Figure 6-3a

b' . Figure 6-3c minus Figure 6-3a.
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0.3 Abs,

—
1000, 2000, 2000,

Figure 6-5

a) Infrared spectrum of an alumina degassed at 920 C for 1 hr.

b) After reaction of a) with "82H5 at 25 C for 1 min. and
». evacuation for 5 min,
c) After evacuation of b) for 1 hr, at 100 C.

st

=1
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| 0.2 lxbs.

1000,

Figure 6-6

Difference spectra for
with MBoHg. |
a) Figure 6-5b minus Figure 6-5a.
b) Figure 6-5c minus Figure 6-5a.

a 920 C degassed alumina which had been reacted
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the types la - lla and:llb - Ill are present on a highly hydroxylated alum?na.
The IR bands at 3777, 33.38 and 368‘?cm—1 are assignable to perturbed types Ia ‘ttb
and 111 hydroxyls, respectivaly. The band whtch appears at 3625cm - in Flgure 6--

4a might be hydroxyl groups of types lla and !lb-which arée [nost- abundant on

highly hydroxylated alumina and which are further perturbed by the borane species -

formed on alumina. Finally, after reaction with dibonl'ane at 100°C, all the
accessible hydroxyl groups (acid and basic ones) on the two alumina sampfes have
reacted.

The ‘changes irjn the hydroxyl stretching region of the spectrum indicate
that diborane reacts at 25°C with the more basic hydroxyl groups on alumina
degassed at 45090. For alumina degassed at 150°C,neighbourin'g_ hydroxyl pairs of
the‘types la - {la and llb - lll may be reacting since Infrared ba.nds due to
strlongly‘ perturbed hydroxyls disabpeared after reaction with diborane. An
identification ofﬁ.'the adsorbed B-~H sbecies is needed to determine whether the
neighbouring hydroxyis reacted as p‘airs or single hydroxyl groups with a molecule
of diborane. ) |

The Spectru%served after the adsorption of diborane at 25°C on

alumina degassed ét 450°C is similar to that of Mashchenko151 ‘and of Matsuda

167, 168

et in the 2600-1600 cm~1 region but was different in some respects in

al.
the 1500-1100 cm ™" region. The infrared Spectrum‘of the alumina used by
Mashchenko. and Matsuda showed several peaks in the 1400-1200 cm—‘| region befors
reaction with diborane and these peaks .are probably due to a bicarbonate species
on the alumina surface._' Neither of these ‘authors: report calcining the aluminas
before degassing and the adsorptioln of atmospheric caEbor-m dioxide to form

!
carbonates and bicarbonates on alumina is a well knowsi phenomenon. Both authors

used aluminas with much higher surface areas than t used here and this might -
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. _' 160

|
_ A
account for some of the differences between their work and that presented here.
The infrared spectrum of diborane adsorbed on alumina did not change with
the presence or absence of excess diborane. The spectrum did change slightly ,

however, if the borane treated sample was degassed at 100°C but this was due to

the removai of a small amount of the adsorbed species. Although this observation

is very different from that in the case of silica, it does not automatically

imply that ‘-—_':'_AiOBP-I2 species do not exist on alumina. ' The electron deficiency on
the boron atom might be satisfied by the greater electron density on the o'xygen

atom in =A}-O compared to that in =SiO so that EAIOBQH

5 with BHB bridges would

not be very stable.

The bands in the infrared spectrum of adsorbed diborane on alumina are

just-as broad and overlapped whether the reaction was with n82H6 or mBZHs- at

25°C or 100°C. Table 641 lists the frequencies of the broad bands and weak |

shoulders observed for the reactions of diborane at 25°C and 100°C. Assignments

- of these bands to possible surface species is exfremely difficult given the

quaility of the spectra obtained. Nevertheless;‘tentative assignments which have
some consistency in all the observed spectra can be attempted.

The brdad‘band around 2200cm-1, produced by the reaction of diborane with .
alumina at 25°C,was significantly different for alumina degas'sed at 150, 450 or
920°C. This 'Iband_ changed Tittleupon further reaction at7100°C with diborane or

evacuation at 100°C for 1 ho,ﬁr. This band may be assigned to AIHB bridge

stretches in EAIBH4(i) formed by the dissociative chemisorption of diborane on a

e
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fab1e e-1

Frequencies of 1nfréred bands observed after the reaction of
diborane with alumina at 25 C (upper table) and at 100 C
(lawer table) '

A1203 degassed at A1203 degassed at A1203 degafsed at '
920°C / cn”] 450°C / cm”! 150°C / o™}
B, H Vs | "8y | '%Bate "BHe
2514 s 2523 s 2535 sh « [ 2588 sh 2562 sh
2460 sh | 2463 sh [' 24925 12517 s 2473 s
2228 sh | 2237 ) 2470 sh 2154
2196 sh 2230 sh |2244 sh 1340 br
2174 2178 2202 2214 1144
2116 br | 2127 2168 2178 )
1554 1554 2022 sh | 2025 sh
1350 br [ 1350 br 1560 1560
1187 1193 1387 sh | 1427 sh
1146. 1146 1355 s [1390 s
1135 sh 1216 w 1352 sh
1138 s [ 1154
2561 sh | ess1s |ZB50 s 2571 s
2510 s b 2466 sh | 2480 sh 2472 sh
2460 sh - | 2230 sh | 2244 sh 2157
2196 sh 2202 2214 1362
2170 2171 2178 1316 s
2144 sh - 1560 | 1560 1270 sh
2054 1360 br | 1406 s 1144
1962 sh 1346 s '
1464 w 1244 1280
1350br M40 s [1142 s
.1187 ..
] 1131 br

s- strong, w- weak, sh- shouider, br- broad.
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The difference in the intensity of the 2200cn1-Aband for alumina degassed at 14'500(2

compared to that degassed at 150°C is a measure of the increasing number of Lewis

sitew being formed as a result of cdndgnsation of neighbouring hydroxyl groups..
In the case of alumina degassed at 920°C the 2200 c:_rr*nu1 band was much broader and
this might be explained by the formétion of stronger Lewis sites with a rangé of’
strengths which, as was mentioned earlier, only begin to form at temperatures
above 400°C. |

The species EAIQBHZ(II) formed in reaction (3) would be expected to have,
like ESiOBHZ, two bands due to B-H stretching in the 2600 - 2400 t:mﬁ-I region.

No distinct bands are observed for this species. Figure 6-6b does show in this

region shoulders at 2561 and 2460 cm™ ' on either side of the band at 2510 cm™ .

The antisymmetric and symmetric stretches of _-_—_-'AIBHd, by analogy with those for

AI(BH4)3172,. are expected near 2550 and 24890 cm_1 and it is possible that the

2510\,and 2460 cm—‘I bands are due to this species while the band at 2561 cm-‘1 is

antisymmetric stretch of ’EAIOBHz. The symmetric stretch of = AIOBH,, would be

2
expected to occur near 2470 c:m-1 and it could be that this band was buried within
the overlapping bands in this region. There is a broad band in Figure 6-6b from

1500 - 1300 t:m‘1 and withjn this region several bandsl are expected for ”-‘.:AIBH4,
namely, the AIHB bridges stretch near 1500 and the BH2 rock near 1380 cm_1_ The
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B-O stretch of AIOBH, is alsc expected in the 1300 - 1400 crn”1 region., The band

2
observed at 1187 cm_1. might be another AIHB bridge vibration which is also
expected In this region while the band at 1]31 c:mb1 is possibly an unusually high
BH, deformation mode of EAIOBHZ. Since no non-condensable &s (i.e.,hydrogen)
was detected at liquid nitrogen temperaturé this was further support for the
proposeq reaction (3) on alumina degassed at 9?0.

Alumina degassed at 150°C and reacted-%ith diborane at 100°C has only a

weak infrared band near 220[)<:n'1-1 due to a EA|8H4 species but it has a strong
peak for a B-H stratch which is at higher frequency than that observed with

alumina degassed at either 450 or 920°c. In view of the previous discussion

concerning the changes in the hydroxyl region for this sample, the band observed

at 2571 cm” ! is assigned the B-H stretch of O,BH (1), Cet -
" o NG
\
/B\
O-H. +’ O-H + %BQHG_"T? O @) + 2H2T

type Il type 1lb /w -

The same spectrum shows a band at 2472 cm"1,which is the expected position of the

symmetric BH stretch ;for AIQOBH The observation, therefore, of two bands in the

o
)
B-O stretch region at 1362 and 1316 c:m_1 may be attributed to the asymmetric B-O

stretch of 028H and the B0 stretch of ZAIOBH respectively. Again,a weak band

2

at 1144 may be assigned, as before to the BH deformation mode of AIOBH

2 2

The spectrum after reaction at 100°C of alumina, which had been degassed

at 45000, has some elements of the corresponding spectra for aiﬂ

Az;mas-which had |
been degassed at 150 and 900°C. The only significant additional feature for the

—4
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/”H\
450°C- degi?[ssed sa

- -1 : f
mple™~was a-t5and at 124_4cm . This band does not. lie close to
any known frequencies for AI(BHA)31 BZ,HG‘ BH3 adducts or B-O species. It does
appear to have a Bi0/B11 shift of about 36cm_1, which is unusually large for any

BH vibrational mode. No reasonable assignmerit can be suggested for this infrared

band.

No additional information about the adsorption of diborane on alumina was
found by using Raman spectroscopy. The Raman spectrum (not shown) showed .. -
~identical broad bands in the 2f:‘0()—‘1(-3|2]f}cm_1 region to those in the infrared
spectrum and there were no bands obsérved between 1600- and '10(Jcrn_1.

To conclude, the assignments oflthe surface species AIBHd, AlOBH2 and
QZBH are only tentative because the observed iﬁfrared and Raman bands were very
broad. This broadness is possibly due to a wide rangé_ in types of Eydroxyi groups

and Lewis sites on the alumina surface,which leads to surface species with similar

structure but different force constants for vibrations and hence infrared frequencies.

i) The adsorption of diborane on anatase

The reaction of diborane with TiO2 (anatase) yielded very little useful

information. Upon addiii

of diborane to TiO:2 degassed at 150°C,
the sample which was initially white changed to an intense blue colour and was
no longer transparent to infrared radiation above 1000<:m—1. A non-condensable
gas. presumably hydrogen, was foﬁnd to be produced in this rézction. If 10 torr
of oxygen was added to the borane treated sample the blue .colour immediately
disappeared and the sample became infrared transparent again. . .8

The original infrared spectrum of anatase showed two peaks at 3715 and

3665cm_1. The‘h'ydroxyl'groups with a band at 3':’15t:m-1 are relatively basic

1 : - i
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while that at 3665 crn'_1 is acidic and they are similar to the hydroxy! groups of
type la and lla,respectively, on alumina. C[egassing :Ti02 at 150°C is sufficient

169. After .

to remove Hydrogen-—bonded water but does not form st}ong Lewis sites
‘the addition of oxygen to the borane treated TiO2 no new absorptions bands were
observet_j in the hydroxyl stretching region however, there was a stronJg band at

'2580 ¢m”' and an intense broad absorption from 1500 to 1000 cm_u No information
was gained by using. a thin film of TiO2 because in these experiments,while the

film did not bécome totally absorbing after turning blue,the spectrum was
feeﬁureless and sinc-e the hydroxyl bands were too weak to be observed initially

no information regarding their fate was obtained.

The Raman spectrum of TiO2 was recorded before and after reaction with
diborane and the anly differencg observed in the spectr'urﬁ was a/tﬁn fold decrease
in the peaks due to the lattice modes of Ti02 after the addition of.'c.iiborane.

. 5 .

ﬁ.)pon the addition of oxygen, when the colour of the sample went from blue to white,

peaks due to the lattice modes of TiO2 increased. No other peaks were

)
L] -

observed any stage in the reaction.

\_\ The changes in intensity of the TiO lattice modes with diborane might

indicate a disruption of Ti-O-Ti bonds in anatase. Dicyclopentadienyl-titanium
borohydride has an intense violet colour”a, and it is possible that such
_borohydride species are responsible for the blue colour in the present case.

Further speculation is not warranted. : , &

dicyclopentadienyltitanium borohydride



166 | | .-

s Part I’

The Reaction of Acetylene with borated oxides: -

The addition of acetyléne (Csz) to borane treated aluminh, offretite or

silica-alumina resulted in th;a initially white sample changing to a viclet colour,

but with a borane treated silica the addition of acet)'rllene did ﬁot cause any-

colour change. ~Although the infrared spectra of thelborane ‘treated alumina,

offretite and silica-alumina were di;ferent, the infrared and F}\_aman spectra after

reaction of these s::a?hples with acetylene were quite similar. It is convenient to

‘exan'wine the reaction of acetylene with the borated alumina first and then to

discuss anly/aifferences observed using the other oxides.

\ Ugon addingfs\_torr of acetylene to the. borate’_dr__.alu\nfw—i\ﬁé' the sam:;(e turned F
pink\an/d weak infrare’é bands developed at 3073, 3044, 2968 and 2884 <:r;'1—1 in addi-
tion to strong bands at 1604, 1426, 1310 and 1252 cm"1 (Figure 6-7a and 6-8).
Figure 6-8 élso shows that the relatively strong infrared bands at 2560 and 2466
c:m—1 had diminishe&. After exposure to acetyiene for 14 hrs the intensities of
the bands in Figure 6-8 had increa_sed and the sample now had a violet colour. At
this point the intensities of infrared bands at 2200 and 2]73cm-1, which were
unchanged upon initial exposure of the sample to acetylene, had begun to decreas.e.
Evacuation at 25°C for 5 hrs causéd no change in either the infrared spectrum or
colour of the saanle. Upon readding acetylene .and heating the sample to 100%¢
for 2 hrs the sample had an intense violet 'E;olourl aﬁd infrared bands notably at "
3063, 2946, 2913, 2877, 1920,r1462 and 1421 cm—1 were observed (Figure 6-9). In
the B-H region of the IR spectrum bands at 2558, 2476, 2200 and 2172 c:m_1 had
decrea\sed with the appearance of this intense violet colour. |

The Raman spectrum of the violet sample after heating with acetylene at

100% (above), shown in Figure 6-10,exhibited two very strong peaks at 1115 and

q | -
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Figure 6-7

a) Infrared spectrum of alumina which had been degassed at 450°C
for 1 hr. and reacted at 100°C with "ByHg followed by
evacuation at 100°C for 1 hr. .

b) After the addition to a) of 5 torr of C2H2 for 5 min. and
evacuation for 5 min. . ;

c) After 14 hrs. exposure of b) to 5 torr of C2Hy, and evacuation
for 5 min. -

d) After heating c) in the presence of 5 torr of C2H2 *at 100°C
for 1 hr. and evacuation at 25 C for 5 min,
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' Differencg spectrum for_Figure/S-Td minus Figure 6-7a
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Figure 6-10 | , ‘
kRaman spectrum of a diborane treated alumina which had

been reacted with 20 torr of C,Hy . scop 54y 14 hrs.,

9]
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vd

1505 cm™ ! with“weaker ones at 1000, 1300, 2225, 2610, 2965 and 3010 em™ T,

in no stage of the reaction with acetylene was gaseous benzene detected by either

q .
i‘nf?'sa\_red or mass spectroscopy. (Benzene had been found for this reaction by

’

Walss when silica~alumina was used).

Intense Raman bands at 1505 and 1115 cm™! are very'characteristic.of N\

e 174, 175

- polyacetylene. Shirakawa et al. have reported the Raman and infrared

spectra of polyacetylenes and they assigned intense bands at 1500 and 1100 c:m_.I
to carbon-carbon double and single bond vibrations,respectively, and a weaker band

at 1016 cr'n_:l to an out of plane C-H deformation mode.
.,

' trans-polyacetylene

The correSponlding' bands for cis-polyacetylene are reported to be 1552, 1262 and
920 cmd1. Eé.lrthermora, Shirakawa noted that thin films of trans-and cis-
polyacetylene are deep blue and clear red, respectively. The Ra;man spectrum of
the violet alumina’ sample was identic;al between 1600 - 800 t:m_1 tothat reported
by Shirakawa fo.rl trans-polyacetylene and the violet species observed op reacting ’
borated alumina with acetylene is assigned to this 'polymer.

Shirakawa et al. assigned only or;e IR band in the C-H étret‘c:hing 'reéi_on at’
3013 cm_\-:- to trans-polyacetylene and no bands were observed in the 16;(;0—1500cm_1‘
region of the IR spectrum -for C=C stretch. The observation of additional
" infrared banas in the C-H and C=C stf,?fching region in the present case
indicates that a second reaction not involving the formation gfl polyacetylene was

occuring. Holliday et E‘I_.”G reported that trivinylborane [B—(CH:CH2)3] had

strong IR hands at 3069, 3030, 2986, 2962, 1606 and 1421 cm_1. The presence of

kl
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infrared bands in the present instance at 3063, 1606 and.1421 cm_1' indicates that
some vinyl {~CH=CH )'species were being produced,at’ieast initially, since the

- i
band at 1606 cm 1 does disappear after heating the sample in acetylene at 100°C.

Figures 6-11 and 6-12 sthhe infrared spectrum of offretite and silica-

 alumina before and after reactions with diborane and acetylene. In the case of

offretite it is noteworthy th.at the most acidic hydroxyls-with Anfrared band at

3600 and 3558(::1‘1"1 reac.ted with diborane at 25°C whiie the least acidic one di;i
not react (recall the cases W|th alumlna) The infrared spectrum in the B-H '

str hmg region did not change even after prolonged‘evacuatlon of the borane
treated offretite. "The observation of IR bands at 2585, 2545 and 2442 cm - along -
with a bend at 1560 cm“'1 (not shown) indicated the formation of a bridged boron
seecies. i.e., __SIOBzHS,aS with silica. -This species, __S|OB2 5

f_orn'wed inside cages within the offretite framework (since the acidic hydroxyls

was most likely

are known to be in these cages) and this could account for the unusual stability

of this = SiOB,H,. when co}npared toXyhat on silica. Several bands in the 22007

25

23C0 cmu1 region are observed in the IR spectrum of the borated offretite and are

_poss:bly different = SiH species but do not warrant further speculatlon 'After

exposure of the diborane treated offretite 'to acetylene the sample immediately
turned a deep violet colour and 1R ‘bands at 3075, 2975, 2930 and 2895 cm ' were
observed along with an intense band at 1615 cm_1_ (not shown). The Raman spectrum
of this blue coloured offretite was identical to that obtained with alumina..
. . - v
The diborane treated silica-alumina (Figure 6-12) also turned violet upon
exprc;sure to acetylﬂene' but the change in colour occurredover a period of about 15
minutes and the new infrared bands were at 3075, 2970, 2890 with a strong band at
1610 crn—1 (not shown). The Raman spectrum of this violet co]our'r-.;g,samp’le Yas a15ie

similar to that obtained with alumina. No gaseoue benzene Mtected after

\ _
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: T Y _n
4000 3000 2000 cm”’ -
r' 3
Figure 6-11 + :
a) Infrared spectrum of H - offretite which had been

degassed at 500°C for 1 hr., ,

After the reaction of a) with nBZH at 25°C and
evacuation for 1- hr. )::
After exposure of b) to 10 torr of C2H2 for 1 hr \
and evacuation for 10 min. - — =

The % T scale refers ‘to ¢) and a) and b)\have been displaced.
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Figure 6-12 .

a) Infrared spectrum of Davisson silica-alumina which had
been degassed at 300°C for 1 hr,

b) After exposure of a) to NBoHg and evacuation at 25°C

. ¢) After exposure of b) to 15 torr of acetylene for 30

min. and evacuation for 10 min.
The % T,scale refers to c) and a) and b) have been displaced.

il

_/
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o-‘ ’ w
aadlng acetylene to eit'har' the borated offretite or silica-alumina.
. The .Infrare.d Sp'e:;xtrum‘ of diborane treated silica after exposure to
acetylene had very intense band?at 3073, 2971.-1607 ar?|\(14:30crn—1 in addition
to a number of bands in the B-H stretching region around 25000m_1..; The
sample remained white, which meant therefore that no polyacetylene was produced.
‘;rhe spectrum shown in Figure 6-13 is é:omplex and it is apparent that. in additipn
to vinyl groups attached to boren, other boron species may also be prese}wt.

The adsorptlon‘of acetylene on alumina has been investigated by Yates and
Luccesi 7 using infrared Spectroscop‘y and they postulated two adsorbed species.
QOne’species was strongly‘ adsorbed acetyleng in an "end-on" configuration
involving hydrogen bonding through the acetylenic. hy‘drogen atom and a Iés.s
strongly a'ds.orbed species in a side-on interaction involving the M-electrons of
écé}:‘yiene. Bhasin et 9_1;178 support the assignments of Yates and additi.onally
observed that a coloured product was formed and evidence foAr polymerization of ‘-

acetylene was given by the observation of a C=C stretch near 1(-300cm-1 in the

infrared spectrum.

H
\ (.
C
ZAI-0 --- H-C = C-H O FA . ool m
!
H
173

Heaviside et al. have reported a Raman study of the reactioms of
acetylene with alumina 'degassed at various temperatures and with potassium
exchanged zeolite-X. The spectra reported by Heaviside et pgl., which
were very similar to those obtained in the present studies, were attributed
to trans-polyacetylené. " Heaviside et al. keport that despite the-wintens:it.\,r

- of the colour, and of the Raman_spectrum, the actual amount of the
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polyene formed was very small, approximately 0.5 mg / g of alumina. The .intensity-
of the cciour and the Ramén spectrumwere reported to increase with the deggssing

temperature of -the alumina and Heaviside et al. interpreted this observation in
terms of )C=CH2 co-ordinated to a pair of Lewis acid sites (of which there are
an Increasing number at higher degassing temperature) and that polymerization

‘ proceeds on this anchored vinyl group.

A'cetyl'ene polymerizes to trans-polyacetylene on diborane treated alumina,
offraetite and silica-alumina but not on diborane trgated silica. The
polymerization appears to be fastest on Eorated offretite andusiowest on alumina
but in the latter case could be ir‘icre.ased significantly by heating the borated |
alumina in acetylene at 100%C.  Side reactiohs invelving the formation of
vinylbora.nes [—B—(CH:CHZ)x; x=1,2] . aiso occurred on lthe diborane trgated alumina,
offretite and silica-alumina but appéared fo be the sole _reactiéns bf. borane
treated silica. A comparison between untreated alumina and diborane treated
alumina showed that the adsorption of diborane promoted the polymerization of
acetylene since the untreéted sample gave only a faint discolouration while the
borated sample .gave an intense violet colour under the same conditions. Although -
no benzene was detected during the productilon -of p'urple coloured trans-
‘polyacetylene, the observation of a purple rcolour by Weiss e_‘;a_l.wo dufing the
polymerization of acetylené over diborane treated silica-alumina was quite
probably: also due_to polyacetylene produced in a side reaction.

A final obseri;atio_n can be made relative to the adso;bed species produced
by diborane an alumina . 'ln Figure‘6-8 two baﬁds at 2560 and 24686 crn‘;l were
found to decrease after exposure of borane treated aiﬁmina to acetyiene while a
band at 1604 cm_1 appeared and the bands from 220()—2100cm;I assigned to AIBH4

were unchanged. The‘similarity in the IR bands observed after the addition of

e -
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acetylene to both borated silica and alumina at \2500 (i.e., bends at 3073,/2968,
1604 and 1426 cm_1 with alumina versus 3073, 2971, 1607 and 1430 with/silica)
indicates the formation of similar vinyl borane species. The bands at 2560 and
2466 cm-.l‘ are close to the expected frequencies for -BH2 groups and the above

“observations provide additional support for the formation OBH2 species on alumina

like those on silica ubon the adsorption of diborane.

)
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- CHAPTER 7

THE ADSORPTION OF TRIMETHYLGALLIUM
ON SILICA AND ITS REACTIONS
WITH NHS' PHq,'AsHS. HZO" HCN AND HCI

Introduction
Many hydrogen sequestering reagents such as SiC[xMed_x[Me=CH3, x=1-4],

GeCIxMe4_x. ~‘Al Mes, (MeSSI)ZNH, BCIS, TI-C]4 and most recently in this work

2
(CZHS)SB‘ have beeft d as probes to study the nature of the hydroxyl groups on

silica surfaces and to chemically modify these surfaces for other purposess’ 7,

- 24, 28, 47. 91-97, 122, 123, 126 92-95, 126

It has been reported that

oMe, at 25°C) wheC_exp_osed to

silica- reacts first with™the normal siloxane sites (distinct from siloxanes

trimethylaluminum (which exists as the dimer Al

generated on highly degassed silica surfaces) and then with ZSiOH groups i.e.

the following reactions occur in sequence;

L]

(1) =S1-0-Si  + Al Me, ——— SSiOAIMe, +° ZSi-Me
[
(2) =Si-OH + %Alees-—-——’} =Si0AIMe,  + CH41‘

Trimethylgallium [Ga(CHS)S‘ TMG], unlike the aluminum analogue,’is a monomer at
25°C and the aim of the present s't'udy was to use the techniques_ of infrared and
Raman spectroscopies to determine whether TMG reacts with sitica in the same

manner as AIZMeS'

Trimethylgallium is used extensively in the semi-conductor industry to
LA . .

produce /GaN, GaP and GaAs semi-conductors via reactions with ammonia, arsine and

?
180-182.

' ph_dsphin (NHS‘ PH3, ASHS),respectiver Possible mechanisms for these

reactions have been.proposed by several authors'181_3. In the present study

infrared and Raman spectroscopies were also used to determine if MH3(M=.N,P,AS) '



' cataly;tic properties :

180

would react with TMG adsorbed on silica to produce GaM and to investigaté. the

mechanisms of these reactions. Gallium doped oxides are reported to have wnusual
184, 185a ‘

L

and two such cases for silica were cursorily
investigated and are briefly reported in this chapter.

Tubis et al.'® have studjed the reaction of TMG with silica. They

observed - new infrared bands afteir reaction at 3012, 2960 and 2915cm-1 which

|

they assigned to species | and [I‘lin the following reactions:
(3) ZSIOH + GaMe, ——— =Si0GaMe, +ocH 0
‘ : !
(4) o -
" /N
Si Si + GaMe,— ISi0OGaMe, + =SiCH

g I

Since the band at 30‘12cm-1 was removed by. the admission of air this band was

' assighed to a Ga-CH, vibration whereas the band at 2960 and 2915cm” ' .were

attributed to ESiCHS which would-be more stable in the presence of oxygen and

water. The authors also.studied the reactions of the TMQ@ treated silica with
hydrogen chloride (HCI) and suggested that the following reaction occurred with
species I:

(5) =5i0GaMe, -+ HC| - ——— 25i0GaCl, + 20H4’?‘

On the basis of new evidence from this study it will be shown that the conclu-

sions of Tubis et ,al. are incorrect.

-

The resuits obtained in these investigationsuare presented in twao parts.
Part | deals. with the adsorption of TMG on silica and the subsequent reactions of

thts, treated surface with H20, NH3‘ PH:3 and AsH,_, and the catalytic activity of

3!
gallium doped silica,while Part |l will be devoted to the reactions of HCN and

™

Y
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HC! with TMG treated silica. -

Experimental

The silica used in most of these experiments was calcined at 550°C
- and then degassed at 500°C 1“0|L 1 hr,and any exceptions to tﬁis will be
. specifically stateq. The silica discs used in IR studies contained 5--‘|0rng/crn2 of
silica while those for Raman studies contained ..10‘0mg/cm2 . Thin silica -films |
were prepared as previously described. B - gallium oxide ((33203) was used as

supplied (Alfa-Ventron 99.99%) and self-supporting discs containing approximately

2

2mg/cm pf,(?nazo3 were used in infrared studies while discs containing ‘I()Orng/c:m2

r -

were used in Raman studies. Oxygen-18 exchanged silica was prepared by repeétéd

8

exposure and evacuation of H O1 to silica at 420°C until the desired degree of

2
" exchange (Si018H/SiO16H) was achieved and the sample was then finally degassed at
420°C for 1 hr. Deuterated silica ( =SiOD) was prepared in a similar manner to
the oxygén-18 samples except that DZO was used.

Results and Discussion \ ' ;

%N

" Part |

(i) The Adsorption of TMG on»Bilica

When silica was exposed to 5 torr of TMG at 25°C the IR band;of
. =SiOH at 3748Cﬂ1-1 disappeared immediately and new banﬁs appeared at 3016, 2967,
2910, 2400 and 1410cmu1 (Fiéures 7-1a and 7-1b). The bands at 2967, 2910, 2400
and 141ﬁcm_1‘ were diminished slightly by evacuation for 10 minutes while that at
301(—2\t:rr:"1 qisappéared (—;Figure 7-1c). Infrared and 7mass spectrometric analysis of
| 4 and CH, (.IF"f bands fur OH,

.at 3016 and 1307cm'1). When deguterated silica was ex;ﬁoséd-to TMG, CHSD with no

trace of CH, was detected. The IR bancs at 2967, 2910, 2400 and 1410cm” ' ‘shown,
. - ) - . ’

the gas phase showed only the'_presen.c_emr' excess GaMe
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1600, 3175, 1 2250, 1375,
' Co-cm=
Figure 7-1 .
a) Infrared spectrum of silica (10mg/cm ) degassed at 500°C .
b) After the addition of 5 torr of trimethylgallium at 25°C to a)
c) Evacuation of b) for 10 min.
d)

14 hrs and evacuation at 200°C for 1 hr.

Following hydrolysis of ¢} at 200°C in 18 torr’?i/HZO for

Ml
-
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in the difference spectrum (Figure 7-2) did not change even after 48 hfs\
evacuation at 25°C and are thersfore due to a strongly adsorbed spﬁcles. The
broad band at 3650cm_1 after reaction with TMG (Figure 7-1c) is due to the
26, 28

S
inaccessible surface hydroxy! groups Figures 7-3a and 7-3b show the

spectrum of a thin silica film before and after reaction with TMG while Figure 7-
3c shows thé corresponding difference spectrum. The new bands observed after ttime
adsorption of TMG on a thin silica film are at 1210; 10Q2, 745, 703 and 606cm—1

(The peaks at-‘745, 703 and 606c:rn_1 were also observed using self-supporting discs
containing Smg/cm2 of silica). The shoulder at E)ESO‘cm_1 is an artefact due to the

\
- disappearance of the band at QE!On:m_1 attributabie to the Si-O stretching mode of
&

=S8i0OH.

4
Figures 7-4 and- 7-5 show the infrared spectra of silica which had been

degassed at 150 and 1GOOOC,re$pectfiveiy, before and after reaction with TMG.
Figure 7-4b shows that a larger amount of residual inaccessible hydroxyls
remained after reaction of TMG with a silica degassed at 150°¢C compared to one
degassed at 500°C hut that the 2967 and 2910cm™ " bands were about 20% more
intense in the former case. For a silica degassed at 1000°C (Figure 7-5) there
was no band due to residual inaccessible hydroxyls and the banas at 2967 and
29056[‘0—1 were about one half as intense compared to that for the 500°C degassed
silica. The IR bands at 908 and 888crn_1 due to the reactive siloxanes -generated
at 1000°C also disappeared, probably via reaction (4).

The Rarﬁan spectrum frorn'100—3100cm“1 is shown for a 480 °C degassed éilica
before and after reaction with GaMe3 (Figureé 7-6a and 7-6b). The new bands
which appéared after reaction were observed at 140, 440, 555, 610, 1%10 and

(inset) 2910, and 2970cm” . The band at 980cm”™ ' which disappeared after reaction

with TMG is attributed to the $i-O stretch of =5iCH whose Raman band at
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0.1 Abs.

2960,

Figure 7-2
Difference spectrum Figure 7-1¢c minus
region 3200-1300cm™!

{

Figure 7-1a in the
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Figure 7-3

a) Infrared spectrum of a thin silica film which had been
degassed at 500°C for 1 hr.

b) Spectrum after reaction with trimethylgallium at 25°C
and eyacuation for 10 min. _

.c) Difference spectrum b) minus a)

~The bar at Jeft represents 0.3 absorbance units for a) and

// b?\fnd 0.05 for c).

Y
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cm
Figﬁre 7-4 >
a) Infrared spectrum of a silica {(10mg/cm®) degassed at 150°C
for 1 hr. ~ .

b) Following reaction of a) with excess trimethylgallium at
25°C and evacuation for 10 min.
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Figure 7-5 2

a) Infrared spectrum of a silica (5mg/cm“) which had been degassed
at 1000°C for 1 hr. -

b) Spectrum obtained after reaction with trimethylgallium and
evacuation for 10 min. at 25°C.



188 h

3000 2800

Figure 7-6
a) The Raman spectrum of a silica degassed at 480°C
faor 1 hr. ;

b) After reaction with trimethylgallium and 10 min.
evacuation at 25°C.

Inset shows the region from 3100—2700cm“] of curve b).
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3748cm_1 due to the OH stretch (not shown) also disappeared.

The addition of 18‘ torr of water at 25°C resulted in a small dacrease(in.

the intensity of the IR bands at 2967 and 29050m_1, an increase in the absorpfion

) i
- near 3700cm 1 (presumably due to the formation of Z51-OH or=GaOH),and the genera-

tion of a small quantity of miethane. While there was little further change after
prelonged exposuré at 2500, heating the sample to 200°C in the presence of water
completely removed the bands. at é967 and 2‘3;10<:m-1 and left sharp weak bands at
2983 and 29250m_1. A large quantity of methane was generated during the
hydrolysis at ZGOOC; the =SiOH band at 3'!48<:m-1 was almost completely restored
and there was an increased absorbance around SGSOch pos_sibiy due to GE\OH {Figure
7-1d). The ratio of CH, produced by Ilydrolysis of the GaMe, treated silica to

4 3
that generated in the initial 'adsor_ption of GaMe, was 2.0 ¥ 0.1, 'f the TMG

3
treated silica was heated at temperatures between 100-300°C in a closed‘_cell or
under continuous evacuation ,CH4 (quantity increasing with temperature) was pro-
duced ;nd the intensity of the bands at 2967 and 291Dc:m‘1 decreased while. that of
a band at 2980cm_1 increased. Hydrolysis then yielded :a smaller quantity of
methane than that produced by the hydrolysis of 'the unheated TMG treated silica,
a smaller OH intensity and more intense bands at 2983 and 2925cm-1. Heating the
TMG treated silica beyond 300°C resulted in the generation of a large quantity of
methane and the sample turned grey, indicating thermal decomposition of the
surface species., No =SIOH was generated at any femperature during heating of
the TMG treated silica alone.

The additﬁm of oxygen at 25°C to the TMG treated silica resulted in the

“w 4

immediate disappearance of the bands at 2967 and 2910cm—1, the generation of a

small quantity of methane, and new IR bands attributable18?bto ESiOCHB were

observed. Additional bands were observed in-the :3'4"0l)—13500c:m—'1 region which might

s

B
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fact due to gaseous methane and not to species |, =Si0GaMe,.

190

be due tOéS|O.H,‘-‘GBOH or adsorbed wat'er. It is speculated that Ga-C bonds were
cleaved by oxygen to form GaO' and OCH3 and that iR jatter subsequently 'formed
q1 ©f that methyl groups are generated which then react with the silica
surface to produce the ,=_=.Si0()H3 species. ) .

It is evident that more than one strongly adsorbed specie;s are formed by
the reaction of TMG with sitica. Silica which has been degassed at 500°C or
higher possess hydroxy! groups only of fhe is_dlated type and the immediate
disappearance of these h'ydroxyls upon fhe addition of TMG indicates that
ESiOGaMe2 is being formed according to reaction (3). Tha;t metP'ane was generated
by this reaction was substantiated by infrared and mass spectroﬁetries and it is
therefore clear that the “3012”cm_1 ihfrarednband observed by Tubis et.al. was in

2

By comparison with the infrared and Rarhan spectra of GaMe, and GaMe

3 3
186-190 and Raman spectra of Glaﬁ’\/le3 adsorbed Oﬁ

silica can be assigned. The 2967 and 291Ocm_‘l bands (IR and Raman_) are assigned

&

~

adducts the observed infrared

respectively to the antisymmetric and symmetric stretch of —CH3 in _'-?-'_SiOGal\Ae2

while the bands at 1410 and ‘121Ocm-1 are the corresponding deformation modes.
The weak band observed at 2«300(:#1_1 is quite probably an overtone of the symmetric
defarmation mode at 1210cm” . The IR band at 1002cm™ is due to the

antisymmetric Si-O-Ga stretching mode while the bands at 745 and '.1'03cm-1 are —CH3

rocking modes. The IR and Raman bands at- 610 and 555C!T\_1 are assigned to the

1

antisymmetric and symmetric GaC stretcﬁing modes. The Raman band at 440cm ' is

2
probably the symmetric Si-0-Ga stretching mode which is expected to occur near
~here (a similar mode near here is observed for SiOTi, SiOGe and SiOSi122) whil{a

that at 14OCm_1, is possibly the superposition of several Si06302 deformation

modes which should occur nearby.



that these bands could be increased in intensity by heating the GaMe
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Further support for the above assignment comes from the observation that
the ratio of the quantity of methane produced by the adsorption of TMG on silica
to that produced in the subsequent hydrolysis at 200°C was 2.0 § 0.1. If the
hydrolysis takes place as shown in reaétion (5) and if reaction {3) were the sole
reaction of GaMeS with siliéa,the ratio would be 2 but if reactions (3) and (4)

occur to equal extents the ratio would be 4.

(5) ESEOGaMez - 3H20 —> =Si0OH + Ga(OH)S + 20H4'T

JThe methane' ratios observed mean that reaction (3) was the dominant ons and very

"

little reaction occurredbetween GaMe3 and the normal siloxane bridges, unlike the

case reported for AIZMeG.

The infrared band observed at 2983 and 2925cm—‘I after hydrolysis can
possibly be assigned to = SiCHs. IR bands at these frequencies were observed by

Yates et a_l._93 after the higll"x temperature degassing of Al_Me_ on silica, and by

2 6
Low191 for reactive silicas, and have been assigned to :_:'SICHS. It was observed

3 treated

silica before hydrolysis so it was im.possible to determine whether these bands
were due to ESiCH3 formed as a result of reaction (4) or as a resullt of
partial decomposition due to heating of the surface during h;drolysis at 200°C.
it has begp noted, however, that the intensities of the 2983cm_1 band were 0.01,‘
0.045 and 0.07 absorbance units for silicas which had been degassed at 150, 500
and 1000°C,respective1y, reacted with TMG, and then hydrolyzed. Part of thé
increase in the intensity here cari be accounted for by the increasing amounts of

reactive siloxane sites which are generated by degassing above 400°C and which.

woutd then react according to reaction (4) to yield = SiCH 5.

Tubis et a_l.184 had reported that the ratios of GaMe3 consumed to methane
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produced were in the range of 0.5 - 0.7 and that this indicated significant

reaction of GaMe, with siloxane sites according to reaction (4) (if reaction (3)

3
occurred as frequently as (4) the ratio would be 0.5, whereas if only (4) occurred

the ratio would be 1). The GaMe, consumed and mpgthane produced was determined by

3
using a Toepler pump which gave the amount of CH4 produced directly and the

amount of GaMe3 consumed by the difference between that which was added initially

to the reaction chamber to the excess condensed in a liquid nitrogen trap placed
In the forepart of the Toepler pump. It has been observed in the present study
that a large quantity of TMG was physiosorbed on the silica reacted with G:aMe3

and that this was present even after evacuation of the excess GuaMe3 to 0.1 torr

but was removed completely after pumping for 10 minutes Xp 'IO_4L torr. It is
appare\ﬁt therefore that unless the Toepler pump is used to rgdyced the pressure

to much less than 0.1 torr significant errors in the measured (dmounts of C:‘:aMe3

consumed will accur and tead to ratios less than 1. The ratios observed by Tubis

et al. for GaMe, consumed to CH4 produced could mean that there was still

3

considerable physiosorbed GaMe

%

their system was Toepler pumped) or that significant reaction was occuring

(the authors do not specify to what pressures

between siloxane sites and GaMe The latter observation might be due to the

5
silica used, which w;s different from that employed in the present studies, or
the higher pressures of TMG used by Tubis et al. which might lead to increased
reac;cion rates with siloxane groups.

The evidence presented here indicates that trimethyigallium reacts with
the hydroxyl groups on silica (paired and unpaired) to give = SiOGa(CH3)2 and
that this is the predominant reaction. Some reaction between trimethyl gallium

and siloxane sites of the normal type may occur but only to a very smail extent.

Reaction of siloxane sites produced by the high temperature degassing of silica
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occurs with GuaMe:3 but again the amount of reaction is small since there are very

few of these sites being produced even at 1000°C.
“ .

i) Reactions with Lewis bases

Trivale.nt gallium in the species '-E.SIOGaMe2, as might be expectd&,
exhibits strong Lewis acidity and this was most clearly demonstrat‘edAby the
adsorption of pyridine on thg trimethylgallium treated si|i-ca. Upoﬁ éxposﬁre of
TMG—\SiO2 to 1 torr of pyridine followed by evacuation at 25°C for 14 hrs new IR
bands due to pyridine where observed in the 1300(}t:m“1 region and there was a
change in the relative intensities of the 2967 and 2910cm_1 bands. In addition,
new bands were cobserved at 1612, 1492 and 1452<:rn_1 and are assiéned in acco_ragmce

with the results of Parry192 to Lewis bound pyridine (Figure 7-7). These bands

remained unchanged even after evacuation at 200°C for 2 hrs.

CH
. / 3
4 AN
(6) ESiOG‘:aI\/\e2 + N Y ——> ESi-O—Ga\(—— ‘N )
CH3
The Lewis acidity of ESiOGaMe2 was also shown by its reaction with the
Lewis bases NHS‘ F’H3 and AsH3. The reactions of PH3 and ASH:3 with TMG—SiO,‘2

are similar and relatively simple compared to the case with NH3 and will be dealt

with first.

The addition of 10 torr of F’H:3 or AéH3 to TMG-SiO2 at 25°C' resulted in the

immediate generation of a small quantity of CH4,

intensities of the IR bands at 2967 and 29‘10cm—1 and a slight regeneration of the

a slight decrease in the

IR band due to =SiOH. New IR bands were observed in the presence or absence of
excess gaseous MHS[M=P or As] in the region of M-H stretch at 2405, 2380 and

2385cm " for PH and at 2131 and 2220cm”" for AsH, (Figure 7-88). In the Raman

R
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2000 - | 1500 em™?

Figure 7-7°

a) Infrared spectrum of trimethylgallium treated s111ca
in the region 2000-1300cm-T .

b) Spectrum of a} after the add1¢ion of 1 torr of pyridine
and 14 hrs evacuation at 25°C. :

The ¥ T scale refers to b) and a) has been displaced.
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Figure 7-8

A) Raman spectrum observed after adding 15 torr
of PH3 or AsHz to trimethylgallium treated
silica E— .

B) Infrared spectrum of a sample similar to A)
but after evacuation for 5 min,

C) Infrared spectrum after heating sample B)

" in the presence of the gaseous hydride at
100°C (PH3) or 125°C (AsHj)

For PHy, curVes D, E and F refer to subsequent

heating at 200°C for 30 min., 200°C for 18 hrs.,

and 250°C for 1 hr respectively. For AsHjz,

curves D and tE refer to subsequent heating at

]25°G<ijr 18 hrs and 200°C for 4 hrs respectively.
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spaectrum, the same three bands around 2400cm-1f?éwere observed for PHalwith low
fl;equency bands at 290 and 240::7&'\".l while fo 'AsHS the new bands were at 2180 and -
2150cm” " with the corresponding low frequen ban;is at 270" angd 210cm ™ (Figure.
7-8A). The Raman bands due to E.SiOGaal'vlosa2 ?e\nained virtually hnchanged.

Upon heating the sample to 1000‘0 i;'u the presence n% PH3 or ASH3 additional
amounts of‘ CH4 were generated, there was a substantial increase in the amount of
= SIiOH regenerated, the bands.at 2967 and 2910cm™" diminished and there wers
additional changes in the P-H and As-H stretching regions (Figure 7-8C). These
;:harj_ges continued upon heating to 20000, at which stage most of the —GaaMe2 had
r“eacted and 60% of the =SiOH driginally présenl_t before reaction with TMG had
been regenerated(Figures7-8D -F). All As-H and Ga-Me ﬁ]}an'dshad disappeared

after heating to 250°C in the reaction with AsH the

3 3

corresponding bands disappeared at 300°C. There were in both cases weak

but in reacéons with PH

residual bands at 2983 and 2925cm_'I which are assigned as in the previous section
to & SiCH3 produced by some thermal decomposition.of ‘E—.SiOGaMez. During the

heating of the samples in AsH3 or PH3 the samples had a pale yellow colour at

100°C which developed at 250-300°G into a deep reddish-brown colour which is
characteristic of gallium arsenide and gailium phosphide. Raman spectra of the

samples during tHé heating process with PH_ or AsH, were not obtainabl‘e because

3 3

of the increased fluorescence background created by heating the samples.

The M-H stretching modes of gaseous PH3 and ASHB are at 2323, 2328 cm-]

and 2116, 2123 cm-],-'respectively, so that new bands observed at 250(: with TMG-

SiO2 in the presence or the absence of excess MH

S0

3

have reported the infrared and Rar;‘an -spectrum

are due to strdpgly adsorbed
M-H species. Durig et _a_l.1 |
3Ga :PH3) and they have

assigned bands cbserved at 2381 énd 2364 cm_] to antisymmetric and symmsnetr"ic P-H

of the trimethylgallium-phosphine adduct ((CH3)
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stretches and bands at 316 and 279¢m™ " to tht‘:y(iaa:F’I-i3 rocking mode and Ga-P
stretching mode, respectively. By anclogy with the :assignme;\t of Durlg,tlhe bands
observed with PH3 at 2380, 2368, 290 and 240cr"n_1 are attributed to the abgve
vibrational modes. The IR band observed at 2405(:m_1 after exposure of TMG—SIO2
to F.’I-l3 might be due to a splitting of the doubly de.g_enerate F‘H3 antisymmetric
stretch or an overtone of the CH3 symmetric deformation mode at 121 cn‘\_1 which
has been intensified by Fermi resonance with the mode at 2380cm_1. Further
speculation on' this point is not warranted. The IR lor Raman spectrum of the
adduct between arsine and trimethylgallium has not been reported. Nevertheless,
a simi‘iar assignn;nent to t.hat wit‘h P[—ia may be méde for the Raman bédnds appearing
at 2180, 2150em™" (2220, 2131cm”! IR) and 270 and 210cm™" after exposure of TMG-.
SiO2 to ASHS. No speculation is attempted into the reasons for the difference in
frequencies of the IR and Raman bandsin the 2200&:m_1 region.

From the above assignments and observations it is clear that an overlapping
series of chemical changes beginning with mainly co'ordihated MH3 at 25°C and
ending with GaM at 3OQ°C is taking place. A systematic study-of the various

changes was not attempted for this reason. Some possible reaction paths are

shown below:

Me
' /
(7) =8i-0-GaMe,, + MH, — E—.SiOGa\(—-:MH3
/ Me \5
- .~ ZSi0GaMeMH, + 7GaMeMH =SiOH
»  ZSiOH, GaM,

¥

The gradual changes in the MH stretching region with increasing temperature shown
in Figure 7-8 might be due to various —GaMH (» = 1-3) speaes produced in the

above reactions. Schyler and Fling181 have proposed a similar sgheme for the
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reactions for the systems GaMeé/PHS and GaM93/A5H3 above '200°C. , ¢

Lipon-the—addition of 10 torr of NH:3 to TMG—SiOz, new infrared bands

(Figure 7-9b) sppeared at 3370, 3340, 3290, 3219, 3175 and 1“.340r:m—1 and the
1

relative Intensities of the 2967 and 2910cm bapds changed drastically. No
methane or ESiQH was gensrated as was observed for Asl—l3 or PHA. Evacuation of
the 8%Cess NH fcaused a slight decrease in the intensities of the new bands but

no further c&es weare produced by prolenged evacuation. Upon heating the

sample in the presence of ammonia a series of spectral changes was observed
A

(Figure 7-10a-c). The sharp band at 3016t:m—1 due to CH4 appeared upon heating .

" the sample with N at 100°C but a peak 3'."45(::1‘\_1 duqy to =SiOH did not appear

3
until 200°C.  As the sample was heated from 100-200°C the 1640cm”™ ' band

decreased while a band at 1510t:m"1 increased, but beyond 200°C the 1510c:m-1 band

began to decrease and new b:;{as_appeared at 3450cm_1, 1550 and 931cm“1. T

heating was continued to 520°C,the infrared spectrum showed strong bands at 3748
(80% of its origina! intensity), 3520, 3450, 1552 and 931c:m“‘I and weak bands at

5 aftgr the

addition of 10 torr of NH3 followed by prolonged evacuation showed almost no

change except for a new band at 32900m"1 and a shift in the —G:aC2 deformation

mode at 140cm” ! to 165c:m_1. . T

2383 and 2915cm_1 {Figure 7-11). The Raman spectrum of TMG-SIiO

Ammonia, like pyridine, is expected to co-ordinate to the electron

deficient gallium in =Si0OGaMe, via its lone pair of electrons and the infrared

2 ‘
~
and Raman spectra observed after exposure of TMG~8102 ‘to NH3 at 25°C can be

explained in terms of this. Durig et a_l._189

have assigned_the ‘R and Raman
spectrum of the trimethylgallium-ammonia adduct and the spectra observed in the
present case can be assigned by analogy. The strong IR bands at 3370 and

A . . ,
3290cm are attributed to the antisymmetric and symmetric -NH3 stretch (values
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Figure 7-9 :
a) Infrared spectrum of trimethylgallium treated silica
b) Spectrum after the addition of 5 torr of NH; to a).
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Figure 7-10

a) Infrared spectrum of sample for Figure 7-9b following
evacuation at 25°C for 5 min,.

b) Spectrum of a) following the readdition of 10 torr of
NHé and heating.at 100°C for 1 hr.
Afte

c) r heating b).in NH, at 200°C for 1 hr,
d) After heating c) at 308°C for 1 hr.

L
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Figure 7-11 -
Infrared spectrum of the sample from Figure 7-10d after heating
in NH3 at 520°C for 14 hrs. followed by evacuation at 520°C for

1 hr.
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1

for gaseous NH_, are 3444, :3337cr1n~1 respectively) while that at 1640cm = is

3
assigned to the antisymmetric deformation mode. The band at 3219c‘m-1 is quite

probably an overtone of the —NH3 antisymmetric deformation at 16400m"1. Durig

observed bands for Meaea:NH at 3348, and 3187cm ™' but did not make any

3
assignment of these bands and correspondingly there is not sufficient information .

to assign the new IR band observed in the present case at 3340 and 31750m_1.

One distinct differsnce between the reactions of TMG:—SiO:2 with NH3 from

thet with either PH3 or AsH_ is that a considerable quantity of CH4 was liberated

3

before any =SiOH was regenerated. The next step in the reaction after the

coordination of NHé to form =S5i0GaMeNH,_, therefore appears-to be the generation

23

of CH, and the formation of ESiOGaMeNHZ. Further support for this is given by

4

the grthh of a new band at 15100m"1‘ which could be assigned to the antisymmetric

"-NH2 stretch for the above species and that this 151Ocm‘1- band decreased with an

increase in the band due to =8iOH. The following reaction scheme is therefore

proposed:
ly'-e
(8) =5i0GaMe, + :NH, ———— 2SIOGa:NH
3 N 3
T T< 200001
Me
. ESiOGa\ + CH4T
/ e \
ZSIOH + MeGa=NH . =5i0Ga=NH « CH41\
GaN, CH,, = SiOH

The strong IR bands that remained ‘at 3520, 3400, 1552 and 931cm—1 after heating

"\
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at 520°C are 'very characteristic of E_SiNHz. This species Is known to be formed
by the reaction of ammonia with silica at BSOOC via the following reaac:tion130 and
it is possible that this reaction was also occuring in the present case.

650°C
— .
ZSIOH + NHy ————> =SiNH, + H0

iti)  Catalytic Activity of TMG Treated Silica

4

Gallium oxide is known to catalyze the deuterium exchange and cis-trans

193, 194

isomerization of alkenes The chemical similarities of gallium oxide to

I

alumina suggest that it might also catalyze the Claus reaction as does

alumina1gs‘ 196a,b. "

Claus reaction: 2H28 + 802._>

3w

n 2
LR

Silica treated with trimethylga-llium and then hlydro'ilyzed,‘ according to the
results presented earlier, would be expected to produ.ce silica with its normal
SiOH group and-.Ga(OH)g,altl{ough this latter species has not been positively
identified. In any event the silica would contain highly dispersed oxidized
gallium o_f some form, and some preliminary experiments were done to ascertain
whether this oxidized gallium catalyzed the deuteration of propene and the Claus
reaction. |

The sampie used in these catalytic studies consisted of silica which had
been degassed at SOOOC, reactfd with trimethylgallium at 25°C and then hydrolyzed
at 200°C followed by evacuation at 200°C. For study&ng the deuteration of

propene (CSHG)’ 400 torr of a 1:4 mixture of propene and D, were exposed to the

2
- sample at 200°C (which is in the mid-range of temperatures used by Carleton

ot 21199 194

———

sample showed a diminution with time of the ZSiOH and2*GaOH bands at 3748 and

with gallium oxide) for up to 14hrs. The infrared spectra of the

S + 2H_ O —_
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3650cm™ and a growth in new bands due to =SiOD and*GaOD at 2765 and 2670cm 1.

The infrared spectrum of the gas phase showed a decrease in the bands originally
present for propene and growth in a band at slightly different frequencies in the
C-H .s_iretchlng region and completely new set of bands around 2250cm_1 which are
attributabie to CD stretches. A mass spectrum of.the gas phase showed additional
peaks fro;ﬁ, 1-6 mass unlts higher than those for propene,_c_orresponding to propene
where one to six hydrogens héve been substituted by deut|erium. A detailed
analysis of the gaseous products to determine their structures was not
undertaken. It is possible that in addition to deuterated propene some deute-
ratlsd propane (CSHB) may also have _géen produced but this could not be deter-
minad. If the trimethylgallium treated silica was hydrolyzed with 020 to produce
SiOD and GaOD and then reacted with only propene at 200°C,first the 7‘(3—';667%\;35
converted to GaOH and then the =SiOD te =SiOH and partially deuterated propene
was detected by IR spectroscopy. This result indicated that the exchange
‘reactior_\ with DZ/CSHS mixtures might be occuring via =SiOD and =Gal0D groups
generated by exchange of the corresponding -OH species with gaseous D2.

‘It seems that hydrolyzed trimethylgallium treated silica catalyzes the

193, 194

deuteration of propene, Carleton et al. have reported that the

deuteration of propene appeared to involve=GaOH with a band at 36500“’1—1 and its

abliity to exchange with D, and DQO,which is in agreement with the above results.

2

The authors, however, did not present any evidence for a direct exchange between

the hydroxyl groins and propene. Evidence has been presented here, however for

the direct H/D exchange between propene, ZSi0D and=Ga Silica itself was not

HAD, mixture and no ==Si0OD
111

found to catalyze the deuteration of propene 4n a 3

groups were formed. Silica does not undeggo H/D exchange with D2 but alumina

does, and it might be expected in the E ent case that GaOH first exchanges with
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02 to produce GaOD which then exchanges with propens.

The reaction of the hydrolyzed TMG-SiO2 with sulphur dioxide (802) and
hydrogen sulphide (HES) at 25°C was investigated using infrared and Raman spec-
troscopies. The addition of 5 torr of SO, to the sample produced no changes In.

2

the infrared spectrum except for the appearance of peaks due to gaseous SO The

2"
addition of 15 torr of a 2/1 mixture of HZS and SO2 produced a broad IR band
around SSOOcm_1. The Raman spectrum of the sample did not change upon‘a-dditlon
of 5 torr of 802 but, upon the addition of 3 torr of the 2/1 mixture of H2S and
SOQ, strong new peaks appeared at 158, 227 and tiEi()crn_1 along with a weaker band
at AOScm-1 and these bands were not removed by prolonged evacuation at 28%C.
The Raman spectrum of a 480°C degassed silica did not change upon exposure under
the same conditions te the H2S/SO2 mixture whereas alumina degassed at the same
temperature produced bands identical to those observed using hydrolyzed TMG—SiOz,

Sulphur (88) is known196b to have intense Raman bands at 152, 218 and
47’5cm—1 with weaker ones at 238 and 437cm_1 and it appears,therefore, that the
Claus reaction producing suiphur is promoted by the presence of oxidized gallium
on silica. The broad banéj observed at 135000m_1 in the IR spectrum after the
addition of the H28/802 mixture might be due to either hydrogen sulphide or H20 "
(produced in the Claus reaction) hydrogen-bonded to the ZSiOH or ZGaOH groups.
These reactions were not investigated to any fu'rther depth. since the origin.a|
impetus for this study was only to determine if hydrolyzed TMG:—SiO2 exhibited
catalytié properties in the deuteration of propylene and the Claus reaction.
There was also no convenient way to determine the relative efficiences of
hydrolyzed Tl\/‘lC-J:~SiO2 and alumina for the' above reactions. .

The detailed mechanism for the above reactions have not been investigated.

The structure of the adsorbed species produced by D2, CSHG‘ HQS and 502 on
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hydrolyzed TMG-5i0, is not known and further investigations are needed.

2

Part i

(1 The Reaction of HCl with TMG-Silica

Upon the addition of 5-10 torr of HC! to TMG-SiO,, within 1 minute the
2967 and 29100m_1 infrared bands of the species ESiOGal\/‘le2 disappeared, a broadl
. band at 3_2.5C|cmm1 appeared with a shouider at 355{)c:m_1 along with a wéak peak at
3748¢m " (approximately 10% of the initiai OH intensity before the TMG reaction)
due to regenerated Z=SiOH, and a quan;city of gaseous methane (sharp IR peak at
3016cm_1) equal to that generated in the initial reaction of the silica with TMG
was produ}:ed (Figure 7-12a). Spectral subtraction of the spectrum immediately
after exposure to HCI| from that before reaction with HCI (not shown) clearly
shows that there was a weak peak at 1613c:m-1 and a strong one at 955cm—1. The
subtraction also showed that the peaks at 745, 703 and fSOSc:m_1 w\ez replaced by
‘new ones at 758 and 600cm_1. Evacuation of the cell at this point reduced the
- intensities of the bands at 3748 and 3250cm-1 and new IR bands also present in
Figure 7-12a were more clearly .o‘bserved at 2990, 2933 and 2913cmJi with very
weak bands at 3054 and 2795c:m_1. Evacuation also removed the weak band at
16130m_1 but the othgr bands at 955, 758 and GOEJc:m_1 remained unchanged.

If HCi was left in contact with TMG-Si0, for more thén 1 minute

2

additional spectral changes occurredslowly over the next 12 hrs. The IR bands at
4

3748cm ™| (15% of the origina! intensity) and at 3250cm ™! increased in intensity,

a weak broad band appeared at 2370«:m_1 and weak bands at 2983 and 2915cm‘-l

assigned to "E'-SiCH:3 remained in the -CH3 stretching region '(Figure 7-12b). Mare
methane was also evolved in an amount equal to that produced in the first minute ,

the bands in the 800 to 500 cm_‘ region disappeared, and strong new bands were

\ JA
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Figure 7-12

a) Infrared spectrum of trimethylgallium treated silica 1 min.
after the addition of 5 torr of HCI. .

b) Spectrum of a) after 12 hrs exposure to HCY

c) Following evacuation of b) for 1 hyo ‘at” 75°C.
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A)
B)
C)
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G)

gure 7-13
Raman spectrum of a silica degassed at 500°C for 1 hr.
Spectrum of a) after treatment with trimethylgalluim
After the addition of 15 torr of HC1 to b) for 10 min.
30 min. exposure of c¢) to HCI
60 min. exposure .
Spectrum after "heating" e) in the IR beam of the 283 ,

spectrometer for 30 min. :
After 24 hrs exposure to HC1 at 25°C of a sample

similar to b).
o
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observed at 1610 and 925cm™ .

Evacuation of the gas phase (after 12 h_rls exposure to HCI) resulted in a
decrease in the intensities of the. bands at 3748, 325b, 2370 and 161Dcm"1 while
that at 925cm_1 increased. During evacuation for 1 hr the bands at 3250 ar;dr
1(31Oc:m_1 continued to decrease while those at 3748 and 925t:rr1_1 increased (Figure
7—125_:). After evacuation for 1 hr the ‘163Y10c:m"1 ‘band was not detectable but the
3250cm ™ peak continued its steady decline and that at 925¢m” ' decreased s.'lowly
while the = Si0OH band 37’48(:m_.1 :cb’f“{tinued to grow élowly. Prolonged evacuation
eventually return 40% of the = SiOH intensity and only a weak band remained at
925r:rn—1 but the band at 3250(::11_1 was- still m‘oderatély strong. The changes
observed upon the evacuation of HCI were comialeteiy réversible. Furthermore,

with increasing pressure of HCl| from 2-30 torr the 'R bfAnds at 3250 and _1610cm"1

increased drastically and in unison with the decrease in the band at 925chl

while that at ;3'1’48cm-1 increased only slightly., These results indicate that two
or more species with IR bands at 3748, 3250, 2370, 1610 and 925c:rnJl are in

equilibrium and that the position of this equilibrium depends on the pressure of

HCI.

. The Raman spectrum of TMG-8iO, changed drastically upon the addition of 10

2

torr of HCI. The ’--"—-SiOGar\JIe2 bands below '1’000m_1 _vge’[e"replaced by new ones at

610, 410, 370, 305 and 125cm_‘I while the band present initially at ‘121O<:r1n‘1
1

‘shifted to 1230cm . At this point the band forf’the symmetric -CH3 stretch for

ESiOGaMe2 was replaced by a doublet (Figure 7-13b and c). Additional changes
over the next 14 hrs are shown in Figures 7-13d - g. The band at -.370cm"1 arew
with time but it is difficult to judge whether the 125<:rr|~1 band changed because
of the increasing Background fluorescence, It was claar,-however, that all other

bands (including that at 123()cm_1 not shown) decreased to zero intensity leaving

L
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only the bands at 370 and 125cm 1. No Ramar; spectrum’ fo low;ing evacuation-of the
HCIl iz available because no Raman signals could be extracted«pom the
fluorescence background which grew enormously following the evacuatlon
The mfrared and Raman studies indicate that there is a fast mltlal
re-action of HCl with TMG-silica producing one molecule of methane per ESiOG:aMe2
and that a second,mﬂch slower reaction also occurs with HCI to eliminate a second
molec;J‘I; of me__thane. The fast'reactiorﬁht be either or both of the following

reactions:

(9) =8i0GaMe, + HCl ————* =§i0GaMeCl « cH, T

Il

(10) .--'L-'SiOGnaMe2

NIV

+ 2HCl| —— =SiOH  + GaM92CI
. ‘ -
The infrared and Raman bands from 3000 - 2700cm” " and at 1230, 758 and 600cm ™

\‘650cm'1 Raman) may be attributed to the -CH, stretches, deformation and rocking

3
modes and the Ga-C stretch, respectively, of_\_either species |1l or IV. Species 1V
would be éxpaqted'to be hydrogen bonded to the =SiOH group since this species
)va§— not_removed upon evacuation. - This might also a;:countrin part for the broad
band at 3250cm” | where hydrogen-bonded OH stretches occur. It is more difficult
to rationalize the presence of a broad band rat 3250011‘1_1 in the case of species

Il. Species 11l could, however, account for the IR band at 955cm” | which could be
attributed to the = Si-0 stretéh of this species. Hydrogen-bonded =SiOH
should also have a band in this region due to the = Si-O stretch but it is
.expected to be much broader than the band observed here.

1

The Raman bands 3{410 and SOSCm could, be GaCl(Me) stretching modes of

-
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either species 11l or IV. The band at 125cm_1 is possibly the superposition of
several éxpected low frequency deformation modes. In the case of species 1V the

410cm_1 Raman band might be due to the symmetric ;68012 stretching mode.

Gallium trichloride is a planar maolecule with a strong Raman band at 3825m4 for

the symmetric G:a()l3 stretch and a weak one at 465<:m—1 for the corresponding

antisymmetric stretch197—1gg. These vibrational modes for coordinated GaCi, are

3
-1 198, 200

at 360 and 400cm yrespectively, and fur'Br(E:aCI2 between 480 and

-1 199, 201

382cm Gallium trichloride exists as a dimer at 25°C- and the Ga'—CI—Ga‘.

bridge modes occur near BOOcm_1 197. 199. It might be expected that the band at
305cm—-i ob‘éerved in this instance could be due to dimeric species IV with Ga-Cl-Ga

bridges, however, other evidence to be presented opposes this view.

Since there i an equ/iyal;ence in the amounts of methane evolved in the
LY

4 /

4
slow and fast reactionsyand since al! the vibrational modes for Ga - CH,

disappear completely, the possible reactions in the slow step are:

(11)  =si0GaMeCi + HCl ——> 38i0GaCl, + CH4T

(12)  =s8i0GaMeC! + 2HCI —— Z8i0H  + GaCl,

(13) . GaMeCIz + HCI — Gac13 + CH4T

. CH4T.

The Raman spectrum observed after completion of the slow step exhibited bands

only at 370 and 125cm_”1. This might support the formation of either ESiOGaC!Z

orf mMonomeric GaCI3 since no bands were observed for dimeric Gz—.‘aCI:3 at 300cm—1.

" The observation that no dimerit GxaCl3 was formed is a strong indication that
.dimeri;c GaMeC!2 was probably not férmed in the fast re;ction and that the

band at 1305cmd1 must be due to some other species. It seems like!y,-hbw._ever, that
reaction {10) or {12) must occur at some stage since a significant quantity of

isolated E=SiOH (iR band at 37480m-1) and possibly hydrogen-bonded =SiOH (barid
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s

| N
at 3250cm"1) were observed.

e

Thus far no firm assignments of the IR bands at 3250, 2370, 1610 and

925cm_1 have been‘made. An attempt at such an assignment was made by investiga-

‘ting the reaction of deuterium chloride (DC!} with TMG-SiOQ. With the addition
of 10 torr of DCI to TN‘IG—SiO2 for 14 hrs, CHSD was produced in the same ratio as

CH4 using HCI. A weak IR band at ,‘27'65cm°'1 due to ZSiOD with a broad band a

240{Jc:m_1 were observed along with a moderately strong peak at 925cm-1. No

infrared bands were observed at 3748, 3250, 2370 or 1610cmh1. New IR bands which
were observed at 758 and (-S'EJOcm"-I immediately upon the additian of DCI disappeared
as they did with HCl after 14 hrs (Figures 7-14a and b). After the reactions

with DC! were complete, evacuation of the DC! and CH3D followed by the addition

of a 1:1 mixture of DC! and HC| produced =SiOH/D IR bands at 3748 and 5765cm ™"

along with intense broad bands.at 8250cm_1 and 2400cm"1. A new strong infrared

1

band also appeared at 1418cm . The observation of a band at 1418(:m_1 with 111

HC1/DCI is-the first indication that the bands at 3‘250/1610cn“\—1 and ,24C)Gcm—1

might be due to two hydrogens attached to an oxygen i.e. the species is either a
protonated hydroxyl group (-OH2+)‘or water (Hzo). Water has antisymmetric and

symmetric stretching modes at 3756 and 3657'cm-1 respectively and a bending mode

at 1595<:md1 202, 203. The corresponding bands for DQO are reported at 2788, 2671
and 1178cm™" 203, The H-0-D bending mode in HDO occurs at 1402cm™ ', almost ‘midway
between that of HQO and' DQOEOB. Thus, the observation of ar infrared band at

1418cm™ 1 {(1610 + 1198)/2= 1404cm™') is good evidence for the presence of water.
This argument does not negate™the. possibility of the formation of a protonated
hydroxyl group since it would also be expected to have an HOD bending mode near
here. However, such a protonated silanot has never been reported. Furthermore,

the formation of ESiOH2+ would also involve the formation of GaCI4-,which has

uy
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Figure 7-14
a) Infrared spectrum of a silica treated with trimethylgailium,

after 30 min. exposure to 10 torr of DCI
b) After 14 hrs exposure of a) to DCI.
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completely different ~-Ram;an bands205 from those observed here.

In order to determine whether the oxygen atom involved in {He OH2 species
came from E.-‘SiO(.—‘zal\flen2 species formed via =SiOH or from lattice =8i-O-Si= (or
if the HCI Ct;ntained traces of HZO)' experiments were performed with silica in

which the hydroxyl groups were partially or completely exchanged with oxygen-18

18

water to yield =Si "OH. In the case of the partially exchangsd sémp!e the

ratio of '-—.:SiIBOH/ -Z-Si1SOH observed after reaction of TMG-SiO, with HCI was the

2

" same as that observed before reaction of the silica with TMG. When a completely
exchanged silica was used,only = 5i'80H was produced after reaction with HCI.

The 1610cm™' IR band shifted to 1602cm”™ while that at 925cm”™ with oxygen-18

T to 1602cm_1 is of the

205a

shifted to 889cm™'. The shift in the band at 1610cm”

magnitude expected for H,0 (1595 and 1586cm ! ,respectively ). The shift in

the band at 925<:rn_1 to 88S30m_'1 is that which can be predicted for an =8§i-0

stretch based on a difference in reduced mass(AM):

925
1.037 = 7
892

If HBr was reacted with .TMG—SiOZ all the infrared. bands due to G:a—CH3 i
disappeared within 1 minute. Twice as much methane as was generated in the |
initial reaction of the silica with TMG was produced. The infrared spectrum
after the reaction with HBr showed peaks at 3748, 3550, 3280, 1672, 1598 and a
weak band at 907cm_1. Evacuation of the cell for 10 minutes increased the
l(\tensities of the band at 3748 and 907cm—1 but diminished those at 3280, 1672
gnd 1598. As was the .(lzase with HCI, the.evacuation and re-addition of HBr

-
produced completely reversible changes in the infrared specturm of the sample.

The observed shift in the infrared bands at 925 with 018/016 and Br/CI.
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substitutions but no shift with D/H substitution favours the assignment of this

IR band to a ‘—':‘"-Si()GaX2 species (X = Br, Cl). The behaviour of the IR bands at

925, 1600, 3250 and 3748(:m_1 in the [;resance or absence o.f ‘gaseous HX indlcates

that there might be reversible cleavage of the Si-0-Ga bond and that HX

hydrogen-bonds to the species thus proéuced. A possib-h-:a reaction might be:
s N |

(15) :SIOG&C]Z + HCI (excess) ———— Z=Si-OH ----Cl-H + GaCl

3 3
Although HC! does not hydrogengbond) to the =SiOH- groups on pure sllica, the
presence of G:aCI:3 on the silica surface might make such an interaction possible
and could cause the following reaction:

(18) ESiOH ---- H-C1 + GaCls——? =ZS8iCl + HZO:G:aCl3

The species = SiCl would be expected to have an iR band near 712crﬁ] 205b but no

%
such band was observed in the present investigation. Roziere et a_l.200 have

reported that the adduct HZO:GaCIS‘,@xhibits strong IR bands at 3280 and _‘lG‘lScm-1

with a weak band at 2350cm_1 assignable, respectively, to the HZO stretching modes
( 2' bands near 3290cm—1), the HlOH bending mode and a co'r%?)'ination of the bending
and rockiqé modes of H2O (the rocking mode was observfd as strong band at
77‘0cm-1). —The authors also report an intense Raman band‘ at 365crn—1 with weaker
ones .at 418, 404, 320 and 169cm_1 faor HZO:GaCIS. These were assigned, to respec-
tively, the Ga-Cl symmetric and an;isymmetric stretches, Ga-0O stretch, and--the

overtone and fundamental of the Ga-Cl deformation. Similar infrared and Raman

data were reported by these author for HEO:GaBr The observation of Raman and

3

infrared bands in this in\.restigation near those reported for HZO:GaCI provides

3

support for‘ the existence of this species produced by the reactions of ‘-..=_SiOC-3xaCI:2

with excess HCI (reactions (15) and (16)).
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Further support for reactions (15) and (16) comes from a study of the

e
reaction of GaCIS | Ga with silica. When silica was exposed to the vapour

2Cs
pressure of solid gallium chloride at 25°¢ (prédominantl_y GaZCI6 in the vapour
phase) the.lR band due to isolated =SiOH disappeared and an intense band was .
observed at 940cm_1 and two w‘eaker.bands also appeared at 1604 and '1416cm‘_1
(Flguré 7-15a). No other IR bands were observed and the spectrum did not.change
upon prolonged evacuation. Upon.the addition of 30 torr of HCI to this sample
new peaks appeared at 3748cm—1, 3320, 1(306cm—1 and the band .at 9400r’n_1 shifted to
925cm_1'énd was very weak. .Exposure to HCI for 14 hrs incréased the intensity of
the peaks at 3748; 3350 and ‘IBOEicrn—1 while a very weak peak was observed at
91701’1’1—1 (Figure 7-15b). Evacuation at 25°C for 1 minute increased the
intensities of the bands at 3748 and 91'i<:rn_‘l but decreased those at 3320 and
“linSc‘rn_1 (Figure 7-15c). The corresponding Raman spectrum exhibited bands at ‘
200, 325 and 4~15c:rn—1 after evacuation of the excess GaZCIS (Figure 7-16a). Upbn
the addition of 25 torr of HCI bands at 370 and 130c:m-‘l appeéred and increased in
intensity while those at 415, 325 an{ﬂ\fOOcm'1 decreased (Fig‘ures 7-16b and c).
After 14 hrs exposure to HCI| the only peaks remain—ing were those at 370 and
130em ™.
The changes in the infrared spectrufn of silica treated with GaZCIB and HCI!
support the assignment of an infrared band near 940cm—1 to Z‘SiOGaCI2 which

might be formed by either reaction (11) or (17).
(17) ZESIOH + GaCl, ————> =8i0GaCl, + HCIT

The Raman bands observed at 370 and ‘I25c:m—1 after the reaction of excess HCI with
TMG-Silica for 14 hrs or with 632016 treated silica must therefore be assigned,

based on the above sevidence,not to ESIOGIBC|2 as proposed earlier but to GaClB,
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Fiqure 7-15 : 2

a) Infrared spectrum of a silica (7mg/cm“) which had been
degassed at 500°C and then exposed to the vapour pressure
of solid Ga,Cl. at 25°C for 2 hrs followed by evacuation
for 1 hr. 276

b) After exposure of a) to 30 torr of HC1 for 14 hrs.

¢} Following evacuation of b) for 10 min. at 25°C

Inset shows the region from 1000-800cm-1. The bar at left

represent 0.3 absorbance for the main'curves and 0.8 for the

inset. '
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Figre 7-16 ' -
The /Raman spectrum of a silica degassed at 480°C for 1 hr:
a} After exposure to the vapour pressure of solid GaZC]

for 1 hr -and evacuation for 5 min., at 25°C
b) Following the addition to a) of 25 torr of HG] for 30 min,
c¢) Exposure to HC! for 5 hrs.
d) Exposure for 14 hrs.
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possibly as the.adduct ;,yith water. ~The Raman bands observed at 4.10' and 305cr'n"1

: n‘._upo‘n the exposure of TMG:—SiO2 to HC! are possibly dua,therefofe, to a mixture_ of

E SiOGxaCI2 and E’:SiOGaClMé.; “Both of these species would be expected to have
‘GaCl(Me) bands bétween 460 and 3000m4. The very weak Raman bands naar- 325 and
200em™" after the r_eaétion of Ga,Clg with silica might be due to some traces of ~
'Ga'zcls since the dimer does havq_bands close to these frequencies. The important
observation is the appearance and growth of Raman bands at 370 and 130cm"1. with
the decline of that‘ at 4100m"1 upon exposurt; of the sample to excess HCI. This

is a similar. observation to that with TMG-8i0O, and HCI and therefore supp‘orts the

2

infrared assignment of a "-*-SiOGaClz species which reacts according to reactions
(15) and (16) to yield =SiOH and HzO:GaCIS.

Additional experiments were undertaken to examine the apparent propensity
for reaction between HX and Ga-O bonds. Hydrogen chloricfe does not react with
degassed silica but if TMG-Si02 was hydrolyzed. and degassed at 200°C  to produce
=SiOH and Ga(OH)B, the addition of HCI caused an immediate reduction in the
intensity of the =SiOH infrared band at 3748 cm_‘l.' New IR bands appeared at
3400, 2370, 1690, 1616 and 927"cm_1 (Figures 7-17a and b). Evacuation of the cell
faor 5 minutes increased the intensity of the band at 37480m_1 but reduced the
others (Figure 7-17c).

The reactions of HCI _and H8r with gallium oxide degassed at 40000 are
shown in Figures 7-18 and 7;19‘,respectively. In both insténces intense peaks at
3400(:m-1 and, for HCl at 1694, 1608 and 1068 or for HBr at 1684, 1592 and 1044
were observed after exposure of the oxide to HX for 14 hrs. In both cases
evacuation reduced the intensities of the bénds at :3400c:m_1 and complefely
removed those around 1600cm~ ' and a strong band remained at 1090cm ™. Using DCI,

after 14 hrs exposure of the oxide new IR bands appeared at 2540, 1248 and
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Figure 7-17. . '

a) Infrared spectrum of trimethylgallium treated silica which
had been hydrolyzed at 200°C for 14 hrs and then degassed
at 200°C for 1 hr, -

b) Spectrum following the addition of 10 torr of HCI to a).

c) After evacuation of b) for 35 min.
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Figure 7-18 ‘

a) Infrared spectrum of gallium oxide degassed at-400°C for 1 hr,
b) Exposure of a) to 20 torr of HC1 for 14 hrs,

c¢) Evacuation of b) for 2 min.
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Figure 7-19 | o ' .
a) Infrared spectrum of gallium oxide degassed at 400°C
b) Exposure off a) to 10 torr of HBr for 14 hrs. -1
¢) Evacuation of b) for 5 min. The peak around 3500cm is
flat-topped because it is totaly absorbing at that point
on a 0-2 absorbance scale. .
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*A 1:1 mixture of HCI/DC! added to this sample produced new bands at 1468 and
1428cm_1. This result strongly supports the assignment of the bands near 3400
and 1!300c:m_1 to H20 for reasons mentioned ear!i‘éar,and since there were two ™
HOH deformation bands, it must be assumed that there were two different
adsorption sites for water or th%t there were two fou:ms of adsorbed water {i.e.,
~one form may be more strongly hy}irogen—bonded than the other)‘. The observation
of a band at 1090cm_1 after evacuation of adsorbed Hél in the present case,which
shifts with D/H substitution to 833cm_‘l but not with Br/Cl substitution favours
the ass_ignﬁwent of this band to the Ga-0 stretching mode of a Ga-OH
.species

The above experiments with gallium oxide treated with HX show that water

is generated most likely by cleavage of the Ga-O bond to give H.O ‘and possibly

2

Ga-X. The appearance of a Ga-X species could not be confirmed because- trhe.Ragnén
.spectrum of the oxide after exposure to HX had a very large fluorescence back-

ground. The reaction of HC! with hydrolyzed TMG—Si02i|Iustratés that apart

P

from afiy reactionh of HCI with the surface Ga(OH)S, the presence of the gallium

species produced {possibly GaCl,) fa€ilitates an’interaction between =SiOH
y 3

4
groups and HCI. R

in summary, the weight of evidence, although not conclusive, indicates
that the species ESiOGaMe2 reacts within 1 minute with HCI to eliminate one
methyl group as methane and that over the next 14 hrs the second methyl group is

eliminated as methane. The ratio of methane produced in the reaction of Th/lG:-SiO2

with HC| to that produced in the reaction of TMG with silica was thus found to be

2.0 + 0.1,which is in agreement with the value of 2.08 reported by Tubis
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et a_l;184 for the same reactlon. Such a ratio is compatible with a reaction of *

5 to produce either ESiOC—?-a\CI2 or GaCl3 and =SiOH. Tubis et

al. do not report any infrared spectra after reaction of the ESIOGaM92 surface

HCl with = S8i0GaMe

' species with HCI and so their assignment of the species produced.to Z—SIOGzaC“I2

based solely on methane ratios is not conclusive. '
- , .
It has been shown in the present Investigation that in the reaction of HCI

with TMG-SiO,, =SiOH groups were partially regenerated and the surface species

27
—:::'SiOGaCl2 and GaCI3 (the Ia‘citer‘r being possibly present as the adduct H20:GaCIS)

were p}gduced. Further, there'is a complex relationship betwsen the species .

= 8i0H, E‘SiOGaCI2 and H2C):Cu‘aCI3 and the presence of excess gaseous HCI which, may

be interpreted in termsof reactions (15) and (16). Support for the above hypo-

»

thesis was given by an investigation 48 the behaviour of silica treated with

.Gazclﬁ_ followed by r}aéction with excess KUI. In this case the Si02-632016 system °
had a similar behéviodr toward HC_! as did the Tr\/IG-SiO2 system after treatment
with excess HCIl. . While 'tllme‘reaction of HCl with Tl\.ﬂ(:‘:—SiC)2 has not been completely
elucidated, evidence presented here shows that_it is much more compiex than

L

indicated sby Tubis et al..

(ii) The Reaction of HCN with TMG - Silica

In the studies reported thus far evidence has been presented for the
formation of GaN, GaP, GaAs, GatOH')a and C-}:aCI:3 produced by the reactions of the
co.rr‘esponding hydrogenous compounds with ESiOGaMez. Gallium (il1) cyanide -
(GB(CN)S" ) does not appear to exist although gallium (I) cyanide has been
robserved as a sho&;t lived s;;ecies during the high temperature reaction of

206

graphite with gallium and phosphorus nitride On the other hand, aluminum

(1) cyanithas been produced by the reaction of excess HCN with ethereal AIH3



225

to yield the adduct (CZ'HS)zo:AI(CN)3207. Hydrogen cyanide is also known to react

with alkylaluminums to produce tetrameric dialkytaluminumcyanide (R2A10N)4208’

209. Aluminﬁm (1) cyanide has also been prepared under conditions similar to that

used for gallium (1) cyanide. The only other compounds with Ga-CN bonds are

those such as K[Me2Ga(CNI)2] formed by the reaction of GaMe, with K2 [Hg(CN)4]210.

3
The aim of the present investigation was to determine whether -Ga(C'J)x (x=1-3)

could be formed as a stable entity on the surface of silica via the reaction of

HCN with :—'SiOGaMez.

Upon the addition of 5 torr of HCN to TMG—8102 a weak IR band at 37'4E!cm_1

due %o regenerated =5i0H appeared along with a broad band at 3(-350<:rn"1 and a

small quantity- of m‘ethane was‘ generated.' An intense band was observed at

220:’.lcn'1_1 with a weaker one at .2104cm"1 and there was.a change in the relative

intensities of the bands at 2é67 and 2010cm” (Figure 7-20a and b). Evacuation

at 25°C removed the IR bands due {o HCN, C.H4.and-that at 2104::m_lI but no other

chénges were abserved even -after prolonged (1hr) ‘evacuation. Re-additlon of 20

“torr .of HCN resulted, over the next 24hrs, in a's.teady growth of the " =SiOH band
\.at’f’i'f’tﬂi!t:m_1 and a broad band at 35(50c:m_1 while the band at 2204cm” ' decreased and

that at 2104cm_1 increased. The intensity of the —CH3 stretches around 12900cm_1
decreased and more methane was p-roducedﬁ (Figure 7-20c). Again, evacuation remov-l
ed only the bands due to HC =N, CH4 and that at 2104cm™ . This band.at 2104 cm”!

could, however, be restored by the readdition of gaseous HCN. The aﬁount of ESIOH\re-

géneraéed after 2b4hrs reaction was about 15% of that before aédltion of TMG and the
,{/}mount of methane was about the same as that generated by the reaction of the

silica with TMG(Figure 7-20d). ~ There was a slight shift in the Ga-CH, stretching

1

3
frequencies during the reaction with HCN with the peaks at 2967 and 2910cm”

shifting to 2971 and 2913cm”™ ' with a weak shoulder at 2024cm™ . The ~CH, rocking
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Figure 7-20

a) Infrared spectrum of trimethylgallium treated silica
b) Spectrum of a} foellowing the addition of 5 torr of HCN
¢} Evacuation of b) and the readdition of 20 torr of HCN
d)} Spectrum of c¢) after 14 hrs exposure to HCN.

-
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mode at '4'03<:m_1 »;aaé essentially removed after the addition of HCN but those at
745:nd 606 remained virtually unchanged.

The Raman spectrum of TMG-Silica after the addition of 10 torr of HCN
showed a decrease in intensity of the bands at 140(:r1'1_1 and 440(:1'!1"1 ‘while the band
at 610(:m—1 increased.and that at 550cm-‘l remained unchanged. The bands at 2910
an’d 2967cmp1 appeared unchanged even after 24 hrs exposure of the sample to HCN
while the 12'!01::m_1 peak éhffted to 12150m_1.' New bands also. appeared at 2208 and
2105 crn_‘l and the latter band could be removed by evacuation at 25°C whiie all
otl'wer bands remained unchanged. l >

The infrared and Raman studies indicate that HCN partially reacts with
':':SiO('.-‘:aMe2 by two possible slow reactions e.q.,(9) and (10),proposed for the
reaction of HCIl. The _CH.S profile in the infrared and Raman spe;tr.a was
different from that observed with };{Cl afte'r the elimination.of one methyl group
from T-:'-:SiOGaMeZ. . The infrared band at 2204(:m_1 which appeared initially upon the
addition of HCN might be assigned to HCN co-ordinated to galliu;n through the

nitrogen atom. The adduct of HCN and the Lewis acid BBr3 (HCN:BBr,) has a strong

infrared band at 219'r’cm"1 which has been assigned to the C=N stretchZ”. The

corresponding C =N stretches in K[MeQGa(CN)Q] are reparted210 at 2138 and

-1212

2160cm” whereas the C== N stretch in gaseous HCN is.at 2097cm It
. b

-~

therefore seems likely that a band at such a high frequency observed when HCN

Y

reacted with = SEOGaMe2 was due to the adduct produced in the fﬁblq% reaction:

Me

(18) = SiOGal‘\fle2 + HCN —7 3S5i0Ga ¢—:N=CH

-

Me

Such adduct formation had been discussed earlier for NH:'B, PH, and ASHS‘

| . "~
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Wt is known that -CN can form a dative bond through the lone pair of electrons.‘on

- nitrogen to a Lewis acid site; e.q., in tetrameric RzAicN mentioned earlier,
Because of this adduct for/r;wation HCN might be reacting in a similar manner as did
PH3 and AsH,. with =5i0GaMe,. Indeed, the —CH3 profile bears some resemblance to

3 2

that- of these compounds coordinated to =SiOGaMe, and the regeneration of a

2
small amount of Z=SiOH and CH4 is also consistent with the observations-with

these compounds. It is obvious,’though, that at 25°C the reaction of HCN does

not go to completion. Attempts to heat the sample in HCN resulted in a very
complicated set of reactions since HCN also reacts with =G5iOH groups to pr'oduce
complex speci95213 and so the effect of heating the sample i HCN was not
investigated. Finally, the band‘ at 2104cm” | is quite close in frequency to that

of gaseous HCN itself and its reversiﬁle removal upon evacuation is consistent

with an assignment to physisorbed HCN. Hydrogen cyanide does not physisorb on Q
silica to_a significant extent under these conditions and the growth in this
physisor‘bed speciés as the reacfion with HCN pfocedes indicates that increased
physisorption is being “facilitated by the G‘a-CfN species bei'ng produced during the
reaction.

It is concluded that HCN first coordinates via the nitrogen atom to the

gallium in =8i0GaMe, and reacts ve-ry slowly at 25°C to praduce methane and

2
Z SiOH. The nature of the product containing gallium is not known since the'only
C==N stretches observed have been assigned to coordinated and physisorbed HCN.
However it seems logical that a Ga-CN or Ga-NC species was produced since CH4 and

Z SiOH were generated. The data obtained do not allow further speculation on

this point.

~.

e et



229

. CHAPTER®' " - -

THE REACTIONS OF TRIMETHYLGALLIUM WITH ALUMINA

Introduction

In the previous chapter it was shown that trimethylgallium {TMG) réacted_
with isolated and hydrogen-bonded hydroxyls on silica to give the same products
i.e. E:SiOGxalvhs-2 and CH4 but that it reacted with siloxane bridges produced by
high temperature dehydroxylation to yield ESiOGaM92 and2SiMe. The present
ihvestigation was done to determine if similar reactions occured én.alumina-
involving =AIOH and ZAIOAIZ  groups.

The alumina used was Degussa Alumina Oxid C which, according to the manu-
facturers specification, was mainly in the ¥ - form. This crystaliine material,
unlike aerosil silica, has an order;ed surface of Al, O and H atoms and, as was
previoué!y discusséd, the fully hydroxylated surface'can possess five distinct /
types of hydroxyl groups. Dehydroxylation below MOOOC'prn;.aceeds
orderly on this crystalline surface to produce weak Lewis acid and base sites
while high temperature dehydroxylation proceeds with the migration of hydroxyl
groups and anion vacancies to produce stronger Lewis sites.

el

This investigation asks two questions:
5 . ]

i) Can the different isolated hydroxyl groups be distinguished in their
reactions with trimethylgallium, and y
i) how do the Lewis acid and base sites react with TMG ,and how does the

relative acidity or basicity influence the reactions of these sites?

Eerrimental

The alumina was used either untreated or calcined in air at SOOOC. Discs
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having masses of 100mg were p;ressed'in a 2.5cm die at 107Pa, then mounted in the
IR cell previously described and';jegassed at éemperatures of 150, 450 or 950°C

B 1. hr (Samples A, B and G ,respectively). All the infrared experiments were

dons using the Bomem‘FTlF?.. One Raman expgriment was performed using 100hg of
calcined alumina which was then degassed at 480°C. In all cases the sample was

axposed to trimethylgallium at 25°C for 1 minute then evacuated at 25°C for 1 hr.

Figures 8-1a and 8-1b show the infrared spectrum of an uncalcined aiumina
(Sample A) degassed at 15000, before and after reaction with TMG. The difference
spectrum in Figure 8-2 shows peaks going up, representing-new spectral features

at 3630, 2962, 2914,' 2395, 1417 and 1211cm_1 whereas the pea_k qgoing down at
37350m_1 is due to surface hyaroxyl groups which disappeared during the reaction.
Figures 8-3a and 8-3b are the corresponding raw spectra for a calcined alumina
degassed at 450°C (Sample B) and the difference spectrum is shown in Figure8-4
New peaks are at 3630, 2960, 2913, 2400, 1430 and-_,1213cm—1 while disappe.aring
peaks are‘at 3790, 3:173, 3730 and 3686cm—1. Fig&re B-5a and 8-5b show the same
sequence of spectra for a calcined alumina which had been degassed at 950°¢C
(Ssample C) and the subtraction of 8-5b - 8-5a in Figure 8-6 shows new IR bands at
2963, 2939, 2900, 2836, 1435, 1385, 1214 and weak negative peaks at 3800 and
3730cm_1. Figures 8-7a and B-7b show the Raman spectrum of alumina befcre and

after reaction with TMG., New peaks appeared at 2965, 2915, 1215, 595, 550c:m_1

and a weak shoulder appeared at 130em ™1,

Samples A, B and C after reaction with TMG were hydrolyzed in 18 torr of

water at 200°C for 2 hrs and a band at 3016¢:m‘_1 indicating the presence of

gaseous methane was observed. After evacuation at 200°C for 1 hr no bands were
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Figure 8-1

a) Infrared spectrum of an alumina degassed at 150°C for 1 hr.
b) After reaction of a) with excess trimethylgallium,
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Figqure 8-2
Difference spectrum Figure 8-1b minus Figure 8-1a (alumina degassed .
T at 150°C). ]
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0.3 Abs.

900,

Figure 8-3

a}) Infrared gpectrum of alumina degassed at 450°C for 1 hr.
b) After reaction of a) with.excess trimethylgallium,
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1069,

Figure 8-4
Difference spect

rum Figure 8-3b minus Figure 8-3a (é1umina degassed
at 450°C). ) :
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Figure 8-5 . .
'} Infrared spectrum of alumina degassed at 950°C for 1 hr.
)

a
b) After reaction of a) with excess trimethylgallium.
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Figure 8-6
Difference spectrum Figure B8-5b minus Figure 8-5a (alumina

degassed at 950°C).
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observed in the -CH3 region. This is as expected since any AICH3 produced would

be hydrolyz_able\;unlike ESiCH3 i6/ the case with silica.

e

Discussion and Conclusions ,

/ The results for Samples A and B are similar but they are quite different
from that for sample C. Knb‘zingér99 has .shown, in a refinement of Peri"sﬂJs
work, that five types of isolated hydroxyl. groups can be expected% an alumina

surface (as'disucssed in more detail in Chapter 1).

OH H - H
R b
Al T
. ZIN \I/ \ /
o /I\ /\ /l\\//l\ )
/N
la 3760cm” " lla 3730cm”] Ul 3700em
oH - | Y
N - 5
/N | \'I/ N
AN AN
Ib 3785cm " b 3740cm ™ S

—

The surface hydroxyls on alumina might be. expected to react in the same manner as
. %

those on silica to yield —OGa(CH3)2 and it is not expectﬁd that the frequencies

of the ~CH3 stretches and deformations will be signific?tly shifted due to
different coordinations of the oxygen atom. Indeec_!{wf esults shown in Figures
1 ‘} l,'

8-1 to 8-4 bear out this hypothesis as the spectra of the reacted aluminas are
similar in the CH3 region from 3000-1200 while the reacted hydroxyis (negative

‘peaks) 3800-3600 are. different.
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. :

As was the case with silica, the 2962 and 2913c:m-1 bands can be assigned to
the —CH3 antisymmetric and symmgtric stretch respectively of ;«f!\lOGar\/!e2 while the
bands at 1417 and 1211cm-1 are attributed to the antisymmetric and symmetric
defofmation modes "of —CH3 and the weak peak at 2400t:n"|_‘I is quite probab|yl an
overtone of the symmetric -CHS deformation. The Raman. spectrum showed three
bands at 5.95, 550 and 130cm-1 which may be assigned to the antisymmetric and
symmetric stretches and the deformations, respectively, of -GaCz.” Three additional
Raman bands were obseryed at ‘2965,.‘2915 aand_1215cm—1 coinciding with t—fTose in the'
infrared but no bands -assignable to -AlOGa stretches were observed.

When alumina is dehydroxylated by degassing above 150°C the neighbouring
pairs of hydroxyls may conde;wse to eliminate water and produce a‘1 pair of coordi-
natively unsaturated oxygen and aluminum atoms, i.e., Lewis basic and ac‘iaic sitesP,
resp‘ectively. In the present context -;;airs of hydroxyl groups of the types
la/lla and 1b/lil would be condensed upon heating alumina from 150 to 456°C, v
i;];e.,'SampIe A to B, and Le.wi's acid and base sites should be created.‘ If only the
refative progortions of the hydroxyls we;'e changed in Samples A and B it would L
not be very surprising that the spectrum of the adsorbed species remained the
same,but.L,ewié acid and basic sites are being formed and the spectrum should show

the formation of new surface species produced by ‘the reaction of TMG ‘with these

sites. A possible reaction is:

0 CH, = 0=—Ga(Ch3),
+ | - I l
Al Al + Ga{CH,), —>* Al + 2 Ml
0 N 3’3 n H

(Lewis {Lewis
acid)  base)

127, 188

However, the -CH_ stretching frequencies for -AICH3 might be expected to

3
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addition to peaks at 2962 and 2914-crn-iI due to AlOGa(CH

2800 and 2836cm_1, and these frequencies are comparable to those for the CH

» 240

be yery close to those of Gxa-CH3 and with the small number of Lewis sites formed

at this temperature distinct bands for AI—CH3 might not be detectable.

Alternatively, Lawis sites produced by degassing alumina up to 400°C are not
important catalytically and Knozinger argues that these neighbouring Lewis sites
are weak and thus perhaps they deo not react with TMG.

Dehydroxylation-of _alumina above 400°C produces strong Lewis acid and base
sites due to the migration of surface hydroxyls and lattice cations. Sample G,
which was degassed at 950°C, has very few hydroxyl groups remaining and is
expected to have stronger Lewis acid and base sites than tH‘oseiproduced by

degassing at 450°C. The spectrum for adsorbed TMG on Sample C showed, in

3)5: new peaks at 2939,

3

) 127, 188
33 ’

stretching modes in AI{CH The intensity of the infrared band at

293‘&)(:m-1 is comparable to that at 2963cm—1 and a distinct peak at 291‘&1-1 is not
observed. The similarity in the frequencies for -OGa(CH3)2 and AI-CH3 and the
width of the bands might thus appear to account for the difficulty in observing

the IR bands for the latter spec'ies on Sample B.

Frc‘;‘ml data given by Knb'zingergg, estimates can be made about the number of

hydroxyl groups and pairs of Lewis sites {(Table 8-1) on alumina at various

temperatures. . If only two possible reactions of TMG with alumina are considered,

i.e.,
(1) =AI-OH + . Ga(CHg), —— ZAI-0-Ga(CH,), £ OH,T
(2) ? |
' +
—F =Al- =
Al AL Ga(CH,), Al-CH, + ZAIlOGa(CH,),

hl

N 4
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then the relative quantities‘d'f the species EAIOéa(CHs)Z' and'/_;?. At-CH:3 can ba
determined by their IR band intensities at 2963 and 2939cm_1,respectively. From

thesddata the ratio of hydroxyl sites to Lewis sites may be calculated and

compared with that given by Knézinger. !

In order to measure the band intensities" as accurately as possible the

following procedure was employed. The assumption was made that on a fully hydro-
xylated alumina (Sample A) there were no Lewis sites present for reaction with
TMG and that the spectrum in Figure 8-2\for this sample if the region from 3100-

stretches for -QAI(CH only. The IR spectra of

3 3)2

Samples B and C are expected,after reaction with TMG, to have —CH3 stretches due
\

to the species E:-‘AI-CH3 in the 3100—2700(:m"1 region, as well as those due to

!AIOGa(CHS)z. The IR peaks in the specira of Samples B and C due to the species

2700cm ™! represents the -CH

. ZAIOGa(CH were removed by subtraction of the spectrum for this species from

3)2
Sample A in the region 3100—2700cm‘1. Because the three samples were not

necessarily of the same optical thickness, the spectrum of Sample A was scaled by

different factors until the peak at 2963cr‘n_1 was just removed in the spec':tra 6f
—Samples B and C. The peaks s;ssignable to '.‘—.-."A1CH3 that remained after the sub-
tractions for.sample B and C were at 2939, 2900 and 25_330(:rn"1 and are shown in
Figures 8-8a and B8-9a,respectively. The spectrum il"l Figure. 8—85' was.then
subtraciéd frorln that in Figure 8-4 and this gave the "pure" spectrum of
AIOGa(CHs)2 for sample B‘and this result is shown in Figure 8-8b. A similar sub-
traction was done for sample C and its result is s’Min Figure 8-9b.

Sample C was '.'alr.nost completely dehydroxylated: therefore, the ratio of the

intensities of the peaks at 2983cm‘1 and 29:39::m—1 in Figures-8-9a and 8-9b

respectively should give the relative extinction coefficients of these bands for
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0.1 Abs.

] [l | [| l l L | i 1 [ % | {_ l ll
2100, 2975, 2850, 27725,
-1
cm .
FiguFE g-8 .
Difference.spectra for the 450 and 150°C degassed aluminas in the

CH stretching region

a) Fiqure 8-4 minus Figure 8-2
b) Figure 8-4 minus a)

See text for details.

P
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2100,

Figure 8-9

Difference spectra for the 950 and 150°C degassed aluminas in the
CH stretching reg1on

*a) Figure 8-6 minus Figure 8- 2
b) Figure 8-6 minus a)
See text for details.

-
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Table 8-2

Determined intensities for the bands at 2963 and
2939 cm"1 due to reactions 1 and 2 respectively.

Sample B degassed

Sample C degassed

Absorbance at 450°C at 950°C

at 2939 cm”) 0.085 0.129
(A1-Me)

at 2963 cm”| 0.253 0.220
(A]-OGaMeZ) N

at 2963 cm”| 0.109 0
for reaction 1

at 2963 cm”| 0.144 0.220

for reaction 2
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the species "—.EE_AICE-{3 and EAIOGa(CHS)z since they are formed at a ratio of 1:1
according to reactioﬁ (2) which was the only possible reaction for this sample.
This relative extinction coefficient has a value of 1.70 and by applying this

value to the spectra in Figures 8-8a and 8-8b the absorbances at 2963cm_1 in

Figure 8-8a due to = AIOGa(CH formed by reactions (1) and (2) can be

3)2
calculated. Thése results are summarized in Table 8-2.

The ratio of Lewis acid sites to hydroxyl sites for Samplé B given by the
dat.a in Table 8-2 is 1.32(0.144/0.109=1.32),which is close to the value 1.08
given by the data in Table. 8-1. The data given in Table 8-1 by Kndzinger was
based on calculations of the lattice site densities (surface Al and O) on the
(111} face of X‘—alumina and the loss of water during dehydroxylation at
temperatures between 20 and 500°C. The choice of one crystal face or another as
a model for high surface area aluminas, as has been ‘previously .discussed, is
questionable. The choice of crystal face would change the ratios of Lewis sites

to hy.droxyl sites in Table 8-2.

The results preéented here represent a direct chemical method to determine
the relative amounts-of Lewis sites to hydroxyl sites on an‘y alumina, Two
reference samples are required by this technique. One sample must be fully ﬁydro-
xylated and mu‘stl not contain any Lewis sites while the second sample must be
completely dehydroxylated,containing onty Lewis sites. This technique is fast,
accurate and requires little sarﬁ.ple preparation beyond degassing at the required

temperatﬂres. An infrared spectrometer with-a computer for spectral subtraction

is, however, required.
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CHAPTER 9

The family of compounds called zeolites, ef which ZSM-5 is one
member,.' are crystalline aluminositicates made up of open frameworks of linked

tetrahedra, TO4 (T = Al, Si) whose overall negative charge is balanced by cations |

n+

M which are gxchangeable in aqueous solutions. The general formula for a

zeolite is therefore M [(AI0.) (Si0.) 1z H.O. The z H.O refars to the
] x/n 2'x T2 2

2
variable quantity of water which occupies the free space inside the zeolite

" framework, which may be more than 50% of the crystal volume. Dependi'ng upon the

family of zeolite, this free spacé may consist of one, two or three- dimensional
networks of interconnected cavities and channels of molecular dimensions,i.e.,.
approximately 3-12A.

The family of zeolites presently consists of 37 naturally occurring
minerals (some of wrich are extremely rare) and over 100 synthetic types
including ZSM-5. Within each family of zeolites, particularly the s;nthetic
ones, the SifAl ratio may be continuocusly varied and the Si and Al atoms may be.
substituted in the synthesis by Be, Mg, B, Ga, Ge and P. The highest value df 't.ﬁe
Si/Al ratio is approximately 10,000/1 while the lowest value is 1/1 (in Zeolite—.'
A). The reason for the latter is that Al-O-Al linkages, which wouid be present
at a ratio less than 1/1, are unstable and not allowed by the sc: called
Lowenstein rule._

The water which normally occupies the void space in the zeolite can be

removed by heating and results in a porous material which can now accommodate

ARt
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other molecules- of suitable-dimensions. The ability of zeolites to absorb-

-

different molecules and to undergo ion-exchange has long been recognized and

s~

: mgtalis (as complex cations) and the removal of ammonium from sewage.

2 2

sorptive capacity of zeolites is utilized in the separation §f N, and O in'a‘r
and in the separation of hydrocarbon mixtures. By far the most important uses of

zeolites, particularly those with high Si/Al ratios (which makes the zéolite
hydrophobic but not organgphobic')“‘*a/nd with H' as the exchangeable cation, are as

highly active and selective catalysts for the cracking (conversions of heavy

. . . [
hydrocarbons to lighter ores)} hydrocracking {conversion of unsaturated and
partially saturated hydrocarbons to more highly saturated ones) and the isomeri-

zation of ‘hydrocarbons, e
f Although amorphous silica-alumina gels are also catalysts for the above
hydrocarbon conversions,the performance of zeolites for these functions is much

superior. The advantages of zeolites are that:’

(1) they possess a high density of well defined catalytically active sites,
% (2) they have good molecular sieving properties and;
(3) the electrostatic fields within the zeolitic framework are well defined

and controllable. Point (2) above: encompasses an effect called shape

e selectivity which in principle meé.ns. that in a mixture of rﬁolecules exposed to
the zeolite under given co.nditions only certain molecules,because of size and
shape ,will react and they will producé only -products of certain size and shape.
The factors determining shape selectivity are:

(1) The molecular sieving of reactants entering the zeclite channels

Ly
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and migrating to active sites. o TN
(2) The molecular sieving of product moleculaes migrating from active .site‘s in

the cavities (or channels).

(3)A A restriction on the size of the transition state complex during the

reaction inside a cavity or channel.

The zeolite ZSM-5 {Zeolite -Standard OiI.Go. New York (SOCONY) - Mobil)
has all the advantages of a zeolite catalyst mentioned above but, more importantiy,
it is a more silaceéus zeolite than those previously produced. In addition, the
pore size of ZSM-5 is about 64 ywhich is midway between the sizes for other
zeolites typified by zeolite A and Y ,which have pore sizes of 4.and 83 '
respectively. The higher Si/Al ratio results in greater thermal s.tability ;han
other zeolites and this means that it can undergo many more regeneration cycles
at high temperatures. | 'While the higher Si/Al ratio produces fewer Brdnsted acid
sites per mole of zeolite these sftes‘are more acidic so that reactions which
could not have occured under the mildly acidic condjtion in other zeo.lites occur
with ZSM-5. '

The intermediate pere size of ZSM-5 with respect to those of zeolites A
'_ and Y allows a different selectivity in the sizes of reacte;nt and product mole-
.cules, which fortuitously are in the range of the components of high octane gaso-
line_. Thus, ZSM-5 is much used in the petroleum industry in the production of -
gasoline, ZSM-5 also has an added advantage ovar other zeolites that have been
used in hydrocarbon conversion an-d this is called reverge molecular selectivity.
~ During the hydrocarbon conversions in other zeolites, highly carboneceous products
are deposited in the cavities and eventually bleck the active sites because_the

products are 400 big to migrate from the large cavities through the restrictive

channels. In the case of ZSM-5, however,the size and shape of the cavities are
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such that even the largest molecules formed in them can migrate, if only slowly ,

through the channels. This,therefore,avoids a build up of coke-like products

which block the active sites and it also makes regeneration of the cataiyst

.,

easier.
The channel system and the interconnected cavities in ZSM-5 are shown as‘

reported by Ko’ko‘tf;lilo214 in Figure 9-1. The straight channels have a nearly

circular cross-section of 5.4 x 5.6 A while the sinusoidal ones have an

elliptical cross-section of 5.2 x 5.8 A A. skeletal diagram of the framework of

the ZSM-5 unit cell (M""

™ Sigs-xC192

) viewed in the direction of the
sinusoidal channels is shown in Figure 9;23 and for th-;a straight ones in Figure
9-2b. | "

Several techniques have been used to study the structure of "ZSM-5, and the
adsorption and subsequent reactions of various molecules. One of the most
valuable tocls has been silicon-28 and aluminum-27 nuclear magnetic resor,]a‘nce
Spectroscopy215-18. ~“From such studies important information has been obtained
regarding the structure'of ZSM-5, prebable arrangements of Si and Al atoms in the -
framework as well as Si/Al ratios. Nuclear magnetic resonance (nmr) has also

been used to study the adsorption of molecules with nmr active nuclei,e.g.,mC

1,,219-23

-and H . Infrared studies of the adsorption. of methanol, ethylene, and

224, 225

pyridine have been reported by several authors The adsofption of

methanol and ethylene is of partrcular importance in the conversion of methanol
226, 227

to gasoline using ZSM-5 catalysts . Chromatographic techniques have been

used as well to study the product fractions in the methanol to gasoline

conversion using ZSM-5228. Temperature programmed desorption and microcalorimetry

~of ammonia adsorbed on ZSM-5 with either H* or Na* as the exchange cation have

been used to study the acidity of ZSM-5 and to comp;re. its acid strength with
\ .
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The channel system in Z5M-5,

Figure 9-1
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|2

Figure 9-2
a) Skeletal diagram of the (010) face of the ZSM-5 unit

b)

cell. The 10-membered ring apertures with near circulear
cross-section (5.4 X 5.6 A7) are at the entrance to the
straight channel depicted in Figure 9-1.

A similar diagram for _the (100) face showing elliptical
apertures (5.2 X 5.8 & ) at the entrance to the sinuscidal
channels. ‘

n

a q \\$ﬂ/f- '
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that of other zeoliteszzg. A large portion of the reports inNthe chemical
literature concerning ZSM-5 deal with either the methanol to gasohline convarsion
reaction or some other hydrocarbon conversion which is of great industrial

importance, using one or more of the above techniques.

The aim of the present investigation was to tter}\pt to use F\amaq spectros-
copy to study the adsorption and reacfions of molecggs such as CHSOH, 92H4, H28,
'802 and .N02‘ on ZSM-5. For reasons mentioned eariier, Raman'spectroscopy is a‘
potentially powerful technique for obtaining vibrational information about adsor-
bates on oxides. The présent investigations were nét successful but a few signi-

ficant observations were made regarding the Raman spectrum of ZSM-5 which have.

not been reported in the litera , these investigations, despite certain

problems ehcountered, do show the potential Mqr further investigation using Raman
L .

spectroscopy. . .

L)

Eerrimentél
Synthesis of Z5M-5

Eleven samples of Z8M-5 with Si/Al ratio ranging from 40.7 ¥ 203.5 were

synthesized. The procedure used was taken from the original Mobil p tent230

for
ZSM-5 With some modifications. The ZSM-5-crystalswere grown from a solution
containing tetrapropylammonium h'ydréxide (TPA), sodium aluminate, water and Ludox
silica ( a colloidal sbl of sodiuw siiicate containing approximately 30% wt.. of
SEOZ), wkich was heated in a teflon-lined stainless steél autoctave at 150°C for
5 days. , er

" In a typical ZSM-5 synthesis the required Si/Al ratio was decided and
then the ratios of TPA/Na", HZO/OH— and OH_/SiO2 were calculated using an

iterative computer program so that the optimum ratios listed in the above patent
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wa‘s attained a‘nd éo that thg totall volume of the Feaction mixt'ure ;vas less than
300 mis (The Parr stainlesslsteel, teflon-lined autloc!e'we had a cap'acity. of about.
350 ‘mls). The reﬁuired votu-me of Ludox silica was piaced in the teflon-lined
autoclav.e and the required amount of sodium aiuminate dissolved in the determined
'améunt of water was adde;d and the mix.ture stirred rapidly with ‘a gléss rod. The
TPA was then ‘.rapid|y adde;i with stiring, along with a magnetic stir bar and the.
autoclave was§®zaled. Air was the_n evacuated from the autoclave until the
pressuré dropped to less than 1 torr under dynamic vacuum. This step was found
to be necessary in order_ to p.revent corrosion of the autoclave .in oxygen: during
the reaction at 150°C. The autoc{ave was then placed upright on a imagnetic
stirring plate and surrounded by a tube furnace at 150°C. ' .

After 5 days the autoclave was cooled under éold water, the vessel‘ was
openad and the. teflon-liner confaining the crystal and mother liquor was removea.
The clear quuidlphase- was decanted a;nd the final white crystals of ZSM-5 were
placed in a Nalgene ,centrifuge Eottle of 200 ml capacity. The crystals were
repeatedly washed in 150 mls of triplly distilled organic free water jand centri-
fuged'at._3000 rpms for 10 minutes ,until no hydroxide precipitated ff"Orn the

washings when a few drops of 0.1 M AgNO. were added. The product, which was

3
brilliant white, was dried at 90°C for 4 hrs. Typical yields were 15-20g which

corresponds to about 80% yield.

lon - Exchanged ZSM-5

lon exchanges using a ZSM-5 with a Si/Al ratio of 40.7 were undertaken.
The procedures followed were those outlined 't.)y Jacobs and Von Ballm005231 and Chu and
Dwyer232. The only exchanges undertaken were those with alkali metal ions and

ammonium. The —procedure involved the partial decomposition of the tetrapropyl
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jon in a 3g. sample of the zeolite by heating at 4000,(3 in air for 36 hrs during
which time the sample colour changed from white to dark brown. This sample was
then continuousiy stirred in 200mls of a 0.1N NaCl sofL;tion for 36 hrs at 25°C.
The sample was then washed and centrifuged and the (l:omplete removal of‘éhloride
3 to the wash‘ings. This

sample was then heated in air at 500°C for 15 hrs after which the sample was

..ions was tested for by adding a few drops of 0.1N AgNO
! .

white and was now, according to Jacobs and Von Bollmoos, completely Na® exchanged
ZSM-5. Six 0.5 g portions of the above sample were then added to O.1N solution

of the chlorides of NH4+, Li-+, Na+, K*

, Rb” anc'i cs’ in polypropylene bottles and
stirred continuously a-t 25°C for 3 days. The solutions \.'v'e'ré washed as above to
remove the chlorjdes and then dried at 90°C for 14 hrs.
Measurements

The x-ray diffraction patterns of all the as synthesized zeolites were
obtained using a Norelco 4273/0 x-ray difractometer emitting the CuKa line with a
nickel filter and had a resolution of 0.01°28. A Siemens scanning electron miéro—
scope was used to obtain photographs of the crystals in scme ZSM-5 samples.
Rantan_spectra of the as synthésized zeolites were obtained from 100mg discs having
a digfheter of 1 cm. Raman spectra were recorded of the zeolites after calcination
in/air at temperatures of 500 to g20°c. F;r adsorption studies, the Raman cell
reviously described was used. Th'e- ZSM-5 used in these studies had a SifAl rétio
oY 40,7 and was heated in 600 torr of oxygen at 480°C for 2 hrs prior to degassing
all this temperature for-1 hr, cooled in.oxygen and finally evacuated at 2500.

Infrared spectra of the zeolites calcined at 500 to 920°C were recorded/g_ry)
2 'Péfkin-Elmer 283 infrared 'spectrometer. The spéctrum was.recorded only in‘the
1500-200 cm_1 region and this was accomplished by spreading a thin film of the

sample on a CsBr infrared window.
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, Commercial analyses of the zeolites to determine Si/Al ratios were

5
obtained. The silicon was determined gravimetrically as SiO_2 and the aluminum by

‘x~-ray fluorescence. The Si/A! ratios obtained were bulk values and would
include any trace of non-crystalline silica or ‘alumina. This determination mighti
be considerably different from that determined by nmr mentioned earlier which

yields Si/Al ratio of tHe crystalline ZSM~5 component only. -

~

Results and Discussion

The lattice parametérs found for the as synthesized, calcined and ion-

exchanged ZSM-5 agreed well with those reported in the Mobil patent for this

230. It is well known that the lattice parameters will -vary with

3+

zeolite

substitution of Si** by A" in the lattice of ZSM-52°° and also with the

220. These effects were not studied in the present case because

»

exchanged cations
x~re;y diffraction was used only to determine that crystalline ZSM-5 free from
other crystalline impurities was produced and thus was only recorded at low
angular resolution. A typical diffraction pattern obtained with ZSM-5 isl shown
in Figure 9-3. B | |

The Raman spectra of\the uncalcined and calcined ZSM-5 (Si/Al = 40.7) are
shown in Figures 9-4 and.?\@/}The surprising aspect of these Ramaﬁ spectra was

the complete absence of any background fluorescence which is known

to be present in most zeolites and makes the recording of Raman spectra
234, 234a

difficult . Kuie-Jung Chao et a_l.235.had reported the Raman spectrum of
an uncalcined ZSM-5 just prior to thé start of these studies and their spectrum
shown in Figure 9-6 showed signs of background fluorescence and the resulting

lower signal/noise ratio in the spectrum. Peuker EE"'EI_.QSG has recently

reported the Raman spectrum of uncaicined and calcined ZSM-5. Their reported

]
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3x103c.p.s.
L . ' L1 ¥
- 1500
Figure 9-4

Raman spectrum of an as synthesized ZSM-5 having a Si/A]l
ratio of 40.,7.
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3x103c.p.s.

1500 1000 500

v

Figure 9-5

Raman spectrum of the ZSM-5 from Figure 9-4 after
calcining at 500°C.
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spectra are of better siénal to noise ratio thar that of Chao but of lowaer

c}uality than -that obtaineE! .in these studies. The present studies also showed
that there were no /éganges in the_Ramen spectrum du.e to ion-exchange of tﬁe
calcined zeolites. i’here were also no spectral changes which could be correlated
-with a changing Si/Al ratic. The spectrum also did not change after 'céicination
for 14 hrs at either 500°C or at 9200(.3. Although subtle changes in the unit cell
parametets can be observed by x-ray diffraction techniques after calcination at
various temperaturesit is apparent that Raman spectroscopy is not sensitive to
the subtie changes in crystal-structure and crystallinity.

The infrared spectrum of ZSM-5 in the 4000-200 <:m—1 region has been

reported by several worker5231’ 235_9. Jacobs;fga‘l has reported that in the CH

stretching region infrared bands were observed at 3720 and 3600 cmd. The band
at 3600 cm” | was assigned to framework hydroxyls while that at 3720cm” was )
attributed to silanols on the external surface of the zeolite and to silica gel'
impurities. Jacobs notes that the larger. the crystal size,i.e.,thé greater the

ratio of internal surface area to external area, the smaller the intensity of the
3720 em” | band compared to that at 3600 cmq, and samples with crystal sizes of
15-20 ne had only weak bands at 3720 cm ™.

Scanning electron microscopy s d that the crystal sizes in the

zeolites synthesized for the prefent studies wereNgbout 2 nm in diameter and

showed no presence of colloidal impurities., The infrared spectrum of H*ZSM-5

produced by degassing NH * exchanged ZSM-5 (Si/Al=40.7) at 400°C for 1 hr (1)did

4

show bands at 3738 and 3614 cm—1 as would be expected from the results of Van

Ballmoos (Figure 9-7).
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4060,

Figure 9-7
Infrared spectrum of a ZSM-5 with a Si/Al ratio of 40.7 after
exchange with NH4C1 and evacuation at 500°C for 1 hr.
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The infrared spectrum of ZSM-5 between 1500 - 200 cm™ s shown In

238 |ave assigned the bands in the spectrum to

Figure 9—8.. Jafobs et al.
asymmetric, symmetric stretches and bending modes of TO4 (T. = Si or Al) in the
double -5- rings which make up the ZSM-5 framework (Figure 9-2). The frequencies
of these vibrationswere found by Jacobs to be similar for zeolites of different -
structures which contain five—mgmbered rings (e.g.,ferrierite) but somewhat

different from zeolites with double -4 or -6 -membered rings. The unit cell of

Z5M-5 is centro-symmetric and a calculation of the number and symmetry of all the

infrared and Raman active vibrational modeswas done. The results are: B,
IR active modes: 1081""5\u + 143FB1U + 107F82U + 143FBSU
Raman active modes: 108[‘Ag + '71]“819 + 1077529 71!"83,9

There are 501 infrared active vibrational modes and 357 Raman active ones. As
expected, those modes which are Raman active are not infrared active and.vice

versa. The frequencies of all Raman and infrared bands are listed in Table 9-1.

The table shows that there is at least one coincidence in the infrared and Raman

bands, i.e. at 1230 cm_1, but while this band is very strong in the IR it"is
- .
extremely weak in the Raman spectrum. There are some near coincidences e.g. at —~_
3
800/805 cm™ ' and 460/470 cm™ ', but the mutual ex@usion of IR and Raman activity
{

appears to be confirmed.

The adsarption of nitrogen dicxide on H*-ZSM-5 was investigated to de-
! .
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Figure 9-8
Infrared spectrum of a thin film of the ZSM-5 sample
from Figure 9-5. '
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Table 9-1
"Frequencies of infrared and Raman bands
observed for a calcined ZSM-5(Si/A1=24).

Infrared bands(cm']) Raman bands(cm'])-
1230 ’ 1230 w
1115 vs 1090 «~
950 w - 980 w
800 805,830 m
620 w o
590 sh | -

555 | -
460 m 470
- 440
- 380 s
- ' 295
[

vs- very strong
m - medium

W - weak |

sh- shoulder
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p , : .
: [ * H ' .- IJ‘
termine if unusual.ionic oxides of- nitrogen were preduced as reported for

240

aother. zeolites Upon the addition ‘of.S torr-of NO,, to H' - ZSM-5 (Si/A1=40.7),

2
which had been degassed at 480°C for 1 hr, several bands dué to physisorbed‘NO2

appeared. These bands decreased slightly after evacuation for 1 minute at. gSOC
but could bs completely removed by evacuation for 1 hr at 25°C,and their frequen‘--

ciés and relative intensities were very close to those reported for gaseous
NO 241. The observed frequencies for adsorbed NO2 did not change if Li*

2
exchané ZSM-5 was used. The physical adsorption by the saniple of NO2 could be

or Rbf .

clearly observed in the cell as the brown colour due to gaseous N02 became less:
pronounced while the ZSM-5 sample turned to an orange colour.
. - -

Ethylene and benzene are useful as probes of the electronic environment in

+

. zeolitesza4. The addition of ethylene or benzene to H+-ng—5 resulted in the

appearance of a large fluoreéscence background. With 2 torr of tienzene in the
cell a weak band at 993 cm_1. could be observed but the fiuorescence kackground
was contdnuously increasing and no other bard%could be #bserved. In tHe case of

ethylene,very wezk bands were just discernible g 1620 and 1340 cm_1. The bands

observed with benzene and ethylene are close to those of the-free molecules and’

so these are probably due tophysisorbed gpeci‘es. The fluorescénce t:;ackground
)@%erved was not -reversib e witl:u the addition and evacuation of ethylene and
» :
benzene. The cause of this large ﬂuorescenge background is not known.
In view of the impartan.ce of tﬁe: Catélytic reactions of methanoi on

ZSM-5 this re;ction was investigated by Rar;nan spectroscopy. The addi’tion of 5
 torr of mbnbthamla.l to H+-ZSM—5vrasulted in' the appeaiance of ba}wds due to

phys!.;‘orbed n’i'ethanol. Na changes in the spectrum occured.over a period of 1

h.ofur and at’t‘?\rppts to heat,the.san¥ple in- methanol resulted in the appearance of an

. ' - r .
intense fluorescence background. .

2

e
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103c.p.s. ,

‘1000 1 500
cm
Fiqure 9-9 ' . -
The. Raman spectrum of the NHE-ZSM~5 sample calcined at 500°C to
produce HT-Z5M-5 -
a) After degassing at 400°C for 1 hr.
b) Addition of 2 torr of S0, to a)
.c) Evacuation of b} for 1 m?n.
)- Addition of 1 torr of HZS to c).

-~
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" The Claus reaction (2) with a ZSM-5 catalyst was in\é‘;igated.
(2) '2H28 + .502—‘-% 2H20 + 3/nSr|

Upon the addition of 2 torr of 802 to H'ZSM-5 a strong Raman band was observed at
1150. cm~_1 which was assignable to the symmetric 802 stretch,and evacuation for 1
minute decreased the ietensity of this band by a factor of 4 {Figures 9-9b and ¢
respectively). The subsequent addition of 1 torr of H S to the sample (Flgure g-

9d) resulted in the disappearance of the band at 1150 em -1 and the appearance of

a strong band at 480 cm“1 with. weaker ones at 220 and 150 cm-1. A broad weak
band wes also observed at 900 c..rn"1 and also around 300-400 c:m_1 but the latter Was

not very clear due to overlap with those for ZSM-5. The bands observed at 480,

220 and 150 t:m_1

, are similar in frequency and of the same relative intensities as

those due \t-o sulphur. It therefere,_.appears that the Claus reaction may occur on
H¥ZSM-5. No attempts were ‘made to study this reaction further for t\g
effect of exchange catton and ::l/AI ratio. Further study of this system appears
quite feasuble since there was negligible fluorescence background created during
the reaction. />
The results presented show that relatively fluorscencefree ZSM-5 can be
synthesized for Raman spectroscopic studies of the adsorptions of catalyticalin
important molecules. In all but one of the cases presented, adsorption and/or»
reaction. of gases on ZSM-5 led to considerable background fiuorescence and very
little useful information could be obtalned The study involving H S and SO

2
adsorption 'showggwthe potential for further study.

C e
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