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Abstract

Developing a suitable probe gas is an essential
step in the course of investigation of acidic sites on
oxide surfaces. The problem at hand is complicated
by the fact that silica-alumina is well known for its
possession of both Bronsted and Lewis type acidic sites.
The following experiments were initiated, first for the
development of suitable probe gas, and then the final
elucidation of total acidic sites and the Bronsted

acidic sites concentration on this catalyst.

Carbon-13 NMR chemical shifts were measured for a
series of alkyl pyridines, the corresponding alkyl-
pyridinium ions and the adducts formed with boron tri-

fluoride, and in some cases, with aluminum bromide.

The alkylpyridinium ions were formed by mixing
the alkylpyridines with 10% excess 6M HCl, and with
1M tetramethylammonium chloride as internal standard.
The chemical shifts were then corrected to TMS scale

with appropriate susceptibility corrections.
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The BF3 and AlBr3 adducts were formed by mixing
the alkylpyridines (dried over molecular sieve type 4A)
with 10% excess BF3 or AlBr3 , using benzene as a solvent

and an internal standard.

After a series of trials, U-ethylpyridine seemed
to be the best choice as a probe gas. Monolayers from
0.17 to 0.91 were obtained for Y-ethylpyridine chemi-
sorbed on both water-treated and non-treated silica-
alumina surface. The observed chemical shifts for C2
and C4 are appreciable. General resolution and signal to
noise ratio from spectra are reasonable. We then relate
the observed chemical shifts with the fractional proton-
ated species , fractional coordinated species and
the fractional physisorbed molecules, by means of two

models.

Due to the limitations in our linear models, the
exact concentration of both kinds of acidic sites could
not be ascertained. Defects in the models were discussed
with a proposed surface structure to correlate the

findings.
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Chapter 1

I.1 Introduction

There are many definitions of acids and bases in
the literature, notably those of Arrhenius (1), Franklin
(2), Bronsted (3), Germann (4), Lewis (5), Ussanowitch
(6), Bjerrum (7), Johnson (8), Lux, Flood et al., and
Tomlinson (9), Shatenshtein (10), and Pearson (11). We
may understand a solid acid in general terms as a solid
on which the color of a basic indicator changes, or as
a solid on which a base is chemically adsorbed. More
strictly, following both the Bronsted and Lewis definit-
ions, a solid acid shows a tendency to donate a proton
or to accept an electron pair. This is possible with the
presence of certain sites on the surface of the solid
acid which can donate protons (protons are believed to
be derived from attachment of water molecules on the
surface)--- and known as Bronsted acidic sites, or
electron-deficient sites (which accept electron(s) from
the adsorbed molecules)---known as Lewis acidic sites.

These definitions are adequate for an understanding of



the acid-base phenomena shown by various solids, and
are convenient for the clear description of a solid

acid catalyst as will be delivered in this thesis.

Solid acids have been found useful as catalysts
for many important reactions including the cracking of
hydrocarbons, the isomerization, polymerization and
hydration of olefins, the alkylation of aromatics, and
the dehydration of alcohols, etc.(12). Their importance
in petroleum processing has stimulated a considerable
amount of research into the adsorptive and acidic
properties of solid surfaces. Among the most minutely
studied acidic catalysts are natural clay minerals and
mixed metal oxides, notably silica-alumina (5102-Al203).
Silica-alumina is well known for its strong acidity,
possession of both Lewis and Bronsted acid sites, and
uses as a catalyst for reactions like cracking of
cumene (13), polymerization of ethylene oxide (14) and
butene (15). It also has some significant oxidative
properties (16). Yet little is known about the nature

of acidic sites present on the surface of this catalyst.



In this work, concentration of surface acidic sites
on silica-alumina will be elucidated by means of nuclear

magnetic resonance study.

I.2 Statement of the Problem

From our previous study of adsorption of amines on
various oxide surfaces (17), it has become essential to
know the chemical shift changes of the amines upon
protonation. The importance lies in the use of amines,
such as N,N-diethylaniline in our case (17), as probe
gases. If the acidic sites on the solid catalyst are of
protonic type, then we would expect some of the adsorbed
amine molecules to be protonated. The observed chemical
shift changes would then reflect the total acid sites on
the surface, if we assume that the protonated and non-
protonated amine molecules exchange among themselves
rapidly, thus the observed chemical shift is a weighted
average of both., Chemical shifts of various free amines
are available in literature (18,19,20,21), but not for
thieir corresponding cations except pyridine and 4-methyl-

pyridine (18,19). So our first task is to measure the



C-13 chemical shifts of a series of alkylpyridinium ions
in aqueous HCl. Since previous results on free amines
were obtained by continuous wave spectroscopy on a low
frequency instrument, which is believed to be inaccurate,
we have also re-measured the C-13 chemical shifts of

this series of alkylpyridines., Together, we then

obtain the net protonation shifts for the pyridine and

alkylpyridines studied.

For further pursual of the problem, because of the
existance of Lewis type sites on the surface of silica-
alumina we have also measured the C-13 chemical shifts
for the adducts formed by BF3 with the alkylpyridines,
and in some cases the AlBr3 adducts. These results are
then tabulated to permit the derivation of coordination

shifts for the amines studied.

With the subsequent chemisorption of the probe gas
(4-ethylpyridine in our case) on silica-alumina at
various coverages and with or without water-treatment,
we could measure the chemical shifts of the carbon atoms

in the adsorbed 4-ethylpyridine. By comparison of these



chemical shifts with those of the 4-ethylpyridine in
aqueous HCl and as a BF3 adduct we may be able to derive
the fraction of amines bonded to the Bronsted or Lewis
sites, and thus a standard procedure could be obtained
for the elucidation of the concentration of surface
acidic sites (both Lewis and Bronsted) for all well

studied surfaces.



Chapter I1

II. Survey of Work Done on Silica-Alumina

Consider on a molecular scale the properties of the
acid sites on a typical silica-aiumina acidic catalyst.
The following ideas have been generated through the
years as a result of studying the interaction of "probe"
gases wiitn surfaces and consequently have given rise to
the liquid phase concepts of Lewis and Bronsted acidity
as applied to solids. In figure-1, we see the situation
that might exist on a silica-alumina surface. The Al atom
[1.a)] requires an additional electron pair to complete
its bonding. Thus, if the probe gas that interacts with
this site has additional electrons that it can share with
the aluminum atom, a chemical bond will form. This site

is called a Lewis acid site.

Water molecules may be coordinated at the Lewis acid
site to provide a source of protons [1.b]. This system is
then regarded as a Bronsted acid. If the probe gas can

accept the proton, and it forms, via electrostatic forces,



—Si s Al O t Si1—
’e .e *e (a)
:0 ¢
+ H

——Sn:O.AI_:O:Sl———
.o .. ()

Figure 1 Simple electronic description
of acid sites, (a) Lewis site;

(b) Bronsted site.
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a molecule bound to tne surface, then there is a way of
labelling this site. Certain probe gases have the ability
to both donate electrons and accept protons. Pyridine is

sucin a molecule (22).

Much controversy has been generated concerning the
nature of the structure of silica-alumina. Numerous
structures have been proposed, notably by Tamele (23),
Hansford (24) and Planck (25). It is generally believed
that the acid centres, whether of Lewis or Bronsted type,
owe their existence in silica-alumina to an isomorphous
substitution of trivalent Al atom for the tetravalent
Si atom in the silica lattice. According to this view,

a negative charge is created at this point on the solid
surface [Fig.2.a]. Balancing this charge requires the
detachment of an Al-0 bond to restore the trivalency at
the Al atowm, thus creating a Lewis acid site [2.b]. HNeu-
tralization by the acquisition of a proton thus produces

a Bronsted acidic site [2.¢] in accordance with the confi-

guration as depicted in Figure.1,



Si, .Si Si /Si
\'o\ .o/ \'o, L0
AL AL,

/.o‘ N0, /.o' “o,
Si® *'si Si™ °Si

(a) Simple Surface (b) Lewis Site
Structure with one electron hole
Si . Si.e Si
\\\\ eelectron \\\\\ //)7
* 0. o electron hole »0, ,0°
o \_/
“a1° ~AL7 nt
/.o° "o, /,0' "OH
Si *si Si*
(b) Lewis Site (c¢) Brosted Site

with 2 electron holes

Figure 2 Various Aluminum Sites

on the Silica-Alumina Surface
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All studies indicate that silica-alumina has very
strong acid sites, with strength H, of at least -8.2,
but the elucidated acidic sites concentration varies for

difterent authors (12,26).

Recent studies of the infrared spectra of pyridine
chemisorbed on synthetic silica-alumina have confirmed
the presence of both Lewis and Bronsted acid sites (22,
28). The spectrum contains two main peaks, at 1540 em™!
(discerned as the pyridinium ion); and at 1449 em~! (as
strongly coordinated bound pyridine), and numerous other
peaks discerned as physically adsorbed pyridines. After
evacuation at 300 deg. C, the spectrum still indicates
the presence of some pyridinium ions, but clearly shows
the presence of Lewis acidity on the cracking catalyst,
the lines at 1455 and 1459 em™ being quite marked. Upon
addition of 0.05 mmole of water to the sample, an in-
crease in the intensity of the 1540 em~! band indicates
that a considerable amount of Bronsted acid has been
formed, with a concomitant decrease in Lewis acidity at

1450 cm'1 . This conversion of Lewis sites to Bronsted
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sites by water molecules has been confirmed by titrat-
ion (29) and from studies of the infrared spectrum of

adsorbed ammonia (30).

This later study consisted of a quantitative study
of the ratio of Lewis to Bronsted acid sites on silica-
alumina. The result revealed that the only detectable
adsorbed species were physically adsorbed NH3, (P-NH3),
coordinately bonded NH3 ,(L-NH3) and NHM+. From the
relative intensities of the appropriate bands, the ratio
[NHg] (=[P-NH3l+[L-NH31) to [NH,*] was found to be 4:1
at low concentration. The ratio decreases as concen-

tration of adsorbed NH3 increases.

However, infrared study of adsorbed molecules on a
surface has its éwn drawbacks. The preparation of sam-
ples requires the oxide to be compressed into a wafer in
the infrared cell, so that the amount of adsorbate 1s
difficult to measure exactly. There are also the
inherent difficulties in obtaining the extinction co-
efficients of the sample due to opaqueness. Finally,

there is the associated uncertainty in the measurement of

of



peak intensity, thus the quantitative answers obtained

(e.g. concentration of acidic sites ) are not accurate.

Hall et al. (31) suggest on the basis of the deu-
terium exchange experiment and observation of the NMR
spectra that the hydrogen on the surface of silica-
alumina is chemically similar to that of alcohol, most
of the hydrogen atoms existing in the form of SiOH, some
of them as Al1OH (with an upper limit on the number of
Bronsted acid sites of 3 x 1013 H*/cm®) in good agree-
ment with the infrared spectrum of adsorbed ammonia.
Similar studies have been done by Schreiber and Vaughan
(32) using NMR to measure the free induction decay
constant (T,) to assess the concentration of protons
on the surface of silica-alumina with varying compo-
sition of silica. Both results are in reasonable

agreement.
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Chapter 111

III.1 Nuclear Magnetic Resonance Studies of Adsorbed

Molecules

Bloembergen, Purcell and Pound (BPP) (33) showed
in 1948 that the nuclear magnetic resonance relaxation
times are in certain cases intimately related to the
motions of the molecule which contains the nuclei. The
very next year, Spooner and Selwood (34) reported their
applications of the BPP theory to the problem of cata-
lysis, an important problem in surface chemistry. But
it was not until 1956 when Zimmerman et al.(35) first
reported their NMR studies of water adsorbed on silica
gel that a continuing effort was begun to understand
the implications of the BPP theory and its refinements

for the motion of molecules adsorbed on surface.

II1.2 Experimental Aspects of NMR Theory

This section is to describe in general terms, the

approach to thermal equilibrium of a system of nuclear

magnets in a constant magnetic field of strength Ho(36).
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At equilibrium, the magnetization Mg of a system of
nuclear spins hI with magnetic moments)/ﬁl is given by
Curie's Law
[III.1] Mg = NH, ) he I(I+1)/(3kT)
where i is Planck's constant over 27T, )’is the nuclear
gyromagnetic ratio, k is the Boltzmann's constant and
N is the number of nuclei in the system. The magnetic
field exerts a torque upon the magnetic moments which
gives the rate of change of the magnetization as:
[1I1.2] dM/dt =)W x H
Now [III.2] contains no information about the approach

to equilibrium, Bloch (37) accounted for these effects

by introducing relaxation terms into [III.2], for H,

=Hg, ny =0, his equations are
(1I1.3] dM,/dt = -(M, - M, YTy
[II1.4] dM /dt = -M /Ty +y' M Hy o

H

[II1.5] dM /dt = -M, /T, -y'My Hy
where T, 1s called the "longitudinal relaxation time"
because it refers to relaxation along the field and T2

is called the “transverse relaxation time" because it

refers to relaxation transverse to Ho.
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Another name for T1 is the "spin-lattice relax-
ation time"; for longitudinal relaxation to occur the
spin system must dissipate energy to the "lattice" or
heat bath which is comprised of the remaining degrees of
freedom (electronic, translational etc.) of the system.
Likewise in certain cases T, may be called the "spin-
spin relaxation time" because it refers to thermal

equilibrium within the spin system itself.

It should also be noted that Mx and My can be mea-

sured experimentally as functions of time and that the
relaxation behavior is therefore "knowable". Theory does

not require, nor does experiment show that the longitu-

dinal and transverse relaxation are always exponential.

Suppose the spin system, initially at thermal equi-

librium is disturbed in such a way as to leave Mx = Mg

and My =0 (as is often done in practice). The solution
H

z

to [III.3) to [III.5] which gives the components of M

at the time t after the disturbances are

[III.6] (My= M,)/M, = exp (=t/Ty )

[(1II.7] M

X Mo cos(-)/HO t)exp(-t/T,)

[III.8] M

1

y M, sin(—)/HO t)exp(-t/Ty)
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while M, relaxes exponentially to M,, the transverse
components make up a magnetic moment which rotates at

a frequency of = H the Larmour frequency, having

o'
an amplitude which decreases exponentially in time

to zero. This rotating magnetic moment comprises the
signal which can be observed with suitable apparatus.

More elaborate derivations and discussions can be

seen in ref.(38,39).

II11.3 Magnetic Resonance Linewidths of the Adsorbed

Species on the Surface

Magnetic resonance is useful in chemistry because
nuclear magnetic resonance linewidths in liquids are so
narrow that resonance frequencies differing by as
little as a part in 108 may often be resolved. Since
NMR phenomena are determined by molecular kinetics
and structural parameters, NMR pulse experiments can
be used to study motional phenomena of adsorbed

molecules.
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Relative motions or fluctuating dipole-interactions
of adsorbed molecules with a magnetic surface generally
determine the line shape and width of the NMR resonance
line. We could imagine chemisorbed molecules being held
to the surface by forces greater than Van der Waal's
force in magnitude. These forces would then decide the
motions of the molecules on the surface. If the sorbed
molecules are only loosely bound to the surface, they
would have rapid motions and thus a narrower linewidth
than a system of more tightly bound molecules. Notice
that a rise in temperature can also induce rapid motions
in the sorbed molecules even if they are tightly bonded.
Static dipole-dipole interactions may also cause the
broadening of NMR resonance lines. Thus T,, the trans-
verse relaxation time, which is a direct result of the
interactions between two magnetic dipoles, is usually
taken as a measure of the linewidth of the resonance
lines in the absence of chemical shift broadening. Use
of powdered samples, which reduces the magnetic field

inhomogenity also results in narrower linewidth (40).
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III.4 Relaxation Mechanisms of Adsorbed Molecules on

Surfaces

The relaxation of adsorbed molecules has thus far
been studied with both the conventional NMR apparatus
and the spin-echo systems, so that no specific discuss-
ion is required here. Detailed reviews can be seen in
ref.(40,41,42,43). What is described here is a simple
mechanism by which adsorbed molecules could relax.

One expects several changes in the relaxation mech-
anisms of molecules after they become adsorbed on a
surface. Molecules which formerly rotated isotropically
may now be expected to have a preferential axis of
rotation. If the molecule in the bulk phase relaxed
through some intermolecular dipole-dipole mechanisms,
then one would expect this to be severely altered on a
surface, the relaxation in this case becoming coverage
dependent. One would expect relaxation to be caused
by dipole-dipole interactions with magnetic dipoles
associated with the surface, as for example, with the
hydroxyls on an oxide surface. Obviously, a surface
could enhance relaxation if it contains paramagnetic

Species.-
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When analyzing C-13 spin-lattice relaxation in
liquids, one must consider three possible relaxation
mechanisms (39,43), namely chemical shift anisotropy
("csa"), spin rotation interactions ("sr") and the C-H
dipole-dipole interactions ("d-d"). The last one is
expected to be predominant for protonated carbons,
except in very small molecules (44), while chemical
shift anisotropy may be an important relaxation mechan-
ism for some non-protonated carbons, especially at high
resonance frequencies (45). As an additional contribut-
ion to the C-13 relaxation rate of adsorbed molecules,
the magnetic coupling of carbon nuclei with paramagnetic
ions ("ions") is to be taken into account (43,46). Thus
Tq, the spin-lattice relaxation time constant, is given
by
(111.91 T,~'= 7,7 T(esa)+ T, (sr)

+ T;71(ions)+ T1‘1(d-d)

The relaxation rate T1(d-d) is easy to analyze.
Because long range C-H interactions can be neglected,
only the coupling with protons attached to the individual

carbon has to be taken into account . Denoting the bond
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length between carbon and hydrogen by TR the correlat-
jon time of thermal motion by T, and assuming in this
discussion only T1(d-d) is the important contribution to
T,i.e. T~T,(d-d), we obtain for a CH, group, with the
narrowing limit of (wr, )2<<1,

[III.10]  _4 5o 6

Therefore for a typical T4 value in the 0.2 to 1 sec.
range (47),T- will be of the order ~10"11sec. This would
imply thermal motion mainly of translational jumps and

rotational jumps among the sites on the surface.

This is only a lower estimate of T, . For molecules
chemisorbed on surfaces, we would expect the motions to
be hindered and a higher range of v, values according
to the following relationship (46) for a CH, group

[I1I1.11]

1 6 To
_1_ e 2 2 -6 o)
™= 15 Ve Ve T e an® ) 2
12 T, . 2 T¢
22 2 2
1+ ( W twy)r, 1+ ( We= wH) To
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In general, T, for a dipolar relaxation of unlike
spins is given by (39) as

(111.121 4 o 1 0
T, = ﬁ)’I)’ (I+1) —1-2—J( )(‘”I'ws)

+'E“J (mI+mS)

where I and S denote different spins and J(q)(w) is the

spectral density function of the form

o [0 6 ey

where T.is again, the correlation time.

Quantitative evaluations of other contributions. are
not as easy. The relaxation mechanism of next importance
is the coupling with the paramagnetic ions (usually exist-
ing as impurities on the oxide surface), the evaluation
consists not only of the concentrations and distribut-
ions of the paramagnetic impurities but also the electron

spin of the species which is generally unknown (48).

Tp, the spin-spin relaxation time, which is equal
approximately to the reciprocal of linewidth at half

intensity, is given by (39) as

(I11.13]
T, =nYS Y s(sH) [—é-J(O)(O) +"%EJ(O)(‘”I'U)S)
+2— J(l)(wI) +21J 1) %—J u,InL.JJS)‘
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The constants in front of the bracket can be
written as de2 where kg is a constant characteristic

of the type of motion in consideration i.e. translation

or rotation, and M, is the Van Vleck second moment (49).

In the case of (wTC)2<< 1, [III.13] can be approximated

the same way as [III.10] i.e.

[II1.14] T~ & 1.M,

For a typical linewidth of 100 Hz (which is usual
in our case as shown later in typical spectra of the
adsorbed molecules) and M2 of the order of 108 sz.

& To 1is of the order of 10'6 second.
Thus molecular motions are fast enough to average
out the C-H dipolar linewidths to a few hundred Hz in our

spectra, and we are able to observe chemical shifts of

the carbon atoms on the probe gases, when adsorbed on the

surface.

The criteria by which carbon-13 was selected for
this study, as opposed to other nuclei, e.g. proton,

should be noted. From the above estimation, since the
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gyromagnetic ratio of C-13 is small , so that there is
a weak coupling to the protons on the same molecule and
to the paramagnetic impurities on the surface, thus
narrow linewidths would be observed. The proton spectra
on the other hand would be expected to be broad due to
the strong H-H dipole-dipole interactions and also the
interactions with surface paramagnetic impurities due
to the large gyromagnetic ratio of both. And indeed,
this is the result in our present study. The proton
spectrum of U-ethylpyridine on silica-alumina consists
of two broad, featureless resonances about 500 Hz wide,
but the C-13 spectrum for the same system consists of
five resonances each about 40-100 Hz wide (Figure 3).
Thus one is able to assign all five resonances to the
five different carbons in the molecule. Also due to the
larger chemical shift changes observed for C-13 from

the above spectrum , we can conclude that C-13 spectra

of the adsorbed system are more informative, in agreement

with previous results (46).
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Paramagnetic species present on the surface may
cause some problems in the resolution of the spectra of

adsorbed molecules. Assuming Fe3*

ions are the only
paramagnetic impurity in our sample, and that they are
evenly distributed on the surface, we can estimate their
effect on the linewidth of the resonance lines. For our
sample, the concentration of Fe203 is 0.05% (wt.), there-
fore the ratio of number of Fe atoms to number of Al
atows 1s about 1.3x10‘3. Assuming on the surface of
silica-alumina, the oxygen atoms are hexagonally close-
packed with Si and Al atoms filling the tetrahedral sites,
according to their ratio, this will then give 2.3x10M

Al atoms per sqg.cm. Correspondingly, this will give
2.9x1011 Fe3+/sq.cm., or an average distance of about

200 A betlween Fe3* ions. If we further assume that the
adsorbed amines are situated among these Fe3+ ions,

that is, distributed evenly upon adsorption, then the
average distance between the carbon atoms of the amine
and these Fe3* ions is about 100 A. Noting that the
ratio of magnetic moment of Fe3* to proton is about

5700 times, we can then estimate the difference of

dipole interactions of carbon to Fe3* ¢ Dgpe) and
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ot carbon to proton ( Dy) with an average distance of
about 1.1 A. The ratio of Dpe to Dy would be given as
57UUX(rCH/rC—Fe)3= 7.6x10“3. If the correlation times
for botn dipole relaxations are the same, then we would
expect the line broadening by proton to be about 130
times more important than the line broadening by the

Fe3* ions.



Caption
Figure 3.A. Proton Spectrum of Y-ethyl-
pyridine on silica-alumina at 0.53

monolayer, run at 28 deg C. 100 scans.

Figure 3.B. Carbon-13 Spectrum of the
same sample, run at 80 deg C.

15,000 scans.
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Chapter IV

Experimental

IV.1 Apparatus

Nuclear magnetic resonance studies were performed
on a Varian Model XL-100 spectrometer operating at a
magnetic field of 23.5 kilogauss and an RF frequency of
25.16 MHz for carbon-13. The field is modulated at a
fixed frequency of 40.96 KHz permitting the use of an
external fluorine-19 CW lock. It is also equipped with
a pulsed internal deuterium lock for adjusting homogen-
ity of magnetic field. The probe unit is a standard
Varian Model V-4412 with insert for 12 mm sample tubes.
The spectrometer is also equipped with a single side-
band accessory. A proton-noise decoupling system oper-
ating at 100 MHz is also used in conducting experi-
ments. A Nicolet 1080 computer is built on-line to
the spectrometer for the pulsed-Fourier transform oper-
ations utilizing a TT-100 accessory. Pulse control and
acquisition of data is done with a Nicolet Model 293

pulse timer and a 294 disk accessory.
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A1l NMR experiments were performed at 25.16 MHz on
this Varian XL-100 spectrometer. Proton noise decoupling
was used in all experiments, except when off-resonance
coherent decoupling was required for assignments. The
external fluorine-19 lock was used throughout all
experiments. Normally an 18 sec. (approx. /3) pulse
was used at a repetition rate of one per ten seconds, on
an 8K memory allocation, to obtain the chemical shifts
of the free amines and their corresponding cations and

adducts formed with BF3 and AlBr3

For the silica-alumina samples, a repetition rate
of five per second was used. Between 10° and 1.llx106
scans were taken for each spectrum depending on the

concentration and linewidth, on a 2K memory.

Proton spectra were run for some samples to
investigate the possibility of utilizing proton NMR
in surface study. These experiments were performed at
100 MHz on the same XL-100 machine with a 5 sec pulse
at a repetition rate of five per second. A typical

spectrum was shown in Figure.3.A.
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All spectra were run at approximately 28 degrees

celsius, unless otherwise stated.

Iv.2 Silica-Alumina Samples

The sample of silica-alumina used is a Grade-980,
25 wt.% alumina product from Davison (Grace) Company, in
the form of 3/16"x3/16" cylindrical pellets with a bulk
density of 39 1lb/cu.ft. and a surface area of 400 sq.m.
per gm. The pore volume is 0.70 cc/gm with an average
pore diameter of 70 A. This sample was calcined at 500
degree C for 24 hours and then ground to 20-40 wmesh
powder before storing in 100 % relative humidity. The
surface area of this silica-alumina was determined to
be 333 sq.m./gm. by the BET method using nitrogen. The
main impurities in this oxide consist of 0.05% Fe203

and 0.04% Na,0, from manufacturer's analysis.
IV.3 Reagents
The pyridine and alkylpyridines for the measurement

of protonation and coordination shifts were from various

commercial sources. Prior to use, they were distilled
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at reduced pressure and then stored over molecular
sieve type 4A. The hydrochloric acid used was diluted
with deionized water from concentrated hydrochloric
acid produced by Mallinckrodt Chemical Co. The tetra-
methylammonium chloride was produced by Eastman Kodak
Co. The boron trifluoride was obtained in lecture
gas-cylinder from Matheson Co. The AlBr3 used was

from Fisher Scientific Co.

IV.4 Preparation of Protonated Pyridines and Alkyl-

pyridines and Their NMR Measurements

C-13 NMR spectra of the amines were recorded for
samples of the neat pyridines with 10% (vol.) tetra-
methylsilane (TMS) added as an internal reference. The
cation samples were prepared by adding the amine to
6M HCl so that 10% of the acid remained in excess.
1M tetramethylammonium chloride (TMACl) was added as
an internal reference. For the case of pyridinium ion,
a concentric 5 mm. tube containing TMS was put into
the solution, so that the chemical shifts of TMAC1

relative to TMS could be measured. The measured shift
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is 56.68 ppm which is in good agreement with the
literature value of 56.54 ppm reported by Sarneski et
al.(50). Assuming that this value does not change trom
one amine to another, we obtained the cation shift of
the series of alkylpyridinium ions with respect to TMS,
with the appropriate susceptibility corrections. These
results were then combined with the chemical shifts

of the neat amines to give the protonation shifts ftor

all species.

The assignments of the various resonances on the
NMR spectra were done in several ways. For the pre-
viously reported amines, we assume the assignments in
literature (18,19) to be correct. However, for the pro-
tonated species, only pyridinium and 4-methylpyridinium
ions are reported (18), therefore separate assignments
were necessary. For the more symmetrical species,
this can be done from intensity ratios, off-resonance
decoupling and the broadening of the C2 and C6 reson-
ances which results from coupling to the N-14 quad-
rupolar nucleus. In the case of 2-methylpyridine and

3-methylpyridine, the above information is not enough.
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We prepared the HCl-amine solutions of different
compositions; due to the fast exchange, only a single
resonance is observed for each carbon in the solution
and we were able to observe a continuous transition
from the line position of the neat amine to that of
cation species, as excess acid is added. These
experiments establish the relationship between cation
and neat amine resonances, and enable one to assign
the cation shifts. There was no literature value for
jon-propylpyridine, but observing that the methyl and
methylene resonances in d4-ethylpyridine are close to
those of ethylbenzene (51), we assume that the same
analogy would exist for the n-propyl compounds. We
therefore assign the lower field methylene resonance to

the carbon to the ring.

IV.5 Preparation of BF3 Adducts with Pyridine and

Alkylpyridines and Their NMR Measurements

Purified amines were dissolved in benzene (Fisher
Scientific analytical grade ) (v/v:1/6) and degassed

inside a 12 mm (o.d.) pyrex tube. Boron trifluoride was
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then introduced into the benzene solution by the conven-
tional gas-volumetric method to ensure a 10% excess of

boron trifluoride.

C-13 chemical shifts were measured for both the
neat pyridine and alkylpyridines in benzene and for the
BF3 adducts, with respect to benzene. The assignments
of chemical shifts for the adducts are quite similar
to those previously discussed. A special case arose for
the adduct formed by 2-methylpyridine., Apparantly the
C3 resonance was 'hidden' by the benzene peak, therefore
chloroform was used as a solvent and all resonances were

clearly assigned.

The pyridines-AlBr3 complexes were prepared the
same way. The AlBr3 used was first sublimed and then
added to the benzene solution containing the pyridine or
alkylpyridines. The preparation was carried out under
nitrogen inside a dry box to ensure that the complex
would not be hydrolysed. The solution containing the
complex was then transfered to a 12 mm NMR tube and

degassed.
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IV.6 Preparation of Adsorbate- Silica-Alumina Samples

for NMR Measurements

Most of these amines do not have an appreciable
vapor pressure at room temperature, so the preparation
of samples requires a special apparatus (Figure 4). The
oxide for NMR measurement was contained in 12 mm (o.d.)
pyrex tubes, which were then glass-blown to A. After
degassing procedure, the stopcock to A was closed. Mea-
sured amounts of adsorbates were put into compartment
B which was then degassed. The two compartments were
then brought into communication by opening all stopcocks
except C and were then equilibrated in an oven at 90°C
for at least an hour and then allowed to cool. In no
case was any liquid amine visible after this treatment,
and since the amount of gas phase amine would be negli-
gible, at the vapor pressure of the liquid, we could
assume that essentially all of the amines were adsorbed
on the solid sample. Water-treated samples were prepared
by the same technique, a measured amount of water being
added to the same compartment as the amine. Average
deviation in the measurement of transferred amines 1is

$0.05 moles/sq.m.
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All stopcocks are teflon-type with
silicone seal from Ace Glass Co.
Compartment B has a volume of about
0.5 ml,

Figure 4

Apparatus for the preparation of

samples.

37



IR R G oyt I RO

R it B

RN U T TR P Doy e e NGNS TR

38

Chemical shifts were measured relative to external
samples of the neat liquid amines, using a susceptibi-
lity correction determined from proton spectroscopy of

phsically adsorbed TMS (52), of 0.4 ppm downfield.

Spectra were run at temperatures ranging from amb-
ient (approx. 28°C) to 80°C. In general, narrower
lines could be achieved at higher temperatures. But
too high a temperature resulted in distillation of
adsorbate to the cooler regions of the sample tube. The
measurement was always at least twenty degrees below the
temperature at which visible liquid condensate appeared

on the cool regions of the sample tube.

A special sample was prepared for Ud-ethylpyridine
on pure silica gel at 0.91 monolayer. The silica gel was
a Davison Grade 923 product with a surface area of 560
sq.m. per gm. and an impurity of 0.05% Fe203. The NMR
spectrum was obtained in the same way as for other
samples. This experiment was designed to measure the
chemical shifts of physically adsorbed U4-ethylpyridine.

This assumption is valid since silica gel is believed
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to be inert and its interaction with weak base is not

stronger than hydrogen bonding (15,17,53), which is
applicable in our case in defining the physically sorbed
Yy-ethylpyridine on silica-alumina, because of the low

fraction of Al atoms in the surface structure. The

observed chemical shift for C2 is - 0.9 ppm and 1.5 ppm

for CU4 after susceptibility correction (52).

R chv: S o L RGN ST R 4
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Chapter V

Results and Interpretation

V.1 The Protonation Shifts of Some Alkylpyridines

Results of this experiment are tabulated in Table 1,
together with the susceptibility corrected cation shifts

and net protonation shifts.

The necessary susceptibility correction is 0.4 ppm
downfield. So although our data are measured up to *0.03
ppm from the digital resolution, we have to report the
data to 0.1 ppm, due to uncertainties in calculating

this correction.

Our measured chemical shifts for neat pyridines are
in good agreement with the literature values (17,18,19,
20). Slight variance exists for the alkylpyridines when
compared to those of Lauterbur (20) and then converted
to the TMS scale by Stothers (51). Our measurements are

constantly one ppm more upfield than his, except for
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j-ethylpyridine. This difference may be due to system-
atic error in his experiment, or in the necessary conver-

sion to the TMS scale.

Our observed pyridinium ion chemical shifts 1lie
somewhat between that of Pugmire and Grant (18) and
Lavallee et al.(19). This again may be due to systematic
errors since the older experiments were done by contin-
uous wave spectroscopy on a low frequency NMR spectrometer,
which is thought to be inaccurate. Also, there may be
some mistake in Lavallee's data, since methanol was used
as an internal standard and assumed not to be affected

by the H* or H,0 present.

Effects of methyl substitution on ring carbons are
additive as pointed out by Lauterbur (20). This is con-
firmed by our result of chemical shifts of neat pyridines
and alkylpyridines, as shown in Table 2. Thus the ring
carbons shifts of poly-methylpyridines can be predicted to
+ 0.2 ppm, by comparing the data for pyridine and mono-

methylpyridines.
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Unfortunately, the additive property is not observed
for the methylation , nor for the protonation shifts of
the alkylpyridinium ions. Thus if one determines methyl-
ation effects by comparing the pyridinium and monomethyl-
pyridinium ions, these figures fail to reproduce the Ci4
shifts of 2,6-dimethylpyridinium by 7 ppm and the C2

shift of 2,4,6-trimethylpyridinium ion by 6 ppm.

From the observation of the data, substitution at C2
tends to decrease the C2 protonation shift, and substi-
tution at CU4 tends to increase the C4 protonation shift.
The methyl groups only have an appreciable shift when

substituted at C2 and it is upfield in all cases.

The upfield protonation shift for C2 on pyridinium
ion is explained by Pugmire and Grant (18) as arising
from the decrease in N-C bond order upon protonation.
Thus, protonation serves to deshield the[} and'y’carbons
substantially while increasing the shielding at the Q
position. With a methyl substitution at C2, there will
be a O donation from the methyl group, with a subse-
quent decrease in the C—CH3 order. This could then
produce the upfield shifts for C2 and the methyl groups

as observed.
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This explanation may be oversimplified. Recent
molecular orbital calculations on N-15 chemical shifts
(54) reveal the same upfield shift for nitrogen from
pyridine to pyridinium ion. Their explanation is that
there is a change in excitation energy basing on the
evaluation of paramagnetic component of the screening
tensor. This argument may be applied to C2 and other
nuclei of the pyridinium ion to explain the "wrong" way

that the chemical shifts go.
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Table 1
C-13 Chemical Shifts of Pyridine and Alkyl-

Pyridines and Their Corresponding Cations (ppm)

Amine and Free Raw Cation Corrected Protonation
C-Atoms Amine Shifts Cation Shifts
Shifts wrt TMAC1 Shifts (£0.1 ppm)
wrt TMS wrt TMS
Pyridine
2 150.26 85.77 141.9 -8.3
3 123.96 72.17 128.3 b,y
4y 135.90 91.77 147.9 12.0

2-methylpyridine

2 158.60 98.18 154.3 -4.3
3 123.17 72.71 128.9 5.7
4 135.99 91.14 147.3 11.3
5 120.80 69.12 125.3 4.5
6 149.51 84.90 1411 -8.5
CH3 24.48 -35.92 20.2 -4.2
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Amine and Free
C-Atoms Amine
Shifts
wrt TMS

3-methylpyridine

2 150.71
3 133.15
y 136.21
5 123.30
6 147.33
CH3 18.14

J-methylpyridine

2 150.02
3 124.81
y 146.74
CH3 20.60

J.ethylpyridine

2 150.17
3 123.48
4 152.58

CH, 28.27

CHq 4.5

Raw Cation

Shifts

wrt TMAC1

85.
83.
92.
.U8

71

82.

=37

84

105.

-33.

84.
T1v.37
110.
-26.
=42,

15
4y

18

86

.37

.69
T2.

57
90
28

96

93

58
24

Corrected
Cation
Shifts

wrt TMS

1.3
139.6
148.3
127.6
139.0

18.8

140.9
128.7
162.1

22.9

141.1
127.5
167 .1
29.6
13.9

45

Protonation
Shifts

(0.1 ppm)

6.5
12.1
b.3
-8.3
0.7

15'3
2.3

4.5

1.3
-‘005
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Amine and Free Raw Cation Corrected Protonation
C-Atoms Amine Shifts Cation Shifts
Shifts wrt TMAC] Shifts (£0.1 ppm)
wrt TMS wrt TMS

Yy_n-propylpyridine

2 150.08 84.90 1.1 ~9.0
3 124.02 71.94 128.1 4.0

4 150.98 109.65 165.8 14.8
QCH, 37.30 -18.03 38.1 0.8
(3cH, 23.75 -32.84 23.3 -0.4
CHg 13.74 -42.30 13.9 0.1

f-t-butylpyridine

2 149.93 84.95 141.1 -8.8
3 120.48 68.98 125.1 4.7
Y 158.99 117.08 173.2 14,3
-é- 34,35 -19.37 36.8 2.4
CHg 30.39 -26.09 30.1 -0.3

1 2,6-dimethylpyridine
; 2 157.71 90.62 146.8 -10.9
3 119.90 69.46 125.6 5.7
%’ y 136.20 97.55 153.7 17.5
CHoq C2b.45 -36.22 19.9 -4.5
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Amine and Free Raw Cation Corrected Protionation

C-Atoms Amine Shifts Cation Shifts
Shifts wrt TMAC1 Shifts (+0.1 ppm)
wrt TMS wrt TMS

3,5~-dimethylpyridine

2 147 .86 82.74 138.9 -9.0
3 132.37 82.35 138.5 6.1
Y 136.71 92.35 148.5 11.8
CHj 17.99 -37.58 18.6 -0.6
2,4,6-trimethylpyridine
2 157 .49 96.35 152.5 -5.0
3 120.81 69.90 126.1 5.3
4 146 .67 104,49 160.7 14.0
CH3(2,6) 24.28 -36.55 19.6 4.7
CH3(U) 20.56 -33.79 22.4 1.8

Note : The protonation shifts are obtained from
difference of free amines and the cation
shifts. Minus sign indicates an upfield
shift.

See text for estimate of uncertainties.
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The Effects of Methyl Substitution on Ring C-13

Magnetic Shieldings in Pyridines (in ppm)

Methyl

Position

=W w N

= w o w D

Ring Carbon Positions

2

3 y

Ortho Effect

- 0.8
- 0.9

- 0.8 =-==--
= 1.0 =—-m--
----- + 0.3
————— + 0.5
+ 0.9 —===-
+ 1.0 ===--

Methyl Derivatives

2-methylpyridine
2,6-dimethylpyridine
3-methylpyridine
3,5-dimethylpyridine
J-methylpyridine

2,4,6-trimethylpyridine

2-methylpyridine
2,6-dimethylpyridine
3-methylpyridine
3,5-dimethylpyridine
Yomethylpyridine

2,4,6-trimethylpyridine
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Methyl Ring Carbon Positions Methyl Derivatives
Position 2 3 Yy

Para Effect

2 me——- - 3.1 —=me—- 2-methylpyridine
2 m=——- - 3.3 —e-e- 2,6-dimethylpyridine
3 - 3.0 —--mee em——- 3-methylpyridine
3 - 2.8 c-eee mceee- 3,5-dimethylpyridine

Direct Substitution Effect

2 + 8.4 e emee- 2-methylpyridine

2 + 8.3 cmemee amea- 2,6-dimethylpyridine

K J + 9.2 ~---- 3-methylpyridine

S —— + 9.1 ~-=—- 3,5-dimethylpyridine

L bt +10.8 Y-methylpyridine

Yy  edcee e +10.4 2,4,6-trimethylpyridine

Note: sign notations same as in Table.1.

SRR R AN R T




V.2 The Coordination Shifts of Some Alkylpyridines

Results of this experiment are collected in Table 3,
together with the adduct shifts and the net coordination
shifts. Adduct shifts formed with AlBr3 are collected in
Table 3A, for pyridine, 2,6-dimethylpyridine and 4-ethyl-
pyridine. The observed chemical shifts were then con-
verted to the TMS scale from the 128.49 ppm we observed

for benzene downfield from TMS.

The associated uncertainty in the reported data is
+0.03 ppm. It is different from that of the protonated
case, because benzene is used as internal reference and

no susceptibility correction is required.

There is slight variance between the chemical shifts
of the adducts formed with BF3 and AlBr3. Basically, it
is due to the fact that bromide is a bulky group, so it
will lessen the strength of the bond formed between
aluminum and nitrogen. Thus this steric hindrance will
induce a charge on nitrogen that is less positive than

that would be formed from BF3 and thus a stronger bond
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order in the N-C bond with the result of a smaller
upfield shift for C2 on pyridine and 2,6-dimethyl-
pyridine, which, in this case, even the 0 donation from
the methyl group will not have much effect on the C2
shift. It is interesting to note that the magnitude of C4
shift is higher in the AlBr3 adducts than those of the
BF3 adducts. Apparently, C4 is more deshielded in the

former compound due to the same argument given above.

As could be observed, the upfield C2 coordination
shift is smaller than the corresponding protonation shift
for the 2-substituted alkylpyridines, by 2.1 ppm for
2-methylpyridine, 11 ppm for 2,6-dimethylpyridine and
4.3 ppm for 2,4,6-trimethylpyridine. The explanation is
that, for the cation species, we have a full positive
charge at the nitrogen atom, while only a partial
positive charge for the adducts. Thus the decrease in
N-C bond order is bigger in the case of cation species,

and therefore the observation.
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While this electrostatic reasoning may contribute
to the total effect, the mechanism for the C-13 shift
given earlier for the protonation shift may still apply
in this case, that is, the change in paramagnetic con-

tribution in the screening tensor may still be dominant.

In general, the trend that is observed in the pro-
tonated species still applies to the adduct species, e.g.
the decrease in the C2 shift as methyl group is subs-
tituted there. As could be seen in Table U4, the additive
properties of methyl substitution is not observed

also for the BF3 adducts.



Table 3

C-13 Chemical Shifts of the BF3 Adducts formed with

Pyridine and Its Alkyl Derivatives.

Amine and Free Amine BF3 Adduct Coordination
C-atoms Shift wrt Shift wrt Shift (ppm)
TMS (ppm) TMS (ppm)
Pyridine
2 150.17 142.94 - 7.23
3 123.54 126.00 2.46
it 135.34 142.80 7.46

2-methylpyridine

2 158.56 156,42 - 2.14
3 122.90 128.51 5.61
| 4 135.61 142.55 6.94
5 120.52 122.88 2.35
6 149.49 143.51 - 5.98

CH3 24 .46 20.91 - 3.55
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Amine and Free Amine BF3 Adduct Coordination
C-Atoms Shift wrt Shift wrt Shifts (ppm)

TMS (ppm) TMS (ppm)

3-methylpyridine

2 150.71 143.38 - 7.33
3 132.86 136.96 4.10
y 135.86 140.10 h.24
5 123.01 125.47 2.46
6 147.32 142.96 - 4.36
CH3 17.97 17.62 - 0.35

4-methylpyridine

2 150.14 142.14 - 7.89
3 124 .51 126.61 2.10
y 146 .24 156.36 10.12
CH3 20.49 20.89 0.40

4-ethylpyridine

2 150.14 142.14 - 7.89
3 123.22 125.32 2.10
y 152.18 161.64 g.46
CH, 28.10 28.22 0.12

CHgy ’ 14.27 13.12 - 1.15



Amine and Free Amine BF3 Adduct Coordination
C-Atoms Shift wrt Shift wrt Shifts (ppm)

TMS (ppm) TMS (ppm)

J-n-propylpyridine

2 150.12 142.50 - 7.62
3 123.82 125.82 2.00
Y 151.13 160.30 9.17
QcH, 37.14 37.04 - 0.10
(3cH, 23.51 22.72 - 0.79
CHg 13.64 13.36 - 0.28

Yy-t-butylpyridine

> 150.23 142.75 - 7.48
3 120.56 121.73 1.17
" 159.02 168. 27 9.25

-é_ 34.28 30.29 -~ 3.99

CHy 30.36 29.59 - 0.77

2,6-dimethylpyridine

2 157.82 157.90 + 0.08
3 119.83 126.16 6.33
4 136.07 141.08 5.01

CH3 : 24 .41 23.58 - 0.83




Amine and Free Amine BF3 Adduct Coordination
C-Atoms Shift wrt Shift wrt Shifts (ppm)

TMS (ppm) TMS (ppm)

3,5-dimethylpyridine

2 147.90 140.41 - T7.49
3 132.19 136.08 3.89
4 136.58 143.57 6.99
CHs 17.86 18.47 0.49
2,4,6-trimethylpyridine
2 157.59 156.92 - 0.67
3 120.88 127.18 6.30
4 146 .65 154.08 7.43
CH3(2,6) 24,26 23.22 - 1.04
CH3(4) 20.35 20.16 - 0.29

Note: notations same as in Table.1.

See text for estimate of uncertainties.
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Table 3.A
C-13 Chemical Shifts of the AlBr3 Adducts formed with

Some Alkylpyridines

Amine and Free Amine AlBr3 Adduct Coordination
C-Atoms Shift wrt Shift wrt Shift (ppm)
TMS (ppm) TMS (ppm)
Pyridine
2 150.17 146 .55 -3.62
3 123.54 126.30 2.76
y 135.34 144,62 9.28

h_ethylpyridine

2 150. 14 145.58 -4.56
3 123.22 125.67 2.45
4 152.18 163.21 11.03

CH, 28.10 28.84 0.74

CHsq 14.27 13.28 -0.99

2,6-dimethylpyridine

2 157 .82 159.97 2.15
3 119.83 126.30 6.43
y 136.07 142.98 6.91

CH3 ' 24 .41 27 .66 3.25
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The Effects of Methyl Substitution on Ring C-13 Magnetic

Shieldings in Pyridines-BF3 Adducts

Methyl

Position

= w o w

Ring Carbon Position

2 3

Ortho Effect

- + 2.5
---  + 3.3
0.4 ————
2.6 —--e-
-— + 0.6
-— + 1.0

Y

- —

Methyl Derivatives

2-methylpyridine
2,6-dimethylpyridine
3-methylpyridine
3,5-dimethylpyridine
Y-methylpyridine

2,4,6-trimethylpyridine

2-methylpyridine
2,6-dimethylpyridine
3-methylpyridine
3,5-dimethylpyridine
f-methylpyridine

2,4,6-trimethylpyridine



Methyl Ring Carbon Positions
Position 2 3 4
Para Effect
2 =—e=- - 3.1 mee—-
2 em—e—- - 2.3 me——-
3 0.0 ===== = —=ee-
3 - 3.0 e et
Direct Substitution Effect
2 +13.4 ———— | mm———
2 +14.4 e —eeee
3 ee-—- +11.0  —ee--
3 em——- +10.6 = —-—=-
4 = emmme aeee- +13.6
L e +13.0
Note: notations same as in Table.2.
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Methyl Derivatives

2-methylpyridine
2,6-dimethylpyridine
3-methylpyridine

3,5-dimethylpyridine

2-methylpyridine
2,6-dimethylpyridine
3-methylpyridine
3,5-dimethylpyridine
4-methylpyridine

2,4,6-trimethylpyridine

( ) indicates substitution at the carbon atom.
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V.3 Investigation of Surface Acidic Sites on Silica-

Alumina

V.3.A. Choice of Probe Gas

The importance of a probe gas in the investigation
of surface acidic sites has been pointed out earlier.
The basic criteria in the choice of a probe gas are, in
our NMR study, first, large chemical shifts upon adsor-
ption on surface with respect to the neat liquid or gas.
Secondly, the NMR spectra of the adsorbed probe gas have
to give good resolution and signal to noise (3/N) ratio
with the minimum accumulation of data (since spectrometer
time and associated machinery are costly). Thirdly, and
probably the most important, is that the probe gas should
be able to differentiate a Lewis acid site from a Bronsted
type acid site. Not many probe gases used in the past
satisfy all the requirements. 2,6-di-t-butylpyridine has
been used to differentiate the Lewis acidic sites as was
done by Dewing et al.(55). Their infrared observations
show that 2,6-di-t-butylpyridine can displace coordin-

ately bound (to Lewis site) pyridine from an alumina
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surface. They also suggest that the amine was bonded to
electron-deficient oxygen species rather than the usually
accepted model of coordination direct to an exposed A13*+,
However, Dewing's paper is a controversial one. Other
workers claim that 2,6-dimethylpyridine or 2,4,6-tri-
methylpyridine does not bond to Lewis sites for steric

reasons (56,57).

Pyridine has been used widely in literature for
the investigation of surface acidic sites especially
in infrared studies, as was documented by two text books
(58,59) and numerous papers. From our previous study
(17) and this one, pyridine is concluded not to be an
ideal probe gas in C-13 NMR studies. Typical C-13 NMR
spectra of pyridine adsorbed oh silica-alumina are
shown in Figure 5, at 0.52 and 0.76 monolayer resp.

As is evident, the C4 resonance is lost in the back-
ground noise (or hidden under the huge C2 resonance)
and both the C2 and C3 resonances do not have good re-

solution.



Caption
Figure 5.A. Carbon-13 spectrum of pyridine
adsorbed on silica-alumina at 0.52
monolayer, run at 90 deg C. 15,000
scans.
Figure 5.B. Carbon-13 spectrum of pyridine
at 0.76 monolayer, run at 90 deg C.

15,000 scans.
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Figure 5.A.
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As indicated in our previous study (17), the total
number of acidic sites is related to the observed
chemical shifts and total coverage (or total number
of adsorbed molecules). Total coverage is always
known, but difficulty in assigning the resonances would
lead to uncertainty in the observed chemical shifts
with a subsequent error in the calculation of total
acidic sites. Therefore, pyridine is not suitable

for our study.

For similar reasons, the assymetric mono-methyl-
pyridines were not used. Since all five ring carbons
are not equivalent, it will be difficult to resolve all
resonances (since the ring carbons shift to different
directions upon protonation or coordination as shown in
Tables.1 and 3). Possibly , the C2 and C6 resonances
will be relatively broad due to N-14 quadrupole coupling
and be distinguished, but their broadness will also
'hide' the C4 resonance. C3 and C5 resonances could be
assigned relatively easily due to their positions in the
spectrum. But when the amine is adsorbed on the surface,
these resonances will lead-to a complicated spectrum due
to the different chemical changes. So they are not good

choices either.
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The spectra of 2,6-dimethylpyridine and 3,5-di-
methylpyridine are shown in Figures 6 and 7. For 3,5-
dimethylpyridine, the C2 and C4 resonances are so close
together that they can't be resolved. From the spectra
of 2,6-dimethylpyridine, it seems to be a good choice
since all resonances are relatively narrow except the C4
resonance which has a low S/N ratio, and is relatively
broad. Table 5 lists the observed chemical shifts of all
the carbons of 2,6-dimethylpyridine upon adsorption on
silica-alumina at various coverages. But due to the small
C2 and C4 chemical shift changes, 2,6-dimethylpyridine

was not studied in detail.
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Caption
Figure 6.A. Carbon-13 spectrum of 2,6~
dimethylpyridine at 0.80 monolayer on
a water-treated silica-alumina.

100,000 scans at 80 deg C.

Figure 6.B. Carbon-13 spectrum of 2,6~
dimethylpyridine at 0.82 monolayer on
a non-treated silica-alumina.

100,000 scans at 80 deg C.
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Figure 6.A.
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Caption
Figure 7.A. Carbon-13 spectrum of 3,5-
dimethylpyridine at 0.70 monolayer on
a water-treated silica-alumina.

300,000 scans at 80 deg C.

Figure 7.B. Carbon-13 spectrum of 3,5-
dimetnylpyridine at 0.70 monolayer on
non-treated silica-alumina.

250,000 scans at 80 deg C.
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0.58
0.70
0.82

0.90
0.58
0.69

0.80

Note:

Table 5

Chemical Shift of 2,6-dimethylpyridine

on Silica-Alumina

yer Coverage Chemical Shifts
fLmole/sq.m. c2,6 C€3,5 Ci CH3
Non-Water-Treated
2.38 0.1 1.3 1.0 -1.9
2.89 0.2 2.0 2.2 -1.7
3.36 0.0 1.4 2.1 -1.5
3.68 0.0 1.7 -0.1 =1.4
Water-Treated
2.38 -0.6 1.9 2.7 =1.9
2.82 -0.4 1.9 2.7 =2.0
3.30 -0.3 2.5 2.8 -1.6
All spectra were taken at 80 deg C

Chemical shifts
the observed sh
The water-treat
introduction of
Minus sign in f

upfield shift.

were obtained by subtracting

ift from that of neat liquid.

ed sample was prepared by
3.6;Lmoles Hy0/sq.m.

ront of chemical shifts shows

Average deviation is + 0.3 ppm.
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From Tables 1 and 3, the C2 and Cd4 on U-ethyl-
pyridine have large chemical shifts upon protonation
and when coordinated to BF3 and AlBr3 , SO it seems
to be a good candidate as a probe gas. Also, the C2
protonation and coordination shifts are relatively
close, -9.1 and -7.8 ppm respectively, we may be able to
obtain information out of this result. Typical spectra
of U4-ethylpyridine adsorbed on differently prepared

silica-alumina are shown in Figures 8 and 9.

In general, the three sets of ring carbons and the
methyl resonances are well resolved. The CH, resonance
is broad and has a low S/N ratio. Detailed study on
J_ethylpyridine adsorbed on silica-alumina is given in

the next section.



Caption
Figure 8 Carbon-13 spectrum of Y-ethyl-
pyridine at 0.55 monolayer on water-
treated silica-alumina.

75,000 scans at 80 deg C

Figure 9 Carbon-13 spectrum of Y-ethyl-
pydidine at 0.53 monolayer on non-
treated silica-~alumina. 15,000 scans

at 80 deg C. (same figure as 3.B.)
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V.3.B Elucidation of Concentration of Surface Acidic

Sites on Silica-Alumina

Tables 6 and 7 lists the observed chemical shifts
of all carbons on H4-ethylpyridine when adsorbed on
water-treated and non-treated silica-alumina surface
respectively. For assignment of uncertainty and check
for reproducibility of data, NMR spectra were repeated
for one of the samples from each category. In general,
the average deviation for C2 is +0.2 ppm and +0.3 ppm
for C4, This large deviation is due, partly, to the time
taken for each NMR run, during which the magnetic field
may have drifted. The NMR spectrum of the reference amine
was run before and after each experiment to measure the
average drift of chemical shifts, which amounts up to

+0.4 ppm depending on the length of run.

The non-water-treated silica-alumina samples were
degassed at about 270 deg C and 420 deg C separately as
illustrated in Table 7. There is no apparent difference
between them, because the uncertainty in assigning the

chemical shifts to each resonance peak ranges from 0.2 ppm
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to 0.3 ppm. It is interesting to note that in Table 7, the
chemical shifts of both C2 and Cd4 remain practically the
same from 0.45 to 0.69 monolayer. This is the main

reason why the plot of observed chemical shift versus
inverse of coverage (see below) is so scattered. This
observation is similar to that for 2,6-dimethylpyridine
(from Table.5). One can actually see some sort of a
maximum for the CU chemical shift when the coverage

of 2,6-dimethylpyridine on silica-alumina is from 0.7

to 0.8 monolayer.



0

a

Monola
g
0.17
0.27
0.45
0.55
0.55
0.69

0.91

Note:
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Table 6
bserved Chemical Shifts of Ud-ethylpyridine

dsorbed on Water-Treated Silica-Alumina

yer Coverage Chemical Shifts
fLmole/sq.m. c2,6 €3,5 cCH4 CH, CHs
0.71 -7.6 3.1 8.9 -~0.6 -1.4
1.11 -4.4 1.9 6.5 -1.2 -1.8
1.88 -4.3 2.1 5.5 -0.0 -1
2.70 -4.4 1.9 5.4 -0.3 -0.8
(*) 2.70 4.1 1.3 6.2 -0.4 -1.9
2.88 -3.9 1.4 5.3 =0.5 -1.6
3.81 -1.9 1.6 3.9 -0.8 -1.3
All notations same as Table.5

Degassing temperature at 240 to 265 deg C
(*#) indicates a rerun of the same sample.

Average deviation in chemical shift + 0.3 ppm
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Table 7
Observed Chemical Shifts of 4-ethylpyridine

adsorbed on Non-water Treated SiOz-A1203

Monolayer Coverage Chemical Shift (ppm)
g jLmole/sq.m. c2,6 3,5 CH4 CHy,  CHg

Degassed at 260-285 deg C

0.40 1.71 -3.2 2.5 3.8 1.3 -1
0.53 2.22 -2.2 2.6 3.5 0.4 -1
0.77 3.22 -1.1 1.9 3.1 0.0 -0
0.91 3.78 -2.0 0.7 2.9 ~1.8 -1
0.91 (%) 3.78 -1.9 0.6 3.3 -1.3 -1

Degassed at U422 deg C

0.58 2.41 -2.9 2.0 4.1 -0.3 -1.
0.76 3.17 -2.1 1.2 3.0 -1.2 -1.
0.91 3.78 -1.5 1.5 2.5 -0.4 -0.

Note : All notations same as previously described.

Average deviation in chemical shift + 0.3 ppm

(A
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The water introduced into the water-treated
silica-alumina ranged from 3.12 to 3.85 ;Lmole/sq.m.
The amount of water adsorbed will be sufficient to
rehydrate the oxide surface with the formation of
SiOH type structure as pointed out by Schreiber and
Vaughan (32). There will also be an inversion of acid-
site densities. Parry (22) and Basila et al.(28) found
that the Lewis site concentration decreases and the
Bronsted site concentration increases upon rehydrat-
ion. This inversion is believed to be due to the

conversion of Lewis sites to Bronsted sites.
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V.3.C. Interpretation: Linear Model 1.

From previous results in this laboratory (17,53),
we concluded that observed chemical shifts reflect the
concentration of surface sites. From solution data
(Tables 1 and 3), we observed that the protonation and
coordination shifts of the C2 on U-ethylpyridine are
close together (-9.1 and -7.8 ppm respectively). Thus
we can assume an average acidic shift for both. If this
is done, then the C2 shift of U4-ethylpyridine could be
shown to reflect the concentration of total acidic sites
on silica-alumina because it will give the same average

shift when adsorbed on a Bronsted or a Lewis site.

If we furthur assume that the observed chemical

shifts relate to coverage as in (17), we can write

(V.1) «c2 _ N+ qC2 L «C2 NN C2
Sobs_nT 8+ + Ny 8[. + Ny 8N

where 88&; is the observed C2 chemical shift, 3? , the
protonation shift for C2, EZ, the coordination shift

of C2, ny the total moles of molecules adsorbed onto

the surface,n,, the number of moles of amines bonded
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to Bronsted sites, ny, the number of moles of amines
bonded to Lewis sites and ny, the number of moles of
amines physically adsorbed on the surface (or to non-
acidic sites). And finally &G% , the chemical shift
that would be obtained for C2 for physically adsorbed
J-ethylpyridine molecules (which is equal to -0.9 ppm

--- the data from Si0O, experiment).

Notice that this model assumes:

1) The number of Bronsted and Lewis acidic sites are
fixed on the surface of silica-alumina.

2) The probe gas (U4-ethylpyridine) either interacts with
an acidic site or doesn't (i.e. to a non-acidic site).

3) The observed chemical shift is a weighted average of
the populations of 4-ethylpyridine interacting with
Bronsted, Lewis or non-acidic sites.

4) Chemical shifts of these three kinds of 4-ethylpyri-
dine molecules are given by values with BF3 adducts
( &L ), aqueous HCl ( &4 ) and with Si0, ( Sy )

respectively.
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Using these assumptions and assuming that the 8+
and 3 can be averaged to give a total acidic shift
of -8.5 ppm, [V.1] becomes

[V.1.A]

Na + NL
Sobs -85 |\—m

Nt Ny

Since the sum of (n++nL) should give the total
number of moles of U-ethylpyridine bonded to acidic
sites (ny) and from Assumption.2 ny would be given by
the sum of np+ny, after simple algebra, we would get
(v.2] nA

Nr
Substituting data from Tables 6 and 7, we will obtain

Tables 8 and 9.
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Table 8
Fraction and Number of Moles of

Acidic Sites for Non-treated

Surface.
Coverage Sgbzs fp=np/ny np(umole/sq.m)
pmole/sq.m (x0.2) (£ 0.04) (+ 0.2)
1.71 -3.2 0.30 0.5
2.22 2.2 0.17 0.4
3.22 -1.1 0.03 0.1
3.78 -2.0 0.14 0.6
3.78 -1.9 0.13 0.5
2.41 -2.9 0.26 0.6
3.17 ~-2.1 0.16 0.5
3.78 -1.5 0.08 0.3
Average = --- (%) 0.U4

Note: (*) denote no average can be taken.

See text.



Table 9
Fraction and Number of Moles of
Acidic Sites for Water-treated

Silica-alumina

Coverage Sgbzs fa=np/ny np(umole/sq.m.)
fmole/sq.m (£0.2) (+ 0.04) (+ 0.2)
0.71 -7.6 0.88 0.6
1.11 =-4.4 0.46 0.5
1.88 -4.3 0.45 0.8
2.70 -4.4 0.46 1.2
2.70 -4.1 0.42 1.1
2.88 -3.9 0.39 1.1
3.81 -1.9 0.13 0.5

Average = -——=(%*) -——=(%)

Note: (*) denote no average can be taken, see text.
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The values obtained in Table 8 are almost con-
sistent except the anomalous values of f,= 0.03 and
np= O.1}Lmole/sq.m. While for Table 9, abnormality is
observed, which is not found in Table 8. The apparent
increase in ny values from coverage of 0.71 to 2.70
fLmoles/sq.m. is of course due to the region of almost
constant chemical shift changes. Viewed at face value,
one might say that in this region, n,/n¢ is controlled
by an equilibrium, rather than by the total number of
acidic sites. This would imply a substantial amount of
weak acidic sites (of'the approximate strength of U-
ethylpyridine) to be present on the surface, which is
at variance with previous results (12). Therefore we
could conclude at this stage that n, = (0.440.2)

fLmoles/sq.m. for non~treated silica-alumina and no value

for the water-treated surface. However if the uncertainty
is increased to * 0.4, then n, for the water-treated

samples can be averaged as (O.9i0.4)fLmoles/sq.m.

Qur primary goal is to elucidate the concentration
of each type of acidic sites separately. Apparently,
we are limited by Model 1 that only the total acid
sites are found. That is how Model 2 differs from

the above---we actually have more than one parameter.
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V.3.D. Linear Model 2

As could be seen in Tables 1 and 3, the C4 shifts
of 4-ethylpyridine upon protonation and coordination
are quite different (14.5 and 9.5 ppm respectively).
The observed C4 chemical shift of U4-ethylpyridine when
adsorbed on silica-alumina never exceeds the protonation
shift nor the coordination shift even at (.17 monolayer
(a very low coverage indeed). So we could assume that
the amount of adsorbed 4-ethylpyridine exceeds all
available acid sites on the surface. If tlis is the
case, then we could assume that the observed chemical
shift is an average shift of the rapidly exchanging
J-ethylpyridine molecules among the acidic sites and
the non-acidic sites (where we would observe physically
adsorbed 4-ethylpyridine). If this assumption is valid
and with the four basic assumptions listed for Model 1,
we could relate the fractional number of protonated
molecules (f, ), fractional number of coordinated mole-
cules (fL) and fractional number of physically adsorbed
molecules (fy) by

4 ca Ca Ca
[v.3] 8&,5 = O4fy + O fL + N TN
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where Ssbt is the observed CHU chemical shift and 8$4
is the observed protonation shift, 8E4, is the observed
coordination shift, and Sﬁ4 is the C4 chemical shift
that would be observed for physisorbed U4-ethylpyridine,
which is equal to 1.5 ppm from previous argument for

Sﬁzvalue.

Further assuming that the previous calculations may
not be correct, i.e. by assuming that the observed C2
chemical shift reflects the total acidity, we can then
write a similar equation as [V.3] relating C2 chemical
shifts as
(v.u1 852 = 8%, + SC3r + 8 fy
with the same notations. Substituting 8+and SL values
for C2 and CU4 from Tables 1 and 3 and Jy values from
the data of adsorbed U4-ethylpyridine on silica, we can

then re-write [V.3] and [V.4] as

ca

[V.3.A] Saps = 14.5 £+ 9.46 £+ 1.5 fy
c2

(v.u.al §S2 = -9.1 £,-7.89 ;- 0.9 fy

Adding and subtracting [V.3.A] and [V.4.A], we get

c4 c2
[v.5.A] obs + obs = 1.57 f'L+ 5.4 f'++ 0.6 f'N
c4 c2

[V.5.B]

bs ~ Ogps =17:35 £1+23.6 £ + 2.4 fy
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We know that f_, the fraction of protonated
molecules, is equal to
[V.6.A] f, = n,/ng
and similarly
[V.6.B] f, = n /np and
[V.6.C] fy = ny/ng
where n_, np and ny are the number of moles of
protonated molecules, coordinated molecules and

physisorbed molecules respectively, and nr is the

total moles of chemisorbed b-ethylpyridine.

Also, we know that

[v.71] np = N, + N

+
where n, is the total mole of acidic sites, and

(v.8] np = np + ny

based on the assumption that the adsorption sites are
of two kinds only: acidic and non-acidic, and that the

acidic sites are of two kinds: Bronsted and Lewis types

only.
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Substituting [V.61, [V.7], and [V.8] into [V.5.A]

and [V.5.B], we arrive at

(v.9.03 §52 +§S2 = 1/ngl 0.97xny+ 3.83xn,
(v.9.8) §  -§ 55 = 1/npl14.95xn,+ 6.25xn,

With each datum from Tables 6 and 7 for
treated and water-treated surface, we have a
simultaneous equations, that we could solve.

are shown in Tables 10 and 11.

1 + 0.6
] + 2.4

the non-
pair of

The results



Table 10
np and n, values for non-treated
silica-alumina surface
ce c4
8@5 80b5 nr Np n,
(%Lmoles/sq.m.)

-3.2 3.8 1.71 (%) _——
-2.2 3.5 2.22 0.4 0.3
-1.1 3.1 3.22 (*) -
-2.0 .9 3.78 0.6 0.2
-1.9 3.3 3.78 (%) -—
-2.9 4.1 2. 41 0.7 0.2
-1.9 3.3 3.17 0.5 0.1
-1.5 2.5 .78 (%) -—-

Average = 0.6 0.2

Note: Deviations for n, and n = j;O.Z%Lmoles/sq.m.
(*) denotes rejected values i.e. n,>n, or
values of ny which lead to negative values of

ny



Table 11
np and n, values for water-treated

silica-alumina surface

5% 8%
(;Lmoles/sq.m.)

-7.6 8.9 0.71 (%) -—-
-4.4 6.5 1.11 0.5 0.3
-4.3 .5 1.88 0.9 0.1
-4.4 A 2.70 (%) -—-
-4.1 6.2 2.70 1.1 0.8
-3.9 5.3 2.88 1.2 0.3
-1.9 3.9 3.81 (%) -
Average = 0.9 0.4

Note: Deviations for nj, and n_ = + 0.2 moles/sq.m.

Other notations same as in Table 10.
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The above calculation is more realistic in the
sense that it only assumes that the observed chemical
shifts (of C2 and CH) are average shifts of the rapidly
exchanging U4-ethylpyridine molecules among all the
acidic and non-acidic sites, which is valid from pre-

vious publications of this laboratory (17,54).

However, as could be observed from Tables.10 and
11, only 50% of the results are physically meaningful
(the others are all rejected due to non-physical char-
acteristics: n_ values less than n, values etc.)
This anomalous trend is again, a reflection of the

fluctuating chemical shifts observed with respect to

coverages.

We could summarize our results with comparison to

literature values as follows in Table.12.

We notice that our values for the non-treated sam-
ples fall quite close to the literature values for both
total acidic sites and Bronsted sites concentration, but
not for the water-treated samples. This may arise from

some defects in our models.



Table 12
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Elucidated total acidic sites (NA)

and number of protonated sites (N,)

Groups

Schwarz (61)

Basila & Kantner
(28,30)

Scokart et al.
(62)

Clark & Holm
(60)

Qurs

Model 1

Model 2

Note: rehyds=

Total Acidic
Sites x 1013
per sqg.cm.
3.4
3.3(rehyd)

12.4

3.5

2.4
5.4(rehyd)
3.6

5.4(rehyd)

rehydrated samples.

Bronsted

Sites x1013

per sqg.cm.
1.1
2.3(rehyd)

1.8

1.2

2.4(rehyd)
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V.3.E. Defects in the Models.

The flaw in these two linear models and the four
basic assumptions are demonstrated by the following
observations: first, some data in Tables.6 and 7 lead
to negative amounts of Lewis acid in Tables.10 and 11.
Secondly, in case of water-treated samples, total acid
appears to increase with coverage. This is caused by
the nearly constant chemical shift changes for coverage
from 1.1 to 2.9}Lmole/sq.m. And thirdly, total concen-
tration of acidic sites seems to increase with added
water. One would have expected that there is a conver-
sion of Lewis sites to Bronsted sites with total acid

concentration constant (22,28,30,61).

Apparently, both of these two linear models are
not applicable in the present observation on silica-
alumina. Plots of observed C2 and C4 chemical shifts
from Tables 6 and 7 versus the inverse of coverages
are shown in Figures 10 and 11. In general, the plot
of C4 vs 1/coverage is quite linear after least square

fit, except for the non-treated samples. The two degas-



Figure 10 Plots of Observed C2 Chemical Shifts
versus 1/Coverage for Non- and Water-Treated
Silica-Alumina Surface.
0.5 1.0 1.5
. _14

(ymoles/sq.m.)

— xHQO—treated

o _.I
ONon-Treated degassed at 260 ¢

Non—Tr-eated degassed at 422 C
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Figure 11 Plots of Observed C4 Chemical Shifts
versus 1/Coverage for Non- and Water-Treated
Silica-Alumina Surface.
(ppm)

X Water-Treated

O Non-Treated degassed at 260 C
; 0O Non-Treated degassed at 422 C

(umoles/sq.m.)'1

0.5 1.0 1.5
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sing temperature (at 260 and 422°C) seern to have some
effects on the observed chemical shifts. and the scat-
tering of data points is not compensated by the errors
associated with the observed chemical shifts. While for
the C2 plot, there is a clear deviation from linearity.
For tne water-treated samples, the points on the graph
clearly demonstrate a sigmoidal characteristic, and

it may be too optimistic to try to fit a straight line
through them., The data points for the non-treated sam-
ples also show a poor fit for a straight line. More
data points on the observed C2 and C4 chemical shifts
are required for a clear demonstration of the shape of
the curve for both plots. However due to instrumental
and time limitations, this is not possible, the reasons

being given earlier under Apparatus in Chapter 1IV.

Based on the above discussion, the system of ad-
sorbed Ud-ethylpyridine on silica-alumina seems more
complex than predicted by earlier studies (17) from
this laboratory and other similar studies in the liter-
ature using other physical techniques (titration or IR
study). Apparently a more complex mathematical model 1is
required to express the dependence of observed chemical

shifts on coverages, if such relationship exists.
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The few possibilities why this linear correlation
breaks down may be due to the following
(1) There is an equilibrium reaction of the acidic
sites on the surface with the amine. Although silica-
alumina is believed to have strong acidity, yet recent
titration experiments by Damon et al.(6U4) registered a
distribution of acidic sites with varying acid strength.
Refering to Damon's data, the acid strength for our
sample could range from 4.75 to -6.63. The possible
implications are:
i) Since we didn't observe separate resonance lines for
each carbon, therefore the observed chemical shift
is an average of all populations of 4-ethylpyridine
interacting with sites of different acid strength
with different equilibrium constants, which is
believed to yield the fluctuating chemical shifts
changes that were observed.
ii)The different chemical shift changes observed for the
same sample when measured again could be a direct
result of this equilibrium, ignoring different

experimental and instrumental conditions.
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Although the above discussion may seem reasonable,
no quantitative justification could be obtained due to
the unknown nature of the surface of this catalyst. But
one thing for sure is that if such equilibrium exists,
it may be wholly responsible for the fluctuations in

the observed chemical shifts.

(2) Another possible defect would be the assignment of
coordination shift. As could be seen in Tables.3 and 3A
the coordination shift of the BF3 and AlBr3 adducts
with 4-ethylpyridine are significantly different. Again
these data are different from other sources such as
those of Lavallee et al.(19) who measured the chemical
shifts of pyridines coordinated to Rh(III) and Co(III),
and Cushley et al.(65) who measured chemical shifts

of aromatic N-oxides.

These differences in coordination shifts may reveal
the difference in steric hindrance and acid strength of
the Lewis acid sites on silica-alumina. We may specu-
late that at low coverage, the adsorbed amine would be

coordinated preferentially to sites with less steric
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hindrance (BF3 type) and then to greater steric hin-
drance sites (AlBr3 type) as coverage increases. This
may be represented by a transition in the observed
chemical shifts on the plots shown in Figures. 10 and

11 with a sigmoidal shape curve.

If this speculation is valid, the model expressing
the relationship between chemical shifts and coverages
will be more complex because now it contains more terms
(i.e. the fractional population of amines bonded to
different Lewis sites with varying steric hindrance

and acid strength).

While the assignment of coordination shift for the
adsorbed amine is questionable, the assignment of pro-
tonation and physisorption shifts seem reasonable., In
view of recent studies (53,56) and older ones (22,28)
that the chemical shifts of protonated adsorbates are
the same as those observed in acidic solution, therefore
the assignment of protonation shift is accurate. For
the shift of a physically adsorbed amine on silica-

alumina, it shouldn't differ too much from that sorbed
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on pure silica gel by 0.2 to 0.3 ppm. So the assignment
of coordination shift may be the flaw in our linear

models.

(3) Solvent effects have been studied effectively by

means of NMR. Recent study by Litchman (67) has pointed
out that specific interactions among different molecules
can also produce a solvent effect. Therefore the effect
of the two possible interactions on the surface such as
adsorbate-water, adsorbate-adsorbate interactions can

be approximated as a dilution of adsorbed amine by water

or an inert solvent such as (CH3)4C .

However, this approximation is over-simplified,
because in the liquid state, the amine molecules are
surrounded by solvent molecules but in the adsorbed
state, it is only a two-dimensional problem. Therefore,
only a qualitative discussion of these interactions

can be given.
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The first interaction, i.e. the adsorbate-water
interaction is important only in water-treated samples
because for the non-treated samples, after the degassing
procedure most of the surface water would be removed
(53,55). Also only solvent effect data are available
for pyridine, we have to assume a similar effect for
j-ethylpyridine. Since the amounts of water and the
J-ethylpyridine adsorbed are known, the amount of dil-
ution can be calculated and the effect on chemical
shift changes can be extrapolated from Litchman's data

(67). The results are shown in Table 13.
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Table 13
Solvent Effect of Water on Chemical Shifts

of the Adsorbate--Silica-Alumina System

Coverage Coverage Mole % C2 sShift Cl4 Shift
J-ethyl H50 Jj-ethyl changes changes
pyridine pyridine (ppm) (ppm)

fLmole/m2/¢mole/m2

0.71 3.73 16 -1.27 1.62
1.11 3.70 23 -1.17 1.50
1.85 3.80 33 -1.06 1.38
2.70 3.73 42 -0.89 1.18
2.70 3.73 y2 -0.89 1.18
2.88 3.64 4y -0.86 1.14
3.81 3.85 50 -0.77 1.04

Note: (-)ve sign indicates upfield shift.
(+)ve sign indicates downfield shift.

Data from Table 6.
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Apparently, the solvent effect is appreciable for
water-adsorbate interactions ranging from 1 to 1.6 ppm
for C4 shift and -0.8 to -1.3 ppm for C2 shift. Notice
that the upfield shift for C2 and the downfield shift
for C4 is the same as that for adsorbed species. There-
fore the solvent effect has a net effect of enhancing
the observed chemical shifts for the adsorbed species,

by an average of -1 ppm for C2 and 1.3 ppm for C4 shift.

Since 8%2= -0.9 ppm and SCN4= 1.5 ppm from
J-ethylpyridine on silica experiment, the amine-water
complex would just look like more non-bonded amine i.e.
amines bonded to non-acidic sites which would imply
some change in the numbers (nN), but would not cause

the model to break down.

However a quantitative justification of how strong
this interaction is cannot be obtained, because
i) The water molecules may be chemisorbed on the surface
also, thus reducing the amount hydrogen-bonded to

the adsorbed amine molecules,
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ii)Since this adsorption system is significantly diff-
erent from the liquid state, the chemical shift
changes given for solvent effect in Table.13 may not

be justifiable.

For the adsorbate-adsorbate interaction, we can do
it in a naive way--- by assuming that the adsorbates
are effectively 'diluted' with an inert solvent like

neopentane,(CH3)4C.

In the calculation of the concentration of the
solvent,(CH3)uC, we obtain an area of 38 A per molecule
by deducing from liquid density and assuming a spher-
ically shaped molecule. Further assuming that this 'sol-
vent' occupies the rest of the area on the surface, not
occupied by the adsorbed U4-ethylpyridine, the amount of
(CH3)4C on the surface can be calculated. The
problem can then be approximated as a solvent (neo-
pentane)-- solute (4-ethylpyridine) dilution system. The
effect on C2 chemical shift upon dilution is almost
constant at about 0.05 ppm from 0 to 100% dilution ex-
trapolated from Litchman's data (67). However, a slight
effect is observed for the CH chemical shift, and they
are tabulated in Tables.14 for non- and water-treated

samples.



Adsorbate-Adsorbate Interactions in the

Table

14

System of U-ethylpyridine on Silica-Alumina

Coverage (/Lmole/sq.m.)

Joethyl H2O

pyridine

Water-treated

0.

1

1

3.

71

11
.88
.70
.70
.88

81

2.41
1.97
1.97

Non-treated

1

N w W w

w

3

e
.22
.22
.78
.78
<41
17
.78

Note:

2.58
2.06
1.01
0.39
0.39
1.84
1.05
0.39

Mole %
J-ethyl

pyridine

16
26
4y
58
58
68
91

41
52
76
91
91
57
75
91

same notation as in Table 13,

C4 Shift

Changes

(ppm)

.94
.80
.54
.33
<33
.19
.14

.59
.42
.07
.14
L4
.35
.08
.14
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Results from non-treated samples show a very small
effect upon interactions among adsorbates, and they
can be accounted for by experimental and instrumental
errors except at coverage of 1.71 and 2.22 }Lmoles per
sq.m. Larger effects are observed for the water-treated
samples. Notice that the dilution in this case does not
include the presence of water molecules, therefore the
solvent effect in this case should be smaller than
those given in Table 14, If water concentration has to
be included into the calculation, we would be consider-
ing a very complicated heterogeneous system, and net

solvent effect could not be obtained.

Therefore the adsorbate-adsorbate interaction is
very small indeed. Other interactions such as the local
effects of adsorbate-surface binding and possible sur-
face structure defects caused by adsorbate binding are
difficult to evaluate, since they involve the exact
structure of the surface of silica-alumina. Water
molecules adsorbed on the surface are expected to cause
some change on the surface structure e.g. converting
Lewis sites to Bronsted sites (28,30,61), but this effect

is not well demonstrated in this study.



V.3.F Construction of a Possible Surface Model

We could estimate the Al atoms on the surface by

the following naive way. Since the ratio of Al atoms to
Si atoms in this silica-alumina is 32%, therefore, there
are about two Al atoms in every thirteen O atoms. Assume-
ing that the surface 0 atoms are hexagonally close-packed
with ionic radii of 1.40 A, there would then be 2.3x1014
Al atoms per sq.cm. All of these Al atoms would be
residing in the tetrahedral holes among the O atoms if

we assume that the Al atoms are situated in the Si
position after an isomorphous substitution in the silica

lattice for the Si atoms.

If this simple model is accepted, we are faced
with an immediate question: if all the Al atoms are
the sole contributors to the acidic sites on the
surface, why wouldn't our results in Table 12 approach

the number of Al atoms?

To explain this, we have to go back to Figure 1
and 2 for the surface structures of Bronsted sites and

Lewis sites.
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So far, only tetrahedral silica and tetrahedral

alumina have been considered. In octahedral alumina

i.e, 0O

O
o) Al/// o)

o

O

each Al-0 line represents one half of a valence unit,

Silica can 'react' with such a system

O
C)——-Al——-O
/ |
0 1———-0
l N l
0 O——A1l—0
INo

so that each oxygen shares one tetrahedral silicon atom
and two octahedral aluminum atoms. This produces a
saturated aluminum silicate that should have no acidity
(26). Simple calculation reveals that the number of this
kind of oxygen (three-coordination) exceeds the number
of Al atoms on the silica-alumina surface, so that

it is not surprising that most of the A1 atoms exist

in this form.
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To summarize, on the silica-alumina surface, there
is an upper l1limit of about 1.7x101“ Al atoms per sg.cm.
which are non-acidic due to packing and/or tetra-
coordination so that they could not be converted to
acidic sites. The other Al atoms exist as Bronsted or
Lewis acidic sites, depending on the treatments of the
surface., However due to the lack of an appropriate model
for interpretation of data, the exact concentration of

each kind of acidic sites could not be ascertained.
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Chapter VI

Vi. Conclusion and Future Study

In this study, we are able to establish three
facts., First, pulse and Fourier transform NMR spectros-
copy 1is suitable for surface study provided the
adsorbate-adsorbent interactions are not too strong so
that adsorbate on different kinds of active sites could
rapidly exchange themselves with the result of an
average shift, and that the spectral lines are not

excessively broad.

Secondly, the importance of a probe gas is illus-
trated. H4-ethylpyridine is by no means the best avail-
able, and hopefully in the future, we can find a more
specific probe gas which could distinguish among sites,
e.g. some base with a bulky substitution group so that
steric hindrance would block its adsorption on Lewis
sites etc., or small enough for the complete determin-
ation of the total acidic and protonic sites. 2,6-di-t-

butylpyridine may be a bulky enough molecule to try, as
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was done by Dewing et al.(55). Another possible probe
gas would be triphenylcarbinol which is believed to form
the triphenylcarbonium ion upon dehydration by acidic
catalyst (68,69). Due to the difference in their resp-
ective chemical shifts, they may yield interesting

results.

Thirdly, carbon-13 NMR chemiczal shifts of the
molecules when adsorbed on the surface, might be used
quantitatively to determine the concentration of Brons-
ted and Lewis acidic sites on the surface. With the pre-
sent results and derivations, we hope that it applies to

other well-studied surfaces also.

Although the present results are satisfactory, they
do, by no means, demonstrate that C-13 NMR spectroscopy

is the perfect tool for surface study.

Another nucleus which is also suitable for this
kind of study is N-15. It is less abundant and has a
smaller gyromagnetic ratio than C-13, but with the pulse

and Fourier transform technique we are using, it might
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be possible. Chemical shift differences between NH3 ,
coordinated NH3, and NH4+ are given in ref.(70,71).

Also their respective N-15 spectra are significantly
different. Therefore, if we perform an N-15 experiment
for NH3 adsorbed on silica-alumina, we may be able to
determine quantitatively the amount of NH3 behaving as
coordinately-bound and those as protonated species. Thus

the concentration of acidic sites could be determined.

Nevertheless, the feasibility is limited by the
fact that adsorbed NH3 molecules may exchange between
difrferent sites, so the average of an original quartet
and a quintet would be a mess, and only after some
complicated analysis of line-shape would result a clear

distinction.

While the above sounds reasonable, there are a few
technical problems. First, for such a study to be a
success, it requires quite a lot of NMR machine and
computer time. Enriched 15NH3 is cheap, but N-15 enriched
organic compounds e.g. pyridine are expensive. Secondly,

coordinately bound NH3 has a partial positive charge and
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the chemical shift of this species would be very close

to that of NHy,%, thus complicating the spectrum. Thirdly,
due to the small size of NH3 , 1t may not be able to
differentiate the possible steric hindrance sites on the
surface. Use of larger nitrogen-containing compounds

may result in a more complicated NMR spectrum, except

possibly, compounds like N(CH3)3 and N(C,Hg) 3.

In the case of our present study, enriched C-13
compounds may solve the problem of peak assignments and

positions and enhance the signal/noise ratio.

With the advent of solid-NMR and Proton-Enhanced
Nuclear Induction Spectroscopy experiments, surface
studies could be extended for cases in which stronger
interactions occur. These studies are in progress in

this laboratory at this time.
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