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Abstract 

The technique of Proton-Enhanced Nuclear Induction . 

Spectroscopy has been applied to the study of chemisorbed $ 
0 

- alcohol molecules on magnesium oxide ( M g O )  and tungsten -oiide 
- - 

(WOs) surfaces. Preliminary studies involved the carbon-13 

nuclear magnetic resonance (NMR) and adsorption studies of 
' .Z 

methanol on four different preparations of MgO. High-resolution 

C-13 NMR spectra have been obtained together with proton 

relaxation data at different coverages of methanol. These data 

, indicate the only significant chemisorbe8 species to be 

methoxide at room temperature. Coverage-dependent motions of 

molecules are demonstrated in the adsorbed layer. The adsorbed 

layer is stable up to 30P1•‹C. At higher temperatures, 

decomposition sets in, yielding a complex mixture of gas-phase ' 

products. The only chemisorbed species found from high 

temperature decomposition is believed to be a bicarbonat-e 
"42 
spec i es. 

This study has been extended to ethanol and isopropanol 

adsorption on MgO. Both alcohols adsorb in the form of 

alkoxides, which are stable'up to 250-300OC. The decomposition, 

of the adsorbed layer at higher temperature yields a range of 

dehydrati-on and dehydrogenation products, of bkth'gaseouk and 

chemisorbed varieties. The identifjcption of the de;ornposition 
1 33 

products by employing the Magic-Angle Spinning technique and 

C-13 enriched ethanol is fraught with some'difficulties. The 



. . 

elucidation of a complete decomposition mechanism is not 

possible with the present data. The preliminary investigation 

of ad'sorbed alkane-diols on MgO has met with some success; 
- 

L 

The present technique has been applied to the study of 

other catalytic systems and, in this dissertation, the 

methanol-W03 system. The result is similar to that of 
* 

methanol-Mg0 system, with the observation of surface-methoxide 

species at room temperature. The study of the decomposition of, 
., 

the\methanol-W03 system at elevated temperature is; hampered by 

paramagnetic interaction arisiag from thq reduced form of WOJ 

(WOJ-,, where x varies from 0 to 1). 
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CHAPTER 1, 

/- - 
1 . A .  NMR Techniaue. in Surface chemistry 

J The subjects of chemiscwption and catalysis are so much 

related that they are indistinguishable. For a better 
w 

understanding, chemisorption is defined as the mode of  
-- 

adsorption, while heterogeneous, or contact catalysis is its 

interesting consequence. The m a s k i v L e l o p m e n t  in recent 

years of appropriate spectroscopic techni que [such as inf ared, 

Raman, ultraviolet and magnetic resonance) suitable,for low 
5 

vacuum has brought the field of chemisorption to maturity as a 

distinct field of surface chemistry. Research interest in 

chemisorption is v e r y  wide indeed, with no particular emphasis 

tcward catalysis'(a1though often related to it). However, the! 

industrial importance of catalytic systems tends to bias the 

research toward those systems of special catalytic relevance. 

The molecular emphasis of modern themisoprtion has benefited' 
- 

the field of catalysis by giving depth and scope to the 

- understanding of the surface chemistry of catalytic processes. 

The complete characterization of an adsorbate-adsorbent 6ystem 
h 

reqtiires the application of diverse analytic procedures. 

Adsorbents are usually characterized by-teady-state 

measurements (such as XRD, adsorption isotherm etc.1, by which 

the macroscopic properties are determined. For the adsorbates,' 

conventional high-resolution spect~oscopies e.g. infrared, 

Raman, and ultravi.olet are used to measure vibrations and 



- preferred orientation of the adsorbed molecule with respect to 

the surface. On the atlher. hand, since adsorption decreases 
J 

molecular motion, apa~t from changes iqn chemkal shift, we - 

. should observe a broadening of the spectral components which 

electronic transitions which occur in the frequency ranqe of 
D 7 - 

' High resolution NMR studies carried out 20 years ago (1) on 

. molecules adsorbed on diamagnetic solid surfaces indicated that - 
proton resonance frequencies of the adsorbed molecules differ 

from the free molecule values. This shift, due to a 

perturbetion of the electron distribution, varies with the 

nature of the functional group, especially when there is a 

will be greater or smaller depending on the component and - * 
whether it is associated with a group fixed on the surface 

sufficiently remote for it to preserve a certain number of 

degrees of 

--'---,. 

Smaller 1 inewidths and larger chemical shifts of l~~/f;uclei 
k./ 

/ yield more favorable conditions for the application of 

high-resolution NMR spectr~oscopy of adsorbed molecules. By 

means of Fourier transform technique, the lJC NMR spectra and 

the longitudinal 13C relaxation- times of simple hydrocarbons 

adsorbed on NaY zeolites have bgen studied ( 2 ) .  In contrast 

to the 'H resonance spectra of the same systems involving 

I-butene and 9s-butrne, the spectra show separated sharp 
I 

liner ( 2 ) .  



b 

In the last ten years, the application of conventional IaC 

NMR spectroscopy to surface chernistFy and catflysis has become 

f 
nearly routine. Investigation of surface acidity and acid sites 

(3,41 and monitoring of surface reactions ( 5 )  have been achieved 
-. 

with moderate success. However, these result5 are based on the 

premise that the adsorbed molecules undergo isotropic rotation 

at a rate of dt least i d  Hz. T h i s  is because the C-H dipolar 

coupling is of the order of la9 Hz and correspondingly rapid 

motion is required to average this to a small val'ue, permitting 

high resolution spectroscopy. 

It is obvious that this cowentional lJC NMR technique will 

not be applicable in the case of strongly~chemisorbed species 

which exhibit a more rigid structure and limited freedom of 

motion. However, what is lacking from a com'plete picture of the 

adsorbate-adsorbent system is the analysis of these low 

frequency dynamic  ropert ties of the system; that is, a 

d description of any orien ational influence the adsorbent may 

have on the absorbate. 

Recent developments in high resolution solid-state RMR (6) 

have shown that C-H dipolar coupling . - can be suppressed by high 

power irradiation of the protons and high-~esolutiun spectra 
7 

obtained. Combining this with cross-polarization (8-81, the 

L 
sensitivity (signal to noise ratio) can also be increased, The 

application of this high power decoupling plus 



cross-polar izat ion (CP) technique in ,surface chemistry and 
3 

- 

polymers is ;till relatively new (9 -12) .  The main difficulty in 
-- 

t '  . these exp'eriments is that the '"C rhernic'al shift anisotropies 

can be Lar-ge, t h ~  overla.pping powder patterns result for ,t 

species cartt~ining rcore than one carbon. This may also 

aggrevate tL  3 s~nsi t i v i  t y  problem, a1 th~i!gh' the use of ' 

s~lectivel~ =nric!-;ed ' " C  compounds jllc) could sclve this . 
i \ - 

prcblern. To 9pt.imize the sensitivity +~irther, pressed pellets , 
-- 

* .  

of the adsorbent w o u l d  increase the sarnpie density, thus 
* 

allowing more adsorbate t c  be introduced. 

To s o l v e  t h e  problem of,overlapping 13G chemical shlft 
- 

anisotropies;, magic-angle 5pinrring i r ;  the solution. However, 

a1 1 the conventicna.1 spir~ners are n o t  really designed for- the 

5tudy ~f adsorbed s y s t ~ r n s ,  The reason is -that most interesting. 

5:r'st,err;s (catalytical ly) are sensitive to the presetice o f  air and 

water and must be pvepared on a vacuum line. Sorm researchers 

(13-15) have attempted the transfer of adsorbed ~ystems into 
-\ 

csnventional spinners inside a dry-box. Tkis technique only 

crorks +or  t h o s e  systerns,in which the sensitivity to air and 

water are ICH QT. none at all,. In some cases, a drastic change 

in the lJC NMR spectra were observed (13,b, 15) due to the 

intrusion of air. Pvevious MAS attempts using sealed samples 
t 

*<16, 17)  met with "?:<pot-irnental diff icultiesn. 

> 

We have recent.!y developed a magic angle spinner 118) in 
4) 

this labcratory, which permits re1 iable spi-nning at 3kHz of 



samples sealed in glass tubes. Stable speci*es or surface - 

reactions could,thus be mcnitored with a drastic improvement in 
1 

resolution ( 1 8 ) .  

1 . E .  Alcohol Decomposition 

The cotveision o f  alcohols to hydrocarbons is a remarkable 

t-eaction.   he icau5tr- is] potential o f  the reaction is 

ti 

tremendous, especially after, the discavery by workers at Mobil 

Oil o f  the se!ective catalytic conversions of methanol to high 

c r t a n e  ~asc!ine over zeGlit~ catalysts 1'19-21). This'revives a 

new interest  i t - ,  the' sut--fare chemistry o f  zeolites and the , , 

s g 5 ~ e ~ a I  conversions o+ alcohols to hydrocarbons over other 

 here is clearly a diversity of opinion concerning the - . 

merhanisx of initial C-C band formation, and 'a wide gap 

s~parat i ng the~r:y from ,exper irnent. Because bf the high 

exothet-.micity and fast ki tietic5 of the methanol transformation, 

clas5ica! ~ktheds cf mechamism elucidation e. g.  trappi 1-19 o f  
'-% . intermediates, trxer, and kinetic studies-,- have fai led to 

orovide unequivocal answers. Direct observation of t h e  

-.- t van51 t ion state seems beyand r,each at pt<esens+--- _- - 
i 

I ? 

i /' 
', ' 

\ 1 . C .  Scope ~ f -  this Study 1 

\ 
This d isser-tat ion +ocusses on two aspects o f  leterogeneous I - 

/ 

catalysis: difference I in catalytic activity d u p % o  the 

different methods o f  preparation, and the e x t  nt of 
/.' 

a+@- 
--- - #' . 



catalytic conversion of reactant at different temperatures. The 

systems under investigat~on are the methanol, ethanol and 
I . 

isopropanol adsorbed on MgO and W03. 

' The analytical tool used is solid state 13C NMR (6) 
8 

&nploying cross-polar izat ion (CP) and high power C-H decdupl ing. . 
We have sucressf.ully modified our high-resolution 14kG 

spectrometer for this purpose'isee Chapter 4). 

A preliminary study of methanol adsorbedion MgO performed in 

this laboratory (231 has shown great promise. We are able to 
I .R 

observe an axially symmetric powder pattern for the adsorbed 

species, at low coverage of methanol, wh'ich resembles that of. 
% - 

magnesium methoxide. As coverage is increased beyond 6F(mole/mE, 

another mobile species is observ w appears as an isotropic 
w peak superimposed upon the underlying powder pattern. From its 

chemical shift, we conclude that this could be a mobile methanol 

species on the surface. 
% >  

To study the differences in the methanol-Mg0 systems from . 
different preparations, we measure the proton relaxation 

parameters at various coverages of methanol and the 

- - -  _corresponding lJC CP spectra. We have also extended this to the 
* 

8 

chemisorption of ethanol and isopropanol on MgO. 

- 5 

It is well known that basic oxides have high activity in 

catalytic dehydrogenation of alcohols. To investigate this, we 



treat the alcohol -MgO systems at successive1 higher 

temperatures, and monitor the stable surface species by* ISC 

spectra. Overlapping powder patterns resulted in the CP 

spectra due to the presence of more than one surface species as 

the alcohols decompose on the surface. Identification of the 

conversion products inathe ethanol decomposition is done by 

- - MAS/CP technique using'selectivitely lsC-enric.hed ethanol. 

For compzrison of our present results and to test the 

applicability of the CP technique to other catalytic systems, we 

attempt the characterization of the alcohol-WOJ systems. WO= is 

a well known acidic oxide which catalyzes the dehydration of 

alcohols. In this preliminary study, we intend to study the 

interaction o f  methanol with the W03 surface, and to investigate 

the decomposition products from + this system at elevated 

temperatures. - 



CHAPTER 2 - 

.This chapter surveys the work ddne so far on M ~ O  and WO= 

surfaces. The 1 ist is by no means exhaustive and complete. It 

selects studies pertinent to the chemisorption of alcohols, to 

the catalytic actibities and selectivities due to differeqt 

preparation methods, and to the acid/base characteristics of 

these oxide surfaces. 

There are severaa methods of preparation for high surface 

area MgO. The conventional ones are from the thermal 

decomposition of the hydroxi'de, carbonate gr70xalate. 

Comparison of 'different preparation's of MgO relative to 

catalytic ,activities t,we been detailed (24-28). It is agreed 

that MgO preparedjby different routes has different surface 

morphologies, and thus the catalytic activity and selectivity 

vary. Other factors, such as the temparature and length of 

calcination time, and the atmosphere in which the precursor (for 

"a e MgQi is heate also have great effects on the activity of the 

resulting product (29, 30). Pretreatment of MqO with.H~ or O Z  

also affects the catalytic selectivity as detailed by Davis 



As a member of the alkaline earth metal oxides, my0 shows 

surface basicity (32-36). Some acidity is also observed in the 
-J 

casE of MgO calcined at high temperature ca.1B0B0C (32, 37). 

The presence of several types of basic centres at the surface of 

partial ly dehydrated magnesium hydroxi,de has been discussed' by 

Krylov et al. on the basis of studies of adsorption and isotope , 

exchange of carbon dioxide on MgO and on patially dehydrated 

magnesium hydroxide surface (38). The basic centers are 

believed tb derive from the 02- ions adjarent to the surface -OH 

groups (39). 

\ Adsorption studies related to the catalqtic activity on MgO ' 

have been scarce. These few studies included alkene 

hydrogenation (27, 481, alkene and alkane oxidation (41, 421, 

acetone adsorption (431,  acetonitile adsorption (441 ,  and the 
'+ 

decomposition of methyl formate (45). 

On the other hand, the interaction c! alcohols with MgO has 
I 

I 

been>widely explored (31, 46-54). The general concensus is that 

MgO is a very selectiwe dehydrogenation catalyst. However, 

dehydration activity is observed when the,catalyst is 

contaminated with carbon dioxide, which'may result from an 

incomplete decomposition of a carbonate precursor 1551, or 
! 

during the various steps o f  preparation. , 

Studies of the catalytic conversion products of methanol on 



MgO include If? spectroscopy (47, 481, mass spectrometry and flow 

system (49). ~nfr-ar-ed.spectrosco~~ has revealed sevwal 

adsorbed species formed f rorn mqthanol 'or! MgD. These i nc lude 

physisorbed methanol plus several chemisorbed methoxide species 

(43, 49) at roorn temperature. Thesg methoxide species persist 
, 

on the surface'upon heating until 38H0 C, at which temperature, 

forrnate is observed on the scrface. Mass spectrometer analysis 

(49j,similar to the result from Noll-er and Ritter i 5 4 ) .  A t  

even higher temperatures, surface carbanate is obser.ved. This 

possibly results from t h e  reaction oS carban dioxide (from 

decomposing surface forrnate species) with the surface. 

- I- , 
f' - 

For ethanol adsot-pt ion, the general consensus indicqteis - -- 

thst the ethanol is chernisorbed on the M g O  surface as an 

ethoxide species which is stable up to 158" C. At 250O C, the 

ethoxlde species dehydrogenates to acetaldehyde and hydrogen, 

along with some dehydration to ethylene (51, 53). At much 

higher temperatures,' 1,3-bcrtadiene. is observed, along with some 
, 

hydrogen. This result conforms to the intrinsic dehydrogenation 

activity of MgO, and 1,s-butadiene arises probably from t h e  
,. 

dehydration o f  the reaction products of another ethanol 

molecule with the a!dol condensation product of acetaldehyde 

(56). Desorption at 29B•‹C repals acetaldehydt and C O n  only - 

(51). This contrasts with the observation of ethanol, water and 
rl 

ethylene in the desorption study by Parrott et al. ( 5 0 ) .  This 
t 

seems to iixJicate different catalytic activity on MgO surface 



due to different preparations. 

Propene and acetotle are the major products from adsorbed 

isapropanol on MgO at elevated temperatures. This result was 

obtained via temperature programmed desorption studies in the 

0 0 
inange af 38 -758 C (33,  541, However, TPD study ernplo$s. 

> 
f low-system analysis, and pays no attention ta adsorbed species 

" 6 
~hicl? i'nform us o f  dehydrogenation or dehydr-at ion activi t ie5. 

The authors in (54) also prepared a series of silica-magnesium 

oxides. At ,a8 mole % MgQ, the desorption products are the same 

as f a r  pure MgQ at the same temperature. This may indicate the 

dehydrogenatiori or dehydration of alcohols taking placb in the 

basic centres o f  M j O ,  studies of adsorption o f  other Klgh 

molecular weight alcohols*on MgO (see, f o r  example ref.131)) 

usual 1 y focus on kihet iz data and percentage convet-5iot-I, rather 

t h a n  the charac,tet-istic of adsorbed species leading to 

decornposi t i ~ n  .of the original alcohols. I .  

To summarize, past stcdies indicate that MgO can act both 

as a dehydrogenation and dehydration catalyst for the alcohol 

decomposi t ion. Itif raped . .  spectroscopy has. provided information 

ot the structure of surface species, although there are 

Ions concerning the assignment of ttw observed bands (57),, 

among mther problems (such as the assumption of an invariance of 

extinction coefficient of molecules upon adsorpti'on etc.). I t  

is the inte'nt of this thesis fo shed J-ight on the structure and 

type of slow-moving species (usually chernisorbed species) on the 



i 
MgO surface, upon the adsorption of a cehols. 

I f 
i 
I .  

2.B. WOa / 
According to Krylov (581, tung$ten oxide at its highest 

oxidation state i.e. WO3, is a deh dration catalyst for 
- ,_P 

aldohols, Sl thougF'sorne dehydrogenation activities were 
* 

observed. WOJ has been scarcely ztudicd. The existence df 

several forms of tungsten oxide, WOJ-, !x varies frorn 0 to 11, 

and the generally low surface area of the prepared make the 

study of WOJ slightly difficult (because af the amount of 

adsorbate per qram of W173 may be-too small to be detected). 
7 V 

Most of the studies on W03 Here carried out with W03 supported 

on Si&, A 1 ~ 0 3 ,  MgO and TiOn (591. These supported W03 

catalysts are 'fou.nd to be extrernel y art'ive in the metathesis and 

isornerization nf alkenes. The active sites on these metathesis 

catalyst have not been elucidated. One school of thought is the 

precursor for the active site in metathesis is a surface 

compound, and-not the "free" oxide as such (6.G). However, nc 

detail of this surface compound was given. 

In view of all these catalytic activities, W03 is thus, one 

component of industrially important catalysts. Tungsten oxide 

itself is known to catalyze the oxidatiorr'of 1-butene to carbon 

dioxide (61). Tungsten oxide red'uced with hydrogen was reported 
_y 

recently to catalyze the isornerization and hydrocracking of 

heptane, the dealkylation of iswrupylbenzene, and the 
1 

dehydration of isopropanol , where the variation of catai yt ic 



actian with the change in oxidation state and acidic property o f  

tungsten oxide was-studied (62, 6 3 ) .  

WOJ can be reduced to lower oxi r s  e.9. WC12~96 , W O ~ * ~ ~ ,  !f 
W O z . 7 2  and WOz by hydrogen at elevf!ed temperatures. All o i  

L' 
these oxides are stoichiometric but have different str-uctures 

( 6 4 ) .  It was proven recently that the blue oxide of tungsten, 

W & . W ,  is a selective dehydration catalyst for a series of 

hols (65). Pretreatment ,in hydr.orjin or oxyget-t did not alter 

dehydration selectivity but did  alter the a1,kene 

distribution. , 

'b.. 

This blue oxide of tungsten, r.rhich is stable to ;beating at 
-4 

4 4 Q . C  for a long period of time (bZ1 w'lll contain a'e'orl~bination 

of tungsten ac the t5 and +4  states (in addition to' the +6 

state). This creates another problem for. our  study of the 

s c r f a r ? .  No doubt, tungsten at the t4 o r  +5 states may be 
i 

paramagnetic, and the I3C NMR spectra obtained will be broadened 
't 

due to electron dipole interactions, and .there may be shifts in 

, the chemical shifts of the carbon nuclei ?rider investigation 
- 

Since t h e  electronic magnetic mornent is about  1000 times 

greater than nuclear moments, all spectral information may b e  

obscured by this electron-dipole braadenirtg. This effect may 

hamper the investigation of the tungsten oxide surfac'e b y  NMR , 



To summarize, WOJ has not been extensively studied despite 

its catalytic importance. Hopefully, NMR spect~oscopy with the a 

cross-polarization and strong decoupling technique may give some 

insight into the catalytic activities in relation to the 

adsorbed species present, on the tungsten oxide surface. 



CHAPTER 3 

- 

3. A. Theorct ical Backsround 

It is not the intention of thisdissertation to build up 

the subject of NMR systematically from first principles. 

Rather, it discusses concgpts at levels appropriate to the 
L 

interfacing of solid-state NMR to surface studies. 

High-resolution NMR in liquids has been proven to be a 

useful tool for structural and dynamical analysis of chemical 

systems. However, it is less successful in the study of solids 

(the reasons will be discussed later). So, why is there a 

to try high-resolution NMR in solids? 

d 

There are several reasons for performrng high-resolution . 
\ 

NMR in solids. A pragmatic one is that the system of interest 

need not be dissolved in any- solvent to obtain a high-resolution 

NMR spectrum. Consequently, the signal to noise ratio ( S / N )  
\ 

could be much better in a solid sample if its solubi'lity is very 

small in the appropriate solvent, A more fundamental variition 

of this theme is that the physical and even chemical properties 

or a molecule will, in general, not be the same for a solid and 
r 

a dissolved sampfe. Thus extrapolati'on may be required to draw 

conclusion about molecules in a solid from a high resolution NMR 

spectrum in solution. So, why isn't solid-state NMR done 
L 

conventionally? Jhe reason is well known: the direct nuclear - - 

magnetic dipole-dipole interaction is averaged to zero in 



liquids due to rapid translational and rotational diffusion, 

no such moti ik, s are available to solids, and their absence 
9 - 

leads to spectral broadening, This dipolar broadening is 

normally in the order of several kilohertz, compared to the 

few hertz required for the resolution in the spectral structure 

due to chemical shifts and spin-spin co.uplings, We can see 

that it is a real feat to bring solids into the realm of 

conventional high-resolution NMR, 

This'nuclear dipolir interaction contains a wide range of 

information pertaining to lineshapes ( 6 7 ) ,  spin-diffusion (681 ,  
fl 

spin temperature ( 6 9 )  etc. In addition, it can be used in 

both structural and dynamical studies, as in wide-line 

dipolar structures (70) and by second-momeht and spin-lattice 

- relaxati'on studies of motion (7l).* However, the above informa- 

tion could only be obtained via complicated mathematical . - 

analysis. 

If it were poss5ble to suppress this dipolar broadening 

(by techniques to be discussed >later), a considerable increase 

in information could be obtained, such as the interacdion due 

to chemic 1 shift anisotropies and indirect nuclear ,spin-spin 5 * 

couplings. This type of interaction is generally obscured in 

liquid systems due to averaging to zero, but becausi o f  the 

restriction of molecular reorientation in solids, such aniso- 

tropies (e.g. chemical shift anisotropy) are preserved. 



- . 
A simple example is the benzene molecule, ,which is a r 

planar hex-agon. At the corner of the hexagon, where there is a 

carbon atom, the effects of the chemical. bond should have a 

directional character governed by the shape of the ntolecule. 

The covalent bonds which hold the mo'lecule together are made up 

of electrons, and the nuclei on the molecule feel the effects o+ 

bonding (and other) electrons in the form of additional small 

magnetic fields induced by the experimental field, which give 

rise to the well known chemical shifts, Since the site at the 

corner of the hexagon is not tetrahedral or of higher symmetry, 

the chemical shift must depend on the orientation of the 

molecule with respect to the external magnetic field, Such 

chemical shift tensor properties could only be ob rved when 3 
this benzene molecule is "frozen", or in the soli form. In - 1 
1 i quid benzene, when the benzene rnolecule reorients itself ~ 

rapidly, t h e  directional character at each carbon nuclei changes 

rapidly also, and all these chemical shift anisotropies are 

"averagedn to a scalar value (the isotropic chemical shift 
P 

usually observed in h~gh-resolution NMR).  

There exist to date, several approaches to bring solrds 

into the realm of high-resolution NMR. These can be discussed 

in terms of the Hamiltonian for the "truncatedM dipolar 

interactions (72) in a substance containing two nuclear species, 

I and S of different gyromagnetic ratios & and as : 



The technjques and their effects differ according to the nature 

of the sample and to which part of equation 113 they choose to 

affect. 
\ .a 

- - 

I n  the magic-angle spinning (MAS) experiments 173-751, the 

@ '5 are modulated rapidly giving ( P ~ ( ~ ~ o ( ~ ) ) ) = o  , forall ' 

- 
i ,  j, m, n; so that all dipolar interactions are erased. At 

I 

the same time, all other anisotropic interactionswhich are 

tranoformed as second rank tensors, such as the.anisotropic part 

of the chemical shift,is also removed. However, it was pointed 

out by Maricq and Waugh (76) that this is not possible when the 

homonuclear dipolar interactions are' coupled with other 

interactions (such as those +arising from quadrupolar nuclei). 

I n  multiple-pulse NMR (77-881, in an appropciate reberence 

frame, it is the I spins which are modulated, leaving 
-. A 

( 3 )  t )  i j  ) = 0 . Thus the dipolar. interactions are 

fully removed only in single-species sample ( h15=0 1 .  Dipolar 

interactions from unlike spins ( SLS 1 can be removed by strong 
I 1 

irradiation of these spins at their resonance frequencies (81) .  
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The anisotropic chemical shift is, however, not lost. Bath 

met-hods (MAS and Flu1 t iple-Pulse) have met wi'th considbrable 

success, despite some experimental difficulties. 

In this dissertation, we are mainly interested in the 
Z 

double-resonance experiments and the proton-enhanced NMR of 

dilute spins. in solid (6, 821, and a combined technique mf the 

proton-enhanced NMR with magic-angle spinning (MAS). 
i 

3.B.I.Double Resonance Ex~eriments (821, , 

To start with, we konslder a system of abundant Iband rare 

S spins (i.e. N I , > N 5  , N the number of spins). Each spin 

system is coupled to the lattice and approaches the lattice 
C 

\ 

temperature with the spin-lattice relaxation time and T5 

respectively, as shown in Figure 3.1, TI and TS are tb 

spin temperatures of spins I and S respectively.. 

The I and S spins may be coupled by some interaction 

represented by the cross-relaxation time Tx. . Applying the 

concept of spin temperature (69c, 70, 83, 841, and using the 

high temperature approximation, the spin density matrix can be 

written as: 

The quantities of interest are the energy, magnetization 
F 

and entropy, which %re given by: 



Figure 3.1 Schematic representation of an 

abundant I spin reservoir and a rare 

S ,spin reservoir, which are coupled 

to the lattice'by their spin-lattice 

relaxation timks T 11, and TIS. The 

coupling between the 2 reservoirs as 

represented by the cross-relaxation 

time TIS can be varied at the - 

experimenters discretion by a suitable 

application of rf fields. 



Aburid a n t  

Trs I S spins 

L A T T I C E  



C3bl Magnetization Mi= +5 a ~r { ? I ; ]  i= xfl ?, 3 

C3cI Entropy 

In the case of Zeeman interaction with a magnetic field 

H,, these quantities reduce to: 

~ 4 c I  S = constant - k 6%. C. ~2 

reach the magnetization, in a static magnetic field: 

c5bJ Ma, = @,.Cs .Ho 

where & is the inverse lattice temperature., 

C 
Double resonance can now be achieved by the follow in^ 

steps: . .I 



( i )  Cooling the abundant I spins system. 

This can be achieved e.g. by lockihg the spins in a field 

Hr<(H,. In which case: 

with 

, 

There are two basic approaches by which a spin system is 

cooled, they are schematically represented in Figure 3.2. There 

are: 

(a) Spin-locking (6-8, 83-88) in the rotating frame w i t h  a 

field H,, = 2HIz cos(wLt) . 

The inverse spin temperature & will approach the 

inverse lattice temperature p, with the time constant Tq , 

the spin-lattice relaxation time in the rotating frame. 

- (b) Adiabatic demagnetization in the rotating frame (ADRF) 

(89) by turning off the H,, field adiabatically, leaving the 

\ ,spins in the 'dipolar fie,ldn HL1 , where 



Figure 3.2 a)-b) - - 

Schematic representation of different means for 

reducing the spin temperature in the rotating 

frame. 

(a ) Spin 'locking; 

(b) Adiabatic demagnetization in the rotating 

frame (ADRF) and Jeener-Broekaert two pulse 

experiment; 

4 



so; 

a) 
Hi x ,- 

decay rste = 
,  TI 

b 
0 t i m e  t 



.I 

The-inverse spin temperature will approach t 

lattice temperature 6, withe the time constant T',* , the 
spin-lattice relaxation time in the dipolar state. 

I 

A different way of achieving a dipolar state was proposed 

by Jcener and Broekaert (901, applying a qaY- T - $Sox pulse 

sequence. Since this process is not adiabatic, a somewhat 

smal ler $ imverse temperature (3r is a c h i y ,  and from 

ref. (69~). 

-'k nevertheless, this is a very con enient method for cooling the 

abundant spin system. 

I, 

The next step i double-resonance is: i. 
( i i )  Bringing the I S spins into contact. 

Since the I spins are cold and the S spins are hot, there 

will be a calorimetric effect (861, and energy exchange may 

proceed with the time constant Trg . Only if Txs d <  Tim= , 

Ttfs IS this energy and can be 

utilized for a double energy transfer 

is possible only under total energy c nservation. No such 

transfer is possible in the laboratory \ -  ame. However, in the 

rotating frame a matching of the le as 

shown schematically in Figure 3.3, allowing rapid transfer under 



> Figure 3.3 Pictorial representation of level 

matching in the rotating frame 

( ~ a r t m a n n - ~ a h n  condi 
I 3  

spin = 1/2 systems. 



S spins 



energy conservation (in the rotating frame) if the Hartmann-Hahn 

condition (7, 8 5 )  

-%d 

is satisfied, where HIS and klls are the rf fields in the 

rotating frame of the I a h  S spins respectively. Of c ~ u r s e , ~  

these fields may be effective fields,.and then the W I Z  , W I S  
i 

becomes the "effective frequenciesu QZ and W ~ S  , 

respectively. 
w 

As will be s h ~ w n  later (Section 3.B.1111, the transfer 

rate can be expressed as. (91,921 . 
b 

and 



\ / 

i' 
t 
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and where M~"  is the second moment of the I- coupling ./ 
Hamiltonian. The spectral distribution 4unctiofi for the cross- 

3 

relaxation process J(w decreases monotonically zero for 

increasing w , i.e. with increasing mis-match of the 

Hartmann-Hahn condition. his resuIts in a drastic decrease of 7 
the transfer-rate vTxs . McArthur et al. (91) have used an 
intuitive approach, based on the experimental data to expres 

the functional form of JA9arCc>er) as 

where Tc is the correlation time. A more general approach 

using the memory function technique was applied by Demco et al. 

The spin temperature occurr;ing in a single I-S c / tact is 

shown schematically in Figure 3.4. Assuming inverse spin 

temperature Bz and a zero hPverse temperat at the 

beqinning of the contact (t = 0)eneglecting spin-lattice 

relaxation, both spin temperatures will finally reach the same 

value B4 assuming exponential relaxation as: 
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Figure 3 . 4  Time evolution of  I and S inver's-e 

spin temperatures f i  and I % 
when the spin sysfr?ms are brought 

in to  contact a t  t = 0. I n i t i a l  

condition: @ f 0; P s  = 0. I 

A f i n a l  inverse spin temperature 

of i s  reached a f t e r  several TIS. 
1 



\ t i m e  t - 



Assuning energy conservation 

. . -  

is t h e  r a t i c  o4 capac i t i s s  oi the S and 'I spins.  

sa t  i 5.f i,ed, srie at= t ai 3s. 

~ 2 1 1  & I '  (4' = & , Mos 
3 s  I+& 

where bIii' is  t he  i n i t i a l  rnagnetikation of t h e . 1  spins a n d  

b s  is the Zeeman magnetization of t h e  S spins. Since & 1's 



a very small number of the order i f  , one may write 
'P 

+ = I -  & i.e. according to &ns. C201 and t211, the I 

spin magnetization does not decrease very much in a single 

contact, however, the S spin magnetization may have been - . 
in~reased if > I . 

In order to achieve a noticeable destruction of the I spin 

magnetization, multiple contacts (6,86,87,93) have to be 

performed, as,demonsstrated3in Figure 3.5. The I spins are 
I 

spin-locked in the field UtL , whereas, the S spins become 

polarized in the field Hts which may be i n  effective field in 
V 

the rotating frame. The pblsed HIS field is of duration tLJ 

with'a spacing TL . Coupling betwee; the I and S spins is 

achieved, when the HIS field is turned on andrthe I and S 

spins are decoupled consecutively, then HtS is turned off. A 
i 

free precession of the S spins can be observed durng this time. 

However, it should be po.inted out that the multiple 
.. ~ 

contact technique is not suitable to the study of surfaces. The 

proton spin-1.attice relaxation time in the rotating frame (TI- 1 

of adsorbed species is usually short, thus the spin-locking 

per:od cannot be held infinitely long for multiple contact to be 

effective. In some of our experiments, lJC enriched adsorbates 

are used, thus multiple-contact (for S spin magnetization 

enhancement) is really unnecessary. 



3 

Figure 3 . 5  Pulse timing of a ty-pical~double 

resonance experiment in the 

rotating frame, 





- 
3.B.11 Cross-Pola~ization of Dilute S ~ i n s  ' 

Pines, Gibby and Waugh (6,871 have designed a technique 

-b 
utilizing the double-resonance concept, to obtain high 

P 

resolution spectra of rare spins in solids. The technique is . ,  

called "Proton-Enhanced NMR 'of Di Spins in Solidsu. The 

timing of this technique is shown $matical l y  i n  Figure. 3.5. 

After polarization of the I spins in ca. , the 
I magnetization is spin-locked at resonance along HtX in the 

I rotating frame (as in Figure 3.6). The S spins are brought 

into contact witd'he I reservoir by applying a resonant Ha 

such that condition (eqn.Il01) is'satisfied. 
1 9 

  he spin system& &rapidly to equilibrium causing a small 
1 

decrease i n  MI and a) 9,rowth of ME along their H I  fields. 
/ 

/ ?  

This is indicated s~hemat'ikal.1~ in Figure 3.5 by the curves \. 
--\ 

inside the HI irradiation'blocks.' The t4ts field is then 

removed and the S free induction decay (f.i.d.1 observed.while 

continuing the I irradiation for spin decoupling. The pulse 

spacing Z is large to allow the S spin magnetization to 

decrease fully to zero. The S spin magnetization between the 
5 

\ .  

pulses is observed and successive f.i.d. are accumulated 

in an on-line computer and to obtain the S 

spin spectrum. Since the I-field H,,, is kept on during the 

S spin f.i.d the abundant I spins are decoupled, resulting a 
;J 

high resolution spectrum of the S spins. 



Figure '3.6 Double-rotating frame trar&formation, 

In the laboratory frame (a) the rotating 

components of the I and S rf have 

amplitudes H 3 HIS and' angular 
frequencies ch, 1 9  us. . A rotating 

frame transformation R = exp [-it (0.~1, dmsi)] 

is then performed which rotates the I 
t * 

spins at W I and the S spins at 

about the Z axis. In this frame (b) 

w e  ca>n imagine the I spins in their 
L - 

\ 

rotating frame experiencing a static 

field along % and the S spins in 

their rotating frame experiencing H 
- 1s 

along '* . The effects of HIS of I spins 
- ----. 

and H -  $WS spins can be reflected if 
11 - 

W~-?s is much longer t-han the S and I 

spectral widths, as is normally the case. 



/ s r pins 
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The S spin magnetization after the k-th contact can be 

expressed as (6-8,85-87,93a): 

since the Hartmann-Hahn condition is satisfied in this 

experiment. The cbntact time, tw is in the order of 

milli-seconds, whereas, may be on the order of a few 

hundred milliseconds, depending on the desired spectral 
\ 

resolutinn, the total co-added magnetization after 'N contacts 

may be expressed as: 

\ , We can now estimate the sensitivity of the single-contact. 

cross-polarization experiment (6). The first step is to assume 
, > 

that the qualit'y factor of the probe Q, filling factor and 

detector bandwidth can be represented by a constant K.  

Therefore, the signal voltage at the beginning of the 

non-equilibrium S-spin f.i.d. is K - M o S  . The accumulated 

voltage after N cross-polarization is then, from eqn. 1231. 

This signal is, of course, maximized by %king hl-00 , 
however, successive signals decrease in amplitude in the 

presence of constant noise. If the rms noise voltage in the 



bandwidth of the detector is Vm , the accumulated signal to 
./ 

noise is (6): 

8% w . ~ o r f  1 (2 =-J)€)* t251 ( -S/N)cp = ( - -  - 
8s , Vnr N . atr 

This is maximized for 

for which 

&).,-I -( I<- MOS )2 [27] ( S / N ) c P  =o.+I(-  
8s Vns 

For a single-contact! c s-polarization experiment, each 'Y 
cycle of cross-polarization and signal recording requires a time 

* of the order of TI.* -F Tzo * 
where 7-2s is t h e  decay time 

correspdnd i ng to the obtainable frequency resblut ion ds 

- (  6~-~2;52 1 . Since xs is usually very short, it can be 
* 

neglected in comparison t~ ~z . Another practical problem 

- that may arise is that the I-spin magnetization decays with a 

characteristic spin-lattice relaxat-ion time in the rotating 

> 
frame TqL irrespective of the desired loss to the S 

system. When this is the case, it isnecessqry t o r e p l d  E, i n  

, * t 
\ The cycle can now be repeated, only after a time ca.T,=, 2 

17 50 that the I spins can become repolarized. 



(N.B. ~ , ~ t , f  -6, to obtain optimum signal ( 9 4 )  1 .  The efficiency 

of the cross-polarization experiment can then be discussed in 

terrors of a figure of mepit Q ~ P  which m sure5 the overall rate T 
at which signal energy climbs out of the noise: 

Now we are in the position -to make a direct comparison 

between the ef f iciencies of the cross-polar izat ion experiment 

and the ordinary equilibrium f.i.d. (Bloch decay), since the 

time dependences of the recorded signals are identical. As 

above, 'we can write 

&. M o s  )' 
1291 (S /~ l )~ i r  = ( Vns 

Since this experiment requires a time ca. 7;, between 

repetitions, we can define 

On the basis of the above, 

sensitivity resulting from use of 

technique o f  

we can defin,e a gain in 

tho cross-polarization 

- Q C P  1311 QCp - 



Choosing &H as I spins and %?C as S spins, we can then 

estimate the four time constants. T~s* is about 0.01 second, . 
liS is usually much longer than xxt , which in turn is usually 

longer than or equal to 7;- Given this and */FS - 4 , I \ 

we could see that &,, could become qui large especially if k 
TI'+ Tin through appropriate off-resonance irradiation ( 9 5 ) .  

A point of interest to note is that in. the case of a 

,. multiple-contact cross-polarization experiment, the gain in 6 
b 

sensitivity is much higher. This arises because the 

cross-polarizat ion is rdpeated unt i 1 the I-$in magnetization 

has been largely or fully transferred to the S-system. In doing 

4 

so, the has to be left on for periods of several seconds, 

which requires that TiFz be rel~tively long. The gain in 
- 

sensitivity in a multiple-contact cross-polariiation expebiment 

will then be 16): 

Using the same l H  and lJC systems as examples, w h e ~ e  

E = h+/b - )/fW , g i  is in the prder of loJ even in the case 

of T,: . In fact 7 > T l z f  , and wi 1 1  become more -J 

so i f  paramagnetic doping is employed to speed relaxation, since 
. 

there is more efficient diffusion of spin energy among the I - 
spins. 



3.3.111 Cross-Polarization Dynamics 

In our experiments on surfacps utilizing cross- 

polarization, the I spins are cooled by+the spin-locking method. 

Therefore, in this section which describes the variation of the 

inverse spin temperatures (3, and & of the I spins and 

S spins respectively in the "mixing" part- of the cross- 

polarization experiment, only the spin-locking case will be 

discussed. The other basic cross-polarization experiment using 

ADRF is excellently discussed in references (6,821. 

As shown in Figure 3.4, for the initial S spin- 

temperature, we assume /33= o , and the I spin-temperature 
is described according to Section 3.B.I. For the spin-locking 

case, FIlI ,>> HA ideal ly 
0 

S 

If we invoke energy qonservatibn in the rotating frame, we can 

write 

l341 

where 

(L, 
with 
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The S spin-temperature & is relaxed # w i t h  the time constant 

Tzs towards the instantaneous I spin-temperature which results 
* 

in.the following coupled diSferentia.1 eqn. ( 9 1 ) :  
4 

The nature of Tr5 and its dependence on HE, wi l& be 

discussed in more detail later. Notice, however, that an 

expression for has been quoted already in eqn. 1123. 

These coupled &iff erentia,l equations C351 are straight forwardly 
a 

solved under the initial conditions: 

where I 2 T t s  a,_ = - ( I + € . *  +- )[ i t  ( I -  
~ T X Z  /TI<Z 

z T e r  I r EU + T~s/T,4r 

> 



The variation of the magnetization MS(t) +of the 
1 

S spins with the coupling time is 

where &<t?/pro must be inserted according to eqn. 137aI. ( 

The S spin magnetization reaches a maximum at time 

+ 

Notice, that for large values of ~ I ~ ; / T ~ ~  , one ha& to wait 

, a lot-ig time compared with TTs for the S spin signal to 'reach 

its maximum. However, remember that already 95% of the maximum 

signal is reached after STTs . We turn now to the maximum 
I 

S spin magnetization hIs obtainable at time tm for a given 
i 

value of 4 . Applying eqns. C371,L w obtain - 
\ '-, 
I -. 

In the case of negligible I spin re'laxation ( T T S / ~ ,  44 I ;  

However, in practice, f rf fields at the S spin 
7 



resonance ( o( >> l I t ,  the cross-relaxat ion t ime TT5 becomes 

comparable to the I spin relaxation time in the rotating f p m e  . 
T e r  and eqns. t37a,381 have to be applied.-+ 

Ir 

We can now discuss some special' cases of eqn. C363: 
6 . . 

( i )  e-0 ; T-ZS/~,, =o , i.e. vanishing heat capacity of the S 

spins; negligible TIqs relaxation of the I spins. 

( i i )  &=O i xyTm , i. e,. same as ( i  but x p z  relaxation 

of the I spins non-nealigible. 

This case is usually met under extreme dilution of the . 

S spins and with matched Hartmann-Hahn condition (a=l j , but 

with short T;pr relaxation time. 

( i i i )  E $ O  X=O , i.e. non-negligible heat capacity o f  the S . 

spins, but negligible 7 4 1  relaxation. 



- - F ,  
This case is usually-met, no matter if the Hartmann-Hahd 

condition is matched or unmatched, as long as x5 << Tin -. 
. 

In the single-contact cross-polarization experiment, e' 

usually becomes large and if the Hartmann-Hahn conditian is 

not matched 7 7  1 ,  Ts is comparable with or A= 1 

i.e. eqn. 1361 has ,to be used. This has been demonstrated by 

the study on adamantane by Pines 196) and on CFjCOOAg by M h r i h g  

(97). 

3 . ~ 1  I. Maqic-anqle Spinnins (MAS) ~echnipue175) 

It i3 well established that the rapid rotation of solid 
ri 

specimens narrows their NMR spectra, if the axis of rotation is 

well chosen and the speed of rotati'on is. fast enough, the 

anisotropic broadehing interactions are largely removed f r q  the 

centr.al spectrum. The rotatitin of solid specimens at high speed 

was first used by Andrew, Bradbury and Eades (73a) to study 
- I 

motional narrowing effects in the dipolar broadened NMR sp-ectra - 
of solids and to test the principle of seCond rnome t invariance 7 
with respect to rotation. It will be shown later that the 

central region of such a spectrum is narr0wed.b~ a factor T: 

) t ( 3 c o s 1 @  - 1 )  I - '  , where 0 is the angle between the. 
uju 



direction of the axis of specimen rotation and the direction o+ 

th,e laboratory magnetic field, H,. It was independently 
- 

recognized by Andrw (98) and by Lowe(99) that when & is 

chosen to have the special value, often called the "magic" 

angle, cos-a 4 o; 54044', the reduction factor is zero, and 

the dipolar broadening may largely be removed, as experiments 

confirmed (99,100). Subsequently, it was shown by Andrew 
-- 

Eades (101) that high speed rotation about the magic axis 

be similarly effectiv,e in removing spectral broadening arising 
u 

from anisotropy.of the chemical shift in polycrysealline or 

amot-.phous specimens. Resolution of chemical shift fine 

structures by this technique was provided by Andrew and Wynn 

3.C.11. Basic Theory of MAS ~echniaue(75) 

The total Hamiltonian which describes the NMR spectrum - 3 
'i of a diamagnetic solid may be written as the sum o+ five terms: 

which are respectively t h c  Zeeman, chemical shift, magnetic . 

dipolar, indirect electron-coupled, and electric quadrupd% -\ 
t k - 

interac,tions of the nuclei. To the interest of this section, 

only 'the last four terms will be discussed. 
i 

J The che 'ical shift germ & is the modification to 

t$e Zeeman interaction caused by the electron screening of the 
- C 

r 



, -- -I - - --- 
"\ 1 

L 

? 

\ -!9 44. 
5 

nuclei, which in general ,+idrisotropic, and is given by 

P where & is the screening tensor o+- nucleus i. 3Jp  is the 
- 7 

truncated magnetic dipofar interact ion betwekn the nuclei: * 

i 

\ - pi- being the truncated dipolar, interaction tensor. *-J is 8 
\ the indirect electron-coupled nuclear spineinteraction, which in 

general is anisotropic: 

J 

* 
A 

where is the electron-coupled nuclear spin interaction 

c- e A tensor. Both Dij and Jck represent bilinear interactions i 

A 
betR&n the spins, however, is an axially symmetric 

A 
traceless tensor, is not necessarily axially symmetric, 

nor is it traceles5. is only non,-zero for nuclei with spin 

a ,  

number greater than l t 2  in a non-cubic environment, and is given\. 
- --.-- 

by: 
- J 



where fi  is the nuclear electric quadrupole coupling constant 
1, 

given by 

,eQ is the nuc ear electric quadrupolar moment "1 ' e% is tka z'z' 

component of the electric field gradient tensor. qc. is i t k  

* 
asymmetry parameter, and x ' ,  y', z' are its principal axes. 

since in our study of surfaces, we d i d  not study any spin >1/2, 

we will d ehk6 the disctkssion on the quadrupolar interaction. 
/f 5 

When the solid is rotated with uniform angular velocity 

7- < 1 

ur abo t an axis inclined at an angle (3 to H,, all the 

J 
anisotropic terms in Zkf, begome timi?-dependent with periodicity 

& . Thus the Zeeman tern, in not .a+fected by the motion, but 

r .  in general, all the other four are affected, and can be treated. 

as perturbations (since they are small~ompared with the Zeeman 

term) and the time-dependent Hamiltonian *'<tt) is 

The individual effect upon the specimen ran new be 

considered ( 7 5 ) .  Since the chemical shift tensor components are 

small compared with unity, we need only retain (defined 
t i 

later). 



The chemical shift tensor $ may be divided into a symmetric 
0-- - 

tensor ui* and an antisymmetric tensor 6: where 
i 

#\ in which is th e  transpose of 6; 5 If the prjncipal 
0 "  rJ 

values of 6;* - are , , , and the direct ion 

cosines of its principal axes with respect to He are %, , 

b i z  9 nif then 
T 

. Since the isotropic average of each <- is 113, the average ' 

r .. 

6 3 3  in a normal fluid is 

where 6; is the scalar chemical shift encountered in 

high-resolution NMR spectra of fluids. When the rigid array of 

nuclei in a solid is rotated with angular velocity W, about 

an axis inclined at an angle P to H,, and'at angles 
I\ 

X;, , Xiz , Xc3 to the principal axes o f  61* 9 

we have 



I C '  
where Vlp is the azimuth angle of the pth principal axis of C?? 

* 

at t = 0. Substituting eqns. l531 and 1511 and taking the time 

average, we have 

conse&ently, when /3 is the magic angle set" J5 , . the 
lime-averaged vaiue reduces to , 

I 

+which is the same as for a liquid, and in this case the mean 
s 

, value of %G becomes 

The time-average of for an isotropic fluid is zero 

since the isotropic ;average of c0s2(8ii) is 1/3; fdr this 

reason, the magnetic dipolar interaction makes little 

contribution to the NMR spectra of fluids and is usually 

ignored. For sol ids, rotat ion imparts a time-dependknce to 

, which may be expressed as 
& 



where '@; is the angle between the axis'of rotation and 

4 rii , and Bii i54he azimuth anglp of 7% at t = 0 .  Thus 

the time average of ~ g b ~ B ~ ( t )  is 

'Thus the time-average value of 3w ;+r from r583 and t441, 

I 

X*, * 
In particular, wnen 6 is the magic angle, we see then is 

zero. 

When considering the electron-coupled nuclear-spin 
. . 

interaction aT , it is convenient fa divide the coupling 
tensor into three parts 1 

, where ' 

, and 



/4 
L 

n 
in which 3' is the transpose of J . The suffixem i,j have 

been omitted for clarity since 3 is in general different for 

J 
/' each nuc ear pair i,j. The term 33 in t60al gives rise in I 4 4 1  

to the familiar 'interaction Jcjf--li , expressing the scalar 
A 

coupling between the nuclei. Clearly 3 is tracelesj and 

f i  
'symmetric while Jt is antisymmetric and traceless. Thus the 

A - 1 isotropic averacje of 3 is J=~T'I($) =I, where 3 is the 

scaler coupling constant encountered in high resolution NMR 

spectrnscopy of liquids. The contribution of this Perm to 

2 a 
is theref ore 'JLj .& .Ii . 

LC)  

A 

Rotation of the solid specimen only affects 7 and 
A 9. The symmet~ic component 7 differs from the dipolar 

term in that it is not necessarily an axially symmetric 

tensor. For one partkcular nuclear pair-this component a f  the 

interaction is 

where &, are the principal values of the tensor T* and 
I 

Can , Cp,, are the direction cosines of the principal axes of 

/--- TJ7Y with respect to the laboratory axes CX , (3 referring to 88 * 

the x,y,z in turn. Rearran%ing eqn. 1613 and truncating as for 

the d-ipalar interaction by omitting spin products which do not 

contribute to the observed spectrum in first order, only the 



following ape left: 

- 

where the asymmetry parameter is defined as 

- .  

. taking J3 > & 7 J, . When the solid is rotated, the 

direction cosines C an become time-deppdent and the average 

values of their squares is 

where pn are the angles between the axis of rbtation and the < 
/-- 

three pri-ncipal axes of . The result fol lows in the same 
- - 

manner as in eqn. 1581. When 6 is the ma$gic angle, C$ is 

113 k r  all values of n , and the time-averaged value of C623 

is zero. 

n A 
With the antisymmetric part 9 of the tensor J. , for 

one particular nuclear spin, this interaction from eqns. 1451 

and 160al is + 



where d , p refer to the laboratory axes F, y,z and a,b refer 
1 * 

to any convenient sgt of axes in the molecules xT,y',t', e.g. 

A 
the principal axes of * Truncating as before, and taking the 

1 

time-average of the cosine products, the average antisymmetric 

interaction for one nuclear pair in bqn. C451 is 

where Alp  i5 a scalar antisymmetric coupling constant between 
, 

nuciei 1 and 2 given by: 

where , , uz are the angles between the rotating axis and 

laboratory axis x,y respectively, 3, , Tt, are the angles 

between the rotation axis and the molecular axes a,b 

respectively. fa* is the azimuth angle at t = 0 of molecular. 

axes a relative to the plane containing the axis of rotation and 

the laboratory axis O( . When @ is the magic angle, eqns. t661 

and 1671 are not necessarily zero, and rotation about the magic 
e 

axis doe5 not in general remove the contribution of any 

antisymmetri; part of f from 3& . 

In summary, when p i ;  the magic angle, the dipolar 

tern; Zkb and the quadrupolar term vanish, lqaving 



/ 

Considering the t ime-dependent part of the Hami l'tonian 

a'(t) and taking the component a c t )  in t 4 8 1  as examble, from 

eqns. 1441 and 1581 the time-dependent part of the truncated 
3 

dipolar interaction is - a 

This perturbation thus consists of two terms periodic fn dor 

and in 2Cdr , and in a similar way, it could be shown that 

a1 1 four components- of a*) have terms periodic in Up- and in 
* 

2wr . By a variety of approaches, it has been shown (99, 

102-1871 that these t ime2dependent perturbat ions generate 

satel 1 ite spectra set on either side of the central resonance 

spectrum at integral multiples of ~ r / z n  . Such sate1 1 ites are 

observed and are resolved when the frequency of rotation is 
& / 

-- 
h 

comparable with the original linewidth. 
1 

5 
3 . D . I .  MAS Combined with proton-~nhanced NMR (CP/MAS) 

So far one has studied how high-resplution NMR can be 
I 

applied to'solidr. Proton-enhanced NMR removes the dipolar 

broadening, leaving a rich source of information (e.9. chemical 
. , 



shift anisotropy) for crystals,' In polycrystalline or amorphous 
-- -- 

substances, this creates a oblem, since the powder patterns 

rare spins overlap, preventing 

of the individual reconanc-ee. 

However, it has been shown (108)-that the powder 

patterns can be collapsed to sharp lines by spinning the sample 

about the magic axis at a frequency W r  which exceeds the 

anisotropy linewidths AWa but is still too low to remove the 

dipolar broadening directly. 

A possible conflict seems to arise between the 

requirement of linC narrbwing by rotation and those of the 
1 

spin-exchange process by which the rare spins are polarized: the 
F 

latter depends on an effectively static dipole-dipole 

interaction *IS between rare and abundent spins, and the - 
sample rotation can render this interaction osci'llatory. This 

f 

*A feature is ~nimportant~when Id$zxI >>)id* . This is true 
Zrr 

since the modulation of by 1-1 dipolar fluctuations 

overwhelms the additional coherenk modulations by relatively 

slow spinning. However, sometimes when % ~ r > ,  I*TT 1 , then 
there is an interplay between the sample rotation and the 

conditions necessary for transfer of polarization. 
' \  

3.D.11 Theory of the CP/MAS Techniaue(l09) 

Transfer of polarization between rare ( S )  and abundant 

(I) spins is mediated by the dipple-dipole interactions. The 



540 
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only part of these which remains secular or nearly so when - 

7 
averaged ovw the rapid precession induced by the static field 

i 

H, and by the resonant radiofrequency* fields is (2,72,84): 
J r 

-- 
with A = b , . r - w , s  the deviation from Hartmann-Hahn'matching 

- 

condition (7) and 

The coordin system for eqns. 1701 and 1711 is the double 

rotating frame (118) in which the z-axes for.both species are 

parallel to the respective'rotating fields. The -observable of 
I 

interest i5 <sI) , the spin-locked rare 
t acqui ed at the expense,of the abundant I 

i \ 

h 

For S spin with a single nei hbour, eqn. L71a3 would B 
lead to an oscillatory behaviour of <$(t)) . Withmany 

b neighbours present, .osci 1 lat ions at an normous number of 
t 

9 

frequencies and ( S 3 ( t )  > take5 on the 



character of an exponential approach to a final equilibrium 
0 

- 

valve determined by the initial temperature of the I-system. - - 
(This is also aided by the 1-1 spin-flips induced by the dhd. 

The secular transfer of polarization requires that 

-7 
I 5 '  of 171a1, as modified by have a time-independent 

part, that is, the explicit oscillation of the experi.'entally 

Gariable frequency fl must be effectively cancelled by some 

corresponding. Fourier component 'hidden in Vrs . In a ,, 

stationary sample having na Gz (defined similarly as for 

\/'S , except that it is between like abundant spins), no such 
+ 

additional time dependence exists, and secular transfer would 
t \ 

occur only for A = 0. The effect of \/TI is to produce 

'dipolar f iuctuat ionsm (91 1 of near-neighbour 'moments "Ik on 

account of their mutual flips with more distant neighbours 

I expressed by terms af the type = lrp embodied in 1701. 

Sach fluctuations, impressed on \hr through 1711, have 
< - 

-/ - _  _ - 

characteristic frequency 4: bkg , the factor ' 1 ,  and 

with kg indices supressedl being a recognition of ti). the 
I 

,reduction factor 1/2 in 1701, and ( i i )  the fact that not all of - t 

- d r r  is effective in causng spin flips which modulate Vxs 
'-7- 

(91). Secular IS transfer now occurs f o r  A r  ~ ! b h e ~  . The 

. presence of many neigPbeurs results in a dense spectrum f ( A  1 

centered at Azo and having characteristic 41 btl . , 



The effect of sampje spinning is to introduce additional 

osci 1 latory dependences to Z&r and an . For spinning about 
I 

the magic-angle at frgbuency , 

2 
Here is the angle between Y* and the spinning axis and d y  - 

2 
is ass initiai azimuth of r;' about the axis. - 

' \ 

The direct effect of 1721 on aIs,through the bka is 

clear: s becomes 100% amp1 i tude modulated (with center band 

so that secular IS transfer occurs in the 

neighbourhood of 4- 2 W v  ; f 2637 but not around A s 0  . 
This is true regardless of the size of a x s  . The relative 

amplitudes of cross-pelaxation peaks f( r f 2 W r  ):f ( Z U r  deperid 

-3 

on structclres, e.3. for V ,  perpendicular -,to the sqinning axis 
4 J 

f ( tAw%r)=B. 

The other effect o+ C721 is to modulate the 

characteristic frequencies &!bbse which imposes on 

ST, . Each of the peaks +(*Or 1 ,  f ( T 2 ~ r )  mentioned above 

is split into FM sidebands at multiples of ub , with modulation 



indices6 the type A qualitative 

feature of importance is that these sidebands, and the 1-1 
.c 

interactions in which they originate, are required to restore 
9 

secular transfer for A =  0. 

1C 

The relati--ve amp1 itudes of the AM sjdebands are 

estimated from the rms values of 

over an isotropic powder distribution: < ~ c ~ & > / ( p < ~ , > =  Vfi .-, 
t 

The single effective modulative index & ~ ( ! b / ~ ~  can be 
-- 

obtained from the cross-rel'axation spectrum of the - static 

sample. 

We can understand why MA$ has so little effect on 

cross-polarization transfer rates on systems with strong 1-1 

dipolar interactions (108). Such systems have an f ( A  1 with a 
.* 

1 

width substantially greater than the practical spinning speeds. 

Thus the AM associated with spinning produces sidebands which 
i 

for the most part fa1 1 completely withiti f ( ) ,  while the FM 

hqs such a high modulation index that no additional sidebands of 
f 

significant intensity are produced outside of fd( A 1 .  The net 

effect is an + ( A )  which is substantially the same,"hhether 

sp,inning or non-spinning. This behaviour has been confirmed 

experimentally for % wide variety o# solid polymers 6108). I n  
j 

these systelhs, the full 1-1 interaction is of the order of 

25 kHz, so that a full widthlat half,-height of f (  R 1 of about 

6 kHz is likely. Magic angle spin in9 at 3 kHz produces 1 
sufficiently little modulation of  f' 4 . 1  that the observed 7 



~rb&-~olar izat ion sfer rates (for both protonated and 
1 

non-protonated ca~bons) change much less than a factor of 2, 
JT 

with no indication of a strong dependence-on small Hartmann-Hahn 
' 

T . 
C 

mismatches. 

. i 

An interesting case'arises when 

( 77 1 1 1 .  This was i 1 lustratec i by Steiskal -et a1 

( 1 0 9 )  in the study of aiamantane. It was found that there is an 

interplay between the sample rotation and the conditions 
- 

k 3  necekary for transfer of polarization, especial 1 y when the 

a Hartmann-Hahn condition is not met. The magic-angle spinning 

has a tendency to redistribute the overall rate o+ polarization 

(instead o+ changing it), and intermolecular cross-polarization 

is possible. 



CHAPTER 4 

4.A. Apparatus - General description . n 
f -. . 

This section describes the necessary modificatiorrs of a 

commercial high-resolution NMR spectrometer so that %H-l3C 

solid-state cross-polarization (CP) experiments could be 
'% 

performed (111). The spectrometer used was a TT-14  from 

Transform Technology Inc., which is acPyally a hybrid device, 

comprising a Varian HA-6B magnet, a sJightly modified Bruker 

% 
WP-60 console and a Nicolet 1080 computer, with probes and 

- % 

inter+acing logic provided by Transform Technology Inc. This 

1 spectrometer by itself provid:?~ 50 watt power at 15 MHz for 13C, 
4 

a 15 watt l H  decoupler which can be pulsed, and a pulsed - 
I 

deuterium lock. 

4 . A . I .  Probe 

It is desirable to have a large volume probe since this 
-< ---- / 

/' 
/---- 

modification has the intention of providing facility to study 

dilute spin systems, surface-adsorbed species in our case. For 

compatibility with other instrumentation existing in our 

laboratory, we decided to use 12 mm sample tubes. Si.rice it was 

known that surface species would have short proton T r  values 
v 

6 6 ,  4 i.t was desirable that a high duty cycle be 

achieved to take fu4l advantage. However, this implies possible 
A 

problems with radiofrequency power dissipation in the probe, 

- parficularly +or the necessary high field desoupler. Power , 

dissipation may be kept within reasonable bounds by use of a 



single coi 1 tor both observe and decoupl ing frequencies. This 
5 

1 

in turn gertarates igolation problems, but there exist designs 
---'I 

(115, 1161 of singlecoil probe whick~overcome this problem by 

\tc 
tfie use of resonant cables. Of the two, we have chosen the 

design by Stoll, Vega and Vaughan _ /. (115). 

The designed sample coil is 1.3 cm in diameter and 2 cm 

lang 'wound on a thin-wall pyrex c~laks tube which accomodates a 

12 mm sample tube. The coil is comprised 09 7 turns o-f J2.5 mm 
C 

x 0.24 mm) silver strip. This is connected and double-tuned as 

described in (115). Computer simulation of this circuit, , 

including explicitly the effects crf the quarter-wave cable at 

both frequencies, showed that it is possible to select nearly 
-\ '. 
i 
\ 

correct capacitor values, and to achieve tuning with  very little 
', 

trial-and-error adjustment. It showed fhrther, as did  initial 

experiments, that the performance of this probe desigi? is 

~riticklly dependent- upon losses in the capacitors and 
- - _ _ -  

quarter-wave cable. .We have the e+or.e used low-loss cable (117) i f 

> together with high Q f i'xed porc;lain (118) and variable tef lot1 

' ( 1 1 9 )  ~apacitors. W i t h  these compbnents, we estimate that the 

rnajoc powec loss is in the cable, and comprises 20-25% of the 
- e  , 

#input power at each .frequency. 

The coil is cooled., by a flow of air at 'ambient 
_ . \  

temperature, which .impinges radially'on the coil from a se~ies - 3 *. 

of orifices. Norma.lly, a flow of 0.7-litre/sec is used.  



In addition, a small air flow passes axiaIly,between the sample 

tube and the coi 1 support. - 

The probe is fitted with an external deuterium lock. 

This consists of a 5 mm tube containing D.0 (doped with C ~ S O - )  .. 
which is wound with a coil. The coil is tuned to 9.2 MHz, 

" 

matched to 50 ohms and ;onnected to the pulsed lock circuit of 

,, ' the spectrometer. Use of an external lock precludes field 

shimming by maximizing the lock signal meter reading. We have* 

restored this facility by locking, for shim purposes only, on 

the protons in a liquid sample (usually benzene). This 'is 

accomplished by mixing the lock transmitter output, with a 

1 

h 50.81 MHz local oscillator, and feeding the resultant sum to the 

proton channel of the probe, as indicated in Figure 4.1. The 

resultant nuclear resonance signal is mixed down to 9.2 MHz in 

the same mixer and activates the spectrometer lock circuitry in 

normal fashion. The signal from neat protonic liquids is 

sufficiently large that the losses on two pdsses through the * 
mixer are not important; 

4 - 4.A.11. E.F. Power' 

W i t h  the above probe, the Bruker power amplifiers will 

produce fields of about 30 kHz ! 3 H,/zTT at both 15\ a 

I 
60 MHz, which are minimally adequate for solid-state wark. 

* 

However, there are drawbacks which make external power > 
amplification necessary. First, although the lJC field h 

above value en judged b y  the pulse length, the/&litude 

d L 



Figure 4.1 Block diagram of the modified 

spectrometer. Original components 

are enclosed in block at left. 





of this field falls by abwt h fa~tor of 3 over a puls&time of 
1 

F 

1 ms. This, of course, is intalerable for cross-palmiration 

experiments, in which the Hartmann-Hahn condition s h ~ u l d , ~ e  met 

s I 
for times of this order. The effect is undoubtedly due tq 

insufficient power supply capacity to the 50 watt amplifier. 
, 

bur solution i5 tb extract the 15 MHz sigoal at the i0 watt L 

level (see Figure 4.1) where droop is slight, and to provide ,' 

external amplification. 

'P 
P a  

I n  the case of the 60 MHz decoupl~er, there are no droop 

problems, provided it is operated at full power. Howepr,' an 

attempt to establish the Hartmann-Hahn condition u,sing the 

4 .  decoupler output level control is unsucces~ful. This is because 

the control uses a feedback circuit which senses the r.f. output 

level, and whi& has a time constant of about 5 msec. Thus, 

whqn the decoupler is pulsed on, the initial output is full 
P 

powhr, decaying with the above time constant to the level 
% 

determined by the control setting. Since we require a higher" 

field in any case, we operate the decoupler at full output, 'and 

employ an-external amplifier. 

The power amplifiers used are home built broad-band 

amplifiers based on power VFET device~i.(l20). The 15 MHz 
t 

amplifier uses four VN64GA transistors, and can provide 350 watt 

output with 10 watt input. The 60 MHz amplifier uses two 

BFSB-35 devices, and provides 80 watt output with 10 watt input. 

Each amplifier is provi,ded with a power supply having high 



64. 
- 

- current capacity and large output iapacftance, to give less t h a ~  

5% amplitude d r a q  with typical pulse lengths. O b l ~  practi~e is 

70 e s t d t h e  ~atching condition by operating the 68 MHz 

amplifier at full power, and var-ying the d.c. input-to the 15 

MHz,amplifier to achieve matching. Our r.f. fields art? than 
< 

typically 70 kHz at each frequency. 

< 

An additionql pair of crossed diodes was-added i a  
V 

parallel with the exi~tin-~ pdir in the receiver input circuit. 
1 

Theje are probably unnecessary, as we have had no problems-here 

with -pulse length up to 20 miiec at full. 'power. The Bruker diode - ., 
box ih the transmitter lead wa-s destFoyed.aL an early stage of 

this* project, and was replaced by the diode network shown in '?  
Figure 4.1. 

4.A.-I11 Decouple~ Phase Control 

The minimum requirement is -forn/2 phase shifting on the 

decoupler to provide spin-locking. In addition, it is highly I 

desirable to PC-de an additional . ~ y  phase shift so that 
P 

"spin-temperature reversal" (11@) may be performed on alternate . 

polarizations. These shifts are provided by the unit shown ih' 

~ i ~ u r e s j  4.2 and 4.3. Doubled-balancgd mixer5 (121) a,re used to 

provide rr 'phase shift by polarity reversal, and fl/z qhift by 

switching in a qu'arter-wave cable as required. This unit is ' 

incorpora ed in the low power 60 MHz system as shown in Figure d 
4.1. switch S 1  disconnects the noise modulator, and substitutes 

- 

the phase control unitdin its place. 



I 
b 

Figure 4.2 Block diagram of  the phase shifter l o g i c .  
I 

Figure 4.3 Phase s h i f t  
F 
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Spin-temperature reversal is selected hy q m i w w  - ,  

switch S2. 1n this mode, the phase'of the proton ?/2 pulse 
1 

is changed by 180 degrees on alternate scans, and the computer 

AddlSubtract line alternated high and iow respectively. This 
h 

has the effect (110) of accumulating signals which originate 
q * 

 from proton polarization, and cancel5ing all others. This is 
v 

nearly imperative when studying polycrystalline samples of high 

anisotropy, since the 

' about 180 bsec which 

h'igh-Q probe gives a spurious ringing for 

can otherwise cause severe basel ine ;" 

distort ion. 
" 

' 4. A . I V  Control Losic 

The spectrometer is normally controlled by a Nicolet 293 

pulse controller. This is basically a series bf six 

programmable timers, which can be controlled by the computer, 

together with some associated-logic gates. A patch panel is 

provided to perm'it variable imterconnections of these 

components. Our aim was to implement ~ross-polarization , 
I 

experiments with no changes to the Nicolet -software ( N T ~ F T  
I .  

version 1002) and, with min iRum repatching of the 293 patch r" 1 , 

panel, so That reversion tosthe standard conjiguration could be 

simply achieved. 

These six timers are adequate for routine use'only i.e. 
I+ t 

in normal single-contact or multi-contact cross-polarizations, 

., 
proton TI, and 7;f measbremehs. For carrying out 



67.  ~ 

complicated pulse sequences e.g. lSC TL measurement, delayed 

L. decoupled experiment etc., we have built a programmable pulse 

generator i n  conjuction with the Nic~let s1080 computer to 

replace the Nicolet 293. The pulse generator is capable of 
P 

~roducing almost any conceivable pulse sequence. 
I 

Masic Ansle Spinner (MAS) 

lo the later part-of, this project, a magic angle spinner 
t 

"a 

for vacuum-sealed samples w.5 built in this laboratory. The . 

details of Lhis design have been published (18) and won't be 

elaborated here. This spinner permits reliable spinnihg, up to 
1 

3 kHz of samples sealed in glass tubes. The glass tubes used h 

- 
are the Wilmad grade 507-PP NMR tubing. 

- - 
4.C. Preparation of Catalysts 

Four kinds of MgO were prepared. 4MgO-'(1) was made from f 

MgC.03.3Hd prepaked by the co-precipi tat ion of solutions ' of 

3.6 M Mg(NOs)2.6H& and 0.8 M.NaHC03 ('123). The carbonate was 

then washed, dried and decomposed in vacuum at 500%' in a t h i n  

bed. The MgO-(1) so prepared has a surface area of 115 mz/g and 

a bulk density of 0.3 gm/cm3. 

- --  - - - - 

MgO-(2) was a Ni++-doped---M9B,mt3at the proton , 
- - ~ ~~ 

~-~ ---- . , 
spin-lattice relaxation time (Tan) o f  the MgO-alcohol system 

thetNi++ act as paramagnetic centers. The 

was soaked in a solution containing 



Ni(NOslz.6&0 to provide a concentration of 10 ppm of Ni++ or,' 

MgO. This Mg0-(2) was then dried~in an oven at llB•‹C with 
V 

constant stirring, and then calcined at 500•‹C for 20 hours in 

air. The MgU-(2) has a surface area of 115 mZ/g and a bulk 

density of 0.2 gm/cm3 -% 

Mg0-(3) was prepared from the decomposition of hlg(0H)~ 
_--_-~ A_-/- 

(reagent grade from Matheson, Coleman and Bell) in vacuum a6 - 

. 300•‹C for 20 hours in a t h i n  bed. Mg0-(3) has a surface area of 

220 mZ/g and a bulk density of 0.6 gm/cmJ-- 

Mg0-(4) was prepared ++om MgCd4.2Hz0, abtained from the 

'co-precipitation of soluticrns of 0.5 M ( N H ~ ) , c ~ ~ , . H ~ ~  and 3.5 M , 

W9(N03)am6HzO. The oxalate was dried and then deramposed at 

30B•‹C in vacuum, after which it was further heated at 400•‹C in 

air. This further calcination was deemed necess?.ry when one 

batch of Mg0-(4) was found contaminated with some un-decomposed 
. - 

impurities. Mg0-(4) has a'surface area of 200 m2/.g, and a bulk - -- 
\ 

density of 0.6 gm/cm3. 

There exist several commercial specimens and laboratory 

preparations of W03. The usual preparations of W ~ S  consist of 
, 

calcination of ammonium paratungstate at 500OC (62, 631, 

decomp~sition of tungstic acid gel (122) etc. We have adopted 

Davis' method of obtaining WOJ ( 6 5 ) .  



To a 0.63 M solution of ammonium metatungstate 

..e-- (Koch-Light 99.9%) was added dropwise concentrated hydrochloric 

acid until pr'ecipitation was complete. The yellow tungtic acid 

was washed with water ten times and filtered, then dried at 

__-- -1- ,- lla•‹C. This was then followed by decompositian at 300•‹C in 

a t h i n  bed under vacuum for 4 hours,' The WOJ thus prepared was 

bright yellow with a surface area of 33mz/9 and a bulk density 

of 1.2 gm/cm3. We have tried other ammonium tungstates (e.9. 

ammonium paratungstate from Matheson, Coleman and Be1 1 1 ,  or usng 

conc&ttrated nitric acid in this preparation. Elther the 

tungstates have low solubility in water, or the prepared WOS has 

a very low surface area ((10 mz/g), which is not suitable for 

surface studies, utilizing NMR. -- - _ --. 

The W03 prepared above tended to turn green upon 
e 

storage, so we treated the W 0 3  in On at 300•‹C for 2 hours and - 

then degassed wfore introduction of the absorbate. The WOJ so 
Q 

treated always returned to'the original yellow color. 

4 .D . I .  Experiments 

All suvface area determinations were done by the BET 

method using NZ at 77OK. 

a 

Samples of the different ki,nds of MgO and WOJ for static 

studios were lo'aded into 12 mm 0.d. NMR tubes to a height of 

about 2 cm. For the MgO samples, they were slowl'yheated to 



* 

500-C in vacuum for 22 hours, for out-gassing and removal of 

surface water. Measured amounts of the desired adqorbate were 
b 

then allowed to adsorb onto the oxide from gas phase at room 

temperdtui* The samples were then sealed off and a1 lowed' to 

stand for several days at room temperature before NMR 
b 

measurements. Some sarnplgs were re-run after a period of 2-3 

' ,  months to check for reproducibility which was always found to be 

excellent. Samples ft-r magic-angle spinning were of about 

1.5 cm in depth in a 5 mm 0-.d. NMR tube, and were treated'in the 

,same manner. In the case of alcohols having less than 20 mmHg . . 
vapor pressure at room temperature, a different technique was 
\ 

/ 
d. Measured samples of adsorbent and adsorbate were degassed 

and sealed in opposite ends of a two compartment tube. The two 
3 

compartments were then brought into communication by breaking a 

breakseal, and the whole apparatus placed ' in an oven at a 

temperature (usually 50 - 110OC) at which the adsorbate had a 
b *  

vapor pressure of 10 to 1 0 0 m m ~ ~ .  The apparatus was left in the 

oven for some hours and then allowed to cool. Inbno case was 

any. liquid alcohol visible after this treatment, and since the 
< 

amount &.gas phase alcohol wm-Id be negligible, even at the. 

vapor pressure of the liquid, we assume that essentialy all of 

the alcohols were adsorbed on the solid sample. 

The WOj samples were prepared the sameway except in the 

pre-treatment procedure. Two degassing time periods we're used: 

WOsall) for 2 hours and WOs- ( 2 )  for 19 hours, both we?e 

out-gassed at 30PC, After the degassing procedure, both 



71 

activated with Oa (ca.200 mmHg) at 

30g•‹C, for 2.5 hours. Samples were then degassed again for 
- 

0.5 hour at the same temperature and then the desired adsorba'e 

. - introduced'. 

In order to investigate the conversion products of 
1 

alcoh~ls on MgO and WOa, another series of experiments with the 

same samples were undertaken.. At least three samples having 
, 

different coverages of alcohols on MgO and W03 from each 

preparation were raised - -  to-successively - -  higher temperatures. 

This was done by,placinq the sealed NMR sample tubes inside a 

* tube furnace (17%-18B•‹C, 300-320•‹C, 485-500OC) for three hours. 

They were then cooled and left at room temperature for seve a1 
- 9 

days before NMR mPasurements. 
f 

4 . D . 1 1  NMR Measurements 

All I J C  NMR spectra (single-pulse, CP, MAS-CP) were 

measured at 15.08 MHz on the modif.ied TT-14 spectrometer 
P++ 

described earlier. Single-contact Hartmann-Hahn cross- 

polarization was used with radiofrequency field-strengths 

ranging from 40 KHz ( ) to 70 kHz. "spin-temperature 

-, reversaln was used on alternate polarization, so that observed 

signals arise only via cross-polarization from protons. 

I 

The pulse sequence used was shown in Figure 4.4 .  The 
-.. - 

proton pulse is typically 5 i s e c  to 7.5 psec at field 

strengths varying from 7,B KHz to 40 KHz. Contact time &s either 



I 

Figure 4.4 Pulse Sequence, 

(a) Pulse  diagram of t h e  s ing le-contac t  

c r o s s - ~ o l a r i z a t i o n  experiment, - 

( b )  Pulse  diagram f o r  t h e  proton Te 

r e l a x a t i o n  experiment. 





- \ 
+ 1.5 or 2 msec. Proton Tr were measured for all the MgO-methanol 

systems and for some treated at elevated temperatures. Proton 
6 ' 

Ti was also measurgd for some ethanol- MgO systems. These 

were measured by the conventional- 180'- 7: -900 sequence at 4 
70 kHz field strength.' The pulse delay in the sihle-contact 

cross-polarization experiment was then set t about 1.5 TIH . 
For systems with extremely short TI,, we st$ the pulse delay at 

about 0.3 sec, so tht no damage may occur to the probe. The 

same procedures were applied to alc0hol-W0~ systems. 

Proton,spin-lattice velaxation times in the rotating 

frame' ( lif ) were measured 'for some selected methanol MgO 7- 

samples in which 60% raC-enriched methanol was used. The pulse 

sequence for these experiments was shown i n ' ~ i ~ u r e  4.4. In the 

sequence shown, one sees that a relaxation period (a to b) of 

length T is inserted between tho beginning of 1H spin-lock 
- 

condition (at a) and the beginning of the contact period (at b) 

(at which time the Hartmann-Hahn condition is established). 
f 

During the period T rotating-frame %H spin-lattice relaxation 

occurs9 hence, by observing the intensity at- end of the 

contact peribd as a function of 13 , one can obtain a measure 
of T;q  for those protons involved in cross-polarization with 

The cross-polarization times (Ten) were measured for the 

same samples for which the proton T j q  were measured. This was 

w 



done by observing the resulting %=C signal when the contccta 

times were varied. 

Some of the spectra shown in this dissertation were 

hahd-traced from the original. Usually, free induction decay 

signals were stored on the Nicolet 294 disk accessory with " 

Memorex hard didks, Lpd spectra could be plotted on-ordina k y 
8-1 /2' x 1 1  " papers if ter Fourier transf ormat ion. However,, we. 

suffered several disk-drive crashes and most of the disk membry 

was wiped out. 6 

4 .E . .  Estimation of Errors and Experimental Difficulties 

Sample preparations were carried out with a conventional 
-7 

mercury diffusion pumped vacuum line. The sample preparation 

area had a gas burette calibrated by weighing'empty and full .of 

distilled water. The &nometer was of volume compensating type 

and a1 lowed for a measurab d change in volume of JOcmJ. The 

manometer was mercury fiilled. Height differences in the 
I 

manomet#er were measured with a meter ruler and accurate to f 

0.3mm. Pressure readings were then accurate- to i0:bmm of Hg. 

\ 

Volumes of those parts of the v a c ~ ~ M 7 Q ~ k  calibrated by - 
he1 ium and nitrogen expansion were ikcurrite to' +0.1%. Volumes 

,. . 

of sample tubes were determined by nitrogen expansion to +0.%%. 

In order to save time in measuring the volume of each sample 

tube, several were m e at once with the same external pa 
dimensions, then the volume was measured by nitrogen expansion. 

. - 



Tke difference w$s found to be within B.lcm3 which was taken as 

the error in measurement in subsequ&t calculations. The amount 

of gas adsorbed on a sample was calculated from the pressure 

drop on allowinsthe gas into-the sample tube containing the 

adsorbent. (All gases were assumed to be ideal.) Amounts of 

gas adsorbed were then accurate to about@f% for low coverages 

and (10% for high coverages. 

Since -the adsorbents (MgO and WOJ)" were not stored under- 
. - 

an iner,t atmosphere .inside a dessicator, sur-face area was 
* 

measured . 3 each individual sample after treatments (degassing 
or &?bating with oxygen)., It whs found that there was little 

a .  

& 

variation in the surface ar&. obtained even over a storage 
& , - 

period o+ more than a year. 'The error in the surface area 

'determination was estimated to he abcmt fl%. 

T The proton relaxation data were measured by least 

squares fitting the amplikuties, A (F.1.D. intensity or the ~ 

height of ~ourier transformed spectrum) as a function of delay 

time % , according to: 

14.11 A = a + b exp(- z/-r; a,b = constants 

Points to fit the eqn. 14.13 were measured with an error 

. of  from 5 to 15%, and usually 8 to 12 points were used to 'fit 

the exponential. J 



Standard deviations of fi t  were generally of the order 
t .  
'f;FP 

of 5%, with the stadarb deviatiori of the slope #% the line 

being of the same o r d e w -  

The incurred error in the fit does not cause great - 
- 

problem in this dissertation because the purposes of these 

measurement~s arc, ( i )  to obtain a general relaxation mechanism; 

( i i j  to detect paramagnetic contribution to the relaxation;. 

( i i l )  to obtain a rough estimate of the optimum repetition rate 

' in the 13C CP experiments. All three purposes do not require an 

1 
exact measurement of Tan. 

Tf and T,, measurements are to ensure that the 
& 

mixing time (of or is not too long or short 

respectively. Consequently they onlysserve as a guideline for 

.-the ' CP experiments, and exact values are not required. 

Signal/noise problems were co%on in this study. The 

- e% 
\ use of lJC-enriched adsorbates enhances the signal/noise ratio, 

however they make the edge of the chemical 5hift powder pattern 

less sharp. F O ~  ordinary adsorbates, the powder pattern 
- 

obtainkd is sharper, but it requires a much longer time for data 

-47 
acquisition. Since the signal/noise'ratio is proportional to - 

the square root of number of contacts,it would take 4 times the 

number of contacts to obtain a signal that doubles the original 

signal/noise. One would encounter problems like field drifts 



+_ lppm) andpa subsequent loss of lock if the experiment. was 
5 ,. '. - *>KT 

run too lokg ( ~ n  ;xcess of 24 hours). 

., Far the chemical shift measurements in the 13C CP/M& b 

.L /+' 

experiments, the erroh is' estimated to be less than _+ lppm. *'$he -. \ - 
L2 

errors mdyarise from a slight field dr i f t  t i  lppm), residual.'- 
1 

linewidth .(ca. 1 ppm) (from magic-angle missetting or 
I \ 

over 1 app i ng of resonance s (18) . 

4.F. ' Reaqents 

, The methanol' used ,in the& experiments was of 
. - 

spectroscopic grade from Fisher Scientific, and was stored over 

molecular sieve type 4A. The ethanol used was double distilled 
;$. 

from 95% ethano'l o"er magnesium and stored over molecular sieve 

types 3 A  and 4A. The isopropanal, n-butanol and acetone were 

from Fisher Scientific (suitable for electronic use), and w e r e  

stored over molecular sieve types 3 A  and 4A. All the, 
t 

alkane-diols and acetaldehyde were from Matheson, Coleman and 

Bell. They were distilled at reduced pressure and stored over 
- 

mo,lecular sieve 4 A  prior to use. Carbon dioxide used in some 

experiments was from Canadian Liquid Air'~td. 

13C-enriched methanol and COr were obtained from Merck, 

' i sharp-'a&Etqhme isotopes and were vacuum distilled before, use 
, 



. . - .  Two 98% lac-enriched ethanols, ethanol-1 -lSC %y\I.J 
+b- 

ethanol-2-lJC were prepared 'from t h e i r  respect i v q ~ 9 0 C  # , 

U 
a- . $'- 0 

'V-enr iched sodium acetate precursor from MSD 1s&&es, 

according to standard procedure (124). 



/ " CHAPTER 5 

/ 
5. A. I. MethanM and COn Adsorption Isotherms 

/-</- 

In order to observe the difference in the surface 

characterist ic5 of the' four preparations ,of MgO, adsorption 

isotherms were done for methanol and COZ at room temperature, as - 
shown in Figures 5.1, 5.2 and 5.3. For those data in Figures 

5.1 and 5.2', the MgO's were degassed at 5%B•‹C, but at 30B•‹C for , 
/ 

those in Figure 5.3. - 

- 
Essentially, all isotherms show type I1 adsorption 

characteristics. The methanol adsorption isotherms are 

basically the same for all preparations of MgO. There is a 
L 

slight deviation for MgO-(4) lies slightly higher 
v 

than the others. 

The CO, isotherms (Figures 5.2 and 5.3) show rathe: more 

variation with preparation and degassing conditiohs. For both 

methanol and COz, a substantial chemisorbed population is 
/- 

acsipved at lower pressure than one was able to use, and a more 
-, 
loosely-bound population is observed which increases with 

pressure. 

Quantitatively, i:t can be concluded that the 

chem~sarption level o MgO is 6-7~nole/mz for methanol and 1 
1-2 ~mole/mE for COZ. Since COr is slightly acidic, presumably 

it will adsorb on the basic sites on the MgO surface. Thus, i f  



FigurJ% 5.1 Adsorption isotherms of methanol on 
P -. 

all preparations of MgO at room 

temperature. Samples degassed at . 

5 0 0 ~ ~ .  

Figure 5.2 Adsorption isotherms of C02 on all 

F L  - 
preparations of MgO at room 
". 

ii _ 
te'n;perature. Samples degagsed at 

Figure 5.3 Adsorption isotherms of C 0 2  on all 

i 

preparations of MgO at room 

temperature. Samples degassed at 

3 0 0 ~ ~ .  

Legend: 6 :  MgO-(1) 

T 0: ~ ~ 0 - ( 2 )  

4: ~g0-(3) 

v: MgO-(4) 









I 
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methanol and CO. both adsorb on the kame site, then only 

one-quarter of the active sites are-basic. However, this 

estimate of basic sites is 10 times bigger than that reported by- 

indicator titration (32a1, Tarinvestigate further into this 
A- 

aspect, the 13C NMR spectra were measured for 90% 13C-enriched 

CO. adsorbed on all MgO's. The static lJC CP spectra are shown 

in Figure 5.4. 

Magic-angle spinnin'g (Figure 5.18) for Car on Mg0-(3) 

reveals a single peak at an isotropic shift of 161.6 ppm. This 
\ 

is certainly consistent with a bicarbonate structure (or a 
I 

carbonate species which is in close proximity to surface -OH 

groups). One finds, for example, NH4HCQ3 at 162.5 ppm and BaC& 
* 

at 169.5 ppm. 

MAS spectroscopy, using 90O pulses on 13C rather than 

cross-polarization yields a much weaker spectrum with the same 

chemical shift. This indicates that most of the adsorbed C O z  

must be near enougtl to a surface proton for effective cr-oss- 

polarization. 

For bicarBonate formation on the surfac* the following 

mechanism is proposed: 
0 

I I 



& 

Figure 5.4 ? 3 ~  CP spectra of 90% 13~-enrichkd 

CO on -all preparations of MgO. %- 

2 

, RF field = 40 kHz, Contact time = 2 msec, 

-1 Repetition rate = 1 sec . 
- 

( a )  2..70 ,Urnole/m2 of C02 on ~go-(l) 

2 
( b )  2.46pmole/rn of C02 on MgO-(2) 

( c )  2.09 !mole/m2 ofAco8 on M ~ o - ( ~ )  

2 
(d) 2.98hmole/m of C02 on MgO-(4); 

95,000 contacts. 

All samples were degassed at 5 0 0 ~ ~  for 

22 hours. 





-This simple mechacism would indicate that the COr adsorption 

occurs with participation of surface -OH gsoups,_ This would 

explain partly why the equilibrium adsorption level of methanol 

is 4 times bigger than that of COz.' Since there are only 

3~mo'1e/mz of surface -OH groups on MgO under the degassing 

conditions at 500OC (1251, and there are about 18 bmole/m* of 

MgZ+ on the (100) plane of Mg0 surface , these will give ample 
sites where the methanol could adsorb. Therefore, it  could be 

concluded that both methanol and CO* adsorb onto the 

Mg2' sites on the MgO surface, but COn requires a n ' a d d i t i ~ n a ~  

neighbouring surface -OH group. 

As the degassing temperature is lowered to 30B•‹C, one 

. would expect' the surface -OH groups to increase, thus the COZ 

adsorption isotherm on MgO's at room temperature would increase. 

However, this is the case only for MgO-Ill and MgO-(2), while 

Mg0-(3) and -(4) show a decrease. This might indicate nearly 

complete coverage of the surface by -OH groups, for the MgO-(3) 

and -(4). This would inhibit COz adsorption if COZ requires 

adjacent Mg and MgOH sites as propdsed above. 

5 . A . 1 1 .  Measurements of Relaxatisn Times and cross-polarization 

T i me5 

Proton spin-lattice relaxation times (Tin) were measured 

for all methanol-MgO samples before CP NMR spectra were 

taken. These data are important, as mentioned before, to 
1 - 



deteymine the optimum repetition Seriod, .which is about 

1.25 TI,- ~dI\.re also measured for some selected samples with 

which higher temperature studies were done, as shown in Table 

5.1. A consistent trend toward faster relaxation at high 

coverage is found. This is to bjexpected if dipole-di~pole 

interaction is the major contribution to relaxation, as is the 
6 

case for most adsorbed systems (66, 114, 126). The r'= 

- dependence of this-dipolar interaction would obviously lead to 

faster relaxation at higher coverage. Possible changes in 

motional frequencies, however, preclude a quantitative 

assessment of this. 

It will be noted that there is some variation of 

relaxation time between the various oxide preparations. This 

might arise either from varying levels of paramagnetic 

contaminants, or from variatiogs in motional state of the 

adsorbate, arising from differences in surface chemistry. The 

latter explanation is favored, as it is difficult to understand 

the eoverage qependence of relaxation rate, if surface 

paramagnets determine the relaxation process. 
- 

In Table 5.2, the TLH values are shown for some 

ethanol-Mg0 systems. The same trend is observed as in the 

methanol-Mg0 systems, i.e. faster relaxation at higher coverage. 

The same variation in relaxation times between the various MgO 

preparations is also observed. These observations can be 



TABLE 5.1 

and 

TIH of all Methanol-MgO Systems 

Selected Samples treated at Higher Temperature ; 

Coverage TIH(sec) TIH(sec) TIH(sec) TIH(sec) 
2 

(fimole/rn a ) RT 170•‹C 3 2 0 ~ ~  500•‹C 



Table 5.1 (continued) 
- 

* denotes 60% "c-enriched metban01 was used 

C 



Table 5.2 -- 

'2 Proton T Data of some Ethanol-MgO Systems 
1 

Coverage ~- Proton T, 

MgO- ( 2 



i - 

attributed to the reasons given above (for the methanol-MgO 
Ud 

systems) . 
I 

I n  Table 5.3, Tin, T,? , and Tcn are shown for some 
selected methanol-Mg0 systems which 60% 13C-enriched methanol 

was used. These were measured at a field strength of 40 kHz for 

&H and lsC. . Proton 7 9  in general is much shorter than the 

-.. Tin for the same system, except for one case in Mg0-(1). For 
4 

MgO-(l),. the Fq data show non'-exponential relaxation, which 

can be resolved into a sum of two exponential5 whose decay times 

are given in the, table. 

4 

The general shortness of TIP , relative to Tin for the -- 

protons, indicates considerable low-frequency motion in the 

adsorbed layer. It cannot be accounted for by rapid methyl 
, 

group) rotat ion. 

However, it should be noted that the measurement of 

proton TXH and 7 ; ~  is not selective, and the measured value is 

the bulk value of the methyl protons of the methanol, and the 

protons on the surface -OH groups. The selectivity -is.masked 

because of the rapid spin-diffusions among-protons during the, 
P 

contact time (in the order of msec). This is certainly the case 

when the paramagnetic contarfilnants on. the surface are acting as 
-. 

. a  relaxation sink. 



T i H 9  TI* and TCH for some 

Selected Methanol-MgO systems 
<> 

.- I l '  

Coverage 
T 1 ~  XP 



The cross-polarization times arq short and relatively 

consistent for all samples. Clearly, this indicates a. 

substantial static component o f y h e  intramolecular 'H-IJC 

dipolar coup1 ing. 

r( 

.3, Figures 5.5 show the 'JC' CP NMR spectra of a typical 

methanol-Mg0 system as the contact times are varied. At very 
, t 

1 

short contact time, the 13C resonance is "splitH in the middle - 

showing that some of the adsorbed species' for wh'ich the methyl 

rotatioh axis lies along the magic-angle do not receive adequate 

cross-polarization (127). Contact times a& varied up to 

f 

2 msec! at which value the 13C CP experiments are usually 

performed. No dipolar oscilla.tions (7, 92, 127, 128) were 
d 

observed at short contact times. Plots of 13C signal inteni~t~ 

vs contact time are shown in Figures 5.6 to'5.9 for each 

. .  preparation of Mg0. 

Generally, the contact times used in,the lJC CP 

experiments (1.5 or 2 msec) are much greater than the longest 

Tcn in all the methanol-Mg0 systems, so that the carbons-are 

cross-polarized to an equal extent. Also the contact time is 
- 

/ 

much shorter than the xp , so that the spin-locked proton 
magnetization does not decay sigqificantly ;&thin the contact 

period. This permits good quantitative 13C CP analysis of the 

methanol-Mg0 systems. 



d . )1 

Figure 5.5 ? 3 ~  CP spectra of 2.79 ,hole/m2 of 

60% I3c-enriched methanol on Mg0-(3) at 

L di-fferent contact times. R.F. fiela-= 40 kHz. 
-1 

Repetition rat,e = 2.5 sec . 512 contac%s 
- 

I 

for all spectra. All spectra are 

normalized. Contact times (psec): 

(a) 30; (b) 100; (c) 150; (d) 200; 





Figure 5.6 Plot of F I D  signal vs contact times 

for the sample of 2.09 rmole/?n2 of ' 

60% .''c-enriched methanol on M~O-( 1). 

The error' bar indicates the associated 

uncertainty. I 

Figurk 5.7 Plot of .13c F I D  signal vs contact times 

for the sample of 2.21 ,Umole/rn2 of 

60% 13c-enriched methanol oh MgO- (2). 

The error bar indicates the associated 

uncertainties. 

~ i ~ u r ~ '  5 - 8  Ploi of 13c F I D  signal vs contact times -. 

using data from Figure 5.5 (2.79,Qmo?Le/m2 - 

of 60% 13c-enriched methanol on Mg0- ( 3 )  ) . 
, Associated error is included inside the h . 

, 

Figure 5.9 Plot of 13c F I D  signal vs contact times 

\for the sample of 2.99 rnole/m2 of 

13 60% . C-enriched methanol on Mg0-(4). 
u 

The error bar indicates the associated 

uncertainty. 
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5.A.111 Summary 

It was established that there exist slight differences 
among the four MgO prepared differently. This was indicated by 

their methanol and COz adsorption isotherms. Although they all 

showed type 11 c'haracteristic, their adsorption levels varied. 

This implies a difference in the surface characteristics on the 

MgO from the four preparations e.g. surface morphologies and 

concentration of surSace -OH groups. 

Although there appeared variations in the TI" and 

proton Tq measured for each different preparation of MgO, a 

consistent trend of faster relaxation at higher coverage is 

found for both adsorbed methanol and ethanol. This indicates 

r \  
that a dipole-dipalq interaction is the major contribution to 

relaxation. However a quantitative assessment of this is 
6 --.-. .- 

\ 

i m P o s s ~ ~ o s s i b l e  . 1 change in motional frequencies. 

I 
The differenbes in the relaxation times between various 

MgO preparations- Id tle attributed to varying levels of 
I 

contaminants or from variations in the motiohal 

- state of the adsorbat% (due to the differences in surface 

morphologies). Thus, Mg0- (2,), which is Ni++-doped, is expected 

to have the shortest Tan. However, Mg0-(3) which was prepared 

from the decomposition of Mg(OH)o (which has (0.01% of heavy- 

metal,, from manufacturer's specifications) showed the same 



s$ortness in T X H ,  this probably indicates some variations in 

state of the adsorbed methanol. , 

Also, noting that thesp T z n  and proton T q  measure- 

ments are the bulk values (protons on the rnethoxi.de and thosq on 

the surface -OH groups) only, it is difficult to make any 

quantitative assessment of these. 

Comparing the pt-oton Tq values obtained for M g O - ( 1 )  and 
-. I - -(2),'the same trend is observed. Thir probably indicates 1 

v 

considerable low-frequency rmtions in the adsorbed layer-. 

5 . B . I .  13C Spectra of Adsorbed Methanol 

Figures 5.10' to 5.13 show spectra mf static samples, for 
\ 

various coverages, on each preparation o f  $l30. In general., fw 

all cases, a broad power pattern is observed in the region 

expected for a methoxide species. At. low coverages, with which 

13C-enriched methanol was used, it caused thg edges of the 

pattern to be less sharp than previously reported ( 2 3 ) .  This is 

because the 13C- I J C  dipolar coup1 ing amounts to a few hundred Hz 

for the enriched samples and gives a linewidth-of this 

magnitude, convolved with the powder pattern. 

.- 

On a1 1 samples, an isotropic peak appears near 50 ppm at 

h i g h  covsrages. This presumably represents the appearance of 

loosely-bound methanol once the available chemisorption sites 

have been filled. It is well known that only in highly 



Figure 5.10 

CP s,pectra of methanol adsorbed on M~o-(~) at .. 

various coverages. R.F. field = 70 kHz. Contact 

time = 2 msec, ,except (a) which is 1.5 
1' 

2 
(a) 2.09*lUmole/m, rep rate = 1.54 se contacts 

2 -1 
(c) 4.31*pmole/m , rep rate = 1-82 sec , 2,000 contacts 

2 --LA -1 
(d) 5.92pmole/rn , rep rate L 5.56 sec , 285,000 contacts 

2 -1 (e) 7.04 pmole/m , rep rate = 5.56 sec , 66,000 contacts 
2 -1 (f) 8.42 pmole/rn , rep rate = 6.25 sec , 90,000 contacts 

* indicates 60% used. 
1 





\ 

Figure 5.11 

I3c CP spectra of methanol 'adsorbed on Mg0-(2) at - A - 
t -- - d -------- 

--I 

dif$%$ent coverages. R.F. field = 70 kHz. Contact 
,/ - / 

\ /-- ? 1 
~ ' t i m e  = l.5 sec. 

I 
2 -1 

(a) 2.2l*plmole/rn , rep rate = 5 sec , 6,000 contacts - 

2 -1 ( b )  3.37*prnole/m , rep rate = 8.33 sec , 6,000 contacts w4 

2 -1 -- 7 

(c) 4.97* ,Umole/m , rep rate = 10 sec , 2,000 contacts : 4- 3- 

k. . 
2 

--- 
-1 

(d) 6.23 ,Umole/m , rep rate = 12.5 see , 336,000 contacts 
a 2 -1 (el 7.24 pmole/m , .rep rate = 12.5 sec , 480,000 contacts 

2 -1 (f) 8.43 pmole/m , rep rate = 12.5 sec , 465,000 contacts 

* indicates 60% 13c-enriched methanol used. 





13c'CP spectra of methanol adsorbed on M~o-( 3 )  at 

different coverages. R.F. field = 70 kHz, Contact 
1 

period = 1.5 msec , except (c) , (dl and (e) which are 

2 msec. 

'2 -1 
(a) 1.22*,Umole/m , rep rate = 2.56 sec , 6,000 contacts 

2 -1 
(b) 2.79*pmole/m , rep rate = 6.25 sec , 5,40~contacts, 

2 -1 
(c) 4.55*bmole/m , rep rate = 14.3 sec , 350 contacts 

2 -1 
(d) 5.70 bmole/m , rep rate = 14.3 sec , 39,600 contacts ' 

/ 

2 (e) 7.70 /imole/m, rep rate = i4.3 sec-I, 86,000 contacts 

2 -1 
(f) 7.73hmole/m , rep rate = 12.-5 sec , 430,000 contacts 

* indicates 60% 13c-enriched methanol used. 





Figure 5.13 

"C C P  s p e c t r a  of methanol adsorbed .on ~ g 0 - (  4 ) a t  

d i f f e r e n t  coverages. R.F. f i e l d  = 40 k H z .  Contact 

-1 
per iod  = 2 msec. Rep r a t e  = 3.33 sec  

2  
( a )  2.99*,(hmole/m , 14,400 contac ts  

(b) 4 .ll* pmole/m2', 8192 con tac t s  

( c )  4.98* pmole/m2, 8192 contac ts  
1 

( d )  6.21 bmole/m2, 429,000 contac ts  

2 5 I 

( e )  7.07 ,Umole/m , 435,000 contac ts  
5 

L - 
(f) 8.18 ,Umole/m2, 244,000 contac ts  

* i n d i c a t e s  60% 13c-enriched methanol used. 





1 

syrnrnet~ica l  mmlecu.les e.3. adamantane, t h a t  narrow resonances 
< 

are  ob5etrved in the z S C  CP s p e c t ~ a  (1.W). R o t a t l o n  a b o u t  t h e  
t 

G - t  b c ~ d  or t h e  Mg-O bond in the sclrface m e t h o x - i d e s p e c i e s ,  even. 

~ o l ! a . p s e  i n t o  a nart-,cw resanance as the case h e r e .  Thls may 

indicate the p r e s e n c e  c f  some m e t h o w i d e  specie5"wtsich p o s s e s s  

' a z c i d ~ n t a l  d e g e n e ~ a c y  i n  t h e  c h e m i c a l  shi+t components due to 

s p e c i a l  symmett-,y or n ~ t i o n ,  ~r b o t h .  

M a g i c - a n g l e  s p e c t r a  have beeti  mbts.ined f q ~  a sample o f  

ne+hz.ncl  --YS@- ( 3 )  (Figure 5,181. The& show a single peak ha.ving 

a w i d t h  of EM Hz.  Thp positi~n a+ this peak s h i f t s  f r o m  4?..3 

,411 nf: these data are consistent w l t h  only two 
-- , 

ci-ier:: i sot-bed species or. 9190 at  room tertlper atur,e - a- t- c l at i v e l  ;/ 
r 

r i g i d  methcxide a n d  a v ~ b i  le-species which ' a p p e a r s  a.t h i g h  - - ._ i 

: o v r r a t g r s ,  The f a i r 1  y ? ? i n n +  d i f  fi- amcng different 

p r ~ p a r a t  igns can be acccunted f a r  b y  ua r8y t r~g  p o p u l a t l ~ t l s  of t h e  
-0 . 

M o t i o n a l  v a r i a t i o n s  betweer: pr.epa.r.at ions car1 b e  i n f  eu.red a t  a1 1 

ccve rager  +ram t h e  pt-3to:-I T r  , d a t a  a b o v e .  These wi I 1  partially 

average t h e  p m d e r  patter.ns from c h e m i s o r . b e d  species, i ead l n g  t o  



100. -- 

the small differences in the adsoybed 19yer if different 

preparations yield different' local geometries for neighbouring 

e adsorption sites. 

5. B. 11. 13C NMR. Measurements of Adsorbed Methanol Treated at 
\% 

Elevated Temperatures 

The 13C CP spectra of the methanol-Mg0 systems at room 

temperature and after heating (170, 320,, SOB•‹C) are shown in 

Figures 5.14 to 5.17. The spectra shown are those in which 60% 

% 
lJC-enriched methan,ol was used. 

Essentially, the spectra of the adsorbTed species 

remained the same until being tre,ated at 388•‹C. One striking 

feature is the gradual sharpening of the methoxide powder 
. . 

pattern as the temperature is raised. This is more pronounced 

for MgO-i2), -(3) and -(4) than for Mg This is perhaps 

due to the "recrystallization" of the layer on heating 

and c~elfng. Possibly a more uniform layer is achieved by 

thermal crossing of activation barriers. A similar effect is 

observed in the magic-angle spectra on Mg0-(3). The linewidth 

decreased from 88 to 40 Hz on heating to 300•‹C and re-cooling as 

seen in Figure 5.18. 
& I 

The spectra of all methanol-Mg0 systems treated at 500•‹C 

showed a low field resonance with the complete disappearance of 
. - 

the methoxide species. 



Figure 5.14 

2 
CP N b k  spectra of 4-71 /Umole/m of methanol + 

(60% I3c-enriched) on M ~ o - ( ~ )  treated at diff-nt 

temperatures. R.F. field = 70 kHz. Contact 

period = 2 msec, except (a) which is 1.5 msec. 

-1 
(a) Room temp., rep rate = 1.82 sec , 2,000 contacts 

-1 ' 

(b) 1 7 0 ~ ~  (3 hrs), rep rate = 1.43 sec , 7,600 contacts 
-1 (c) 3 0 0 ~ ~  (3 hrs), rep rate = 1.72 sec , 5,900 contacts 
-1 (d) 5 0 0 ~ ~  (3 hrs), rep rate = 4.17 sec , 38,800 contacts 





3 

2 
I3c CP NMR' spectra -of 4.97 mole/m of methanol 

.- 

(60% I3c-enriched) on Mg0- ( 2  ) treated at elevated 

temperatures. R.F. field = 40 kHz except (a) which 

is 70 kHz. contact period = 2 msec except (a) which 

is 1.5 msec. 

-1 
(a) Room temp., rep rate = 10 sec , 2,000 contacts 

1 .  - 
(b) 1700~ h ,  rep rate = 10 sec I., 10,000 contacts ' 

-1 (c) 3 0 0 ~ ~  ( 3  hrs), rep rate = 10 sec , 2,400 contacts 
-1 

(d) 5 0 0 ~ ~  ( 3  hrs), rep rate = 2 sec , 20,000 contacts 





Figure. 5.16 
T 

f 
13c CP N3& spebtra of 3.55 i(lrnole/m2 of methanol 

J (60% 13c-enriched) on ~ ~ 0 -  ( 3) treated at elevated 
L 

temperatures. R.F. field = 70 kHz. Contact 
. , 

period = 1.5'msec. 
-. f 

-1 
(a) room temp., rep rate = 14.3 Sec , 350 contacts 

-1 
(b) 170•‹ (3 hrsj, rep rate = 6.67 sec , 6000 cpntacts' 

-1 
( c )  300•‹ (3 hrs), rep rate =- 10 sec , 3000 contacts 

-1 
( d )  500O (3 hrs), rep rate = 10 sec , 26,000 contacts 





Figure 5.17 

2 
I3C CP NMR spectra of 4.11 ~ m o l e ~ m  of methanol 

(60% i3~-enriched) on ~g0-(4) treated at elevated 
44 

temperatures. R.F- field = 40 kHz except (a) which \ 

b 

is 70 kBz .  Contact time = 2 msec, - a 

-1 (a) Room temp., rep rate = 3-33 sec , 8,192 contacts 
-1 

(b) 170•‹c (3 hrs), rep rate = 0.83 sec , 2,.347 contacts 
-1 (c) 3 0 0 ~ ~  (3 hrs), rep rate = 0.83 sec , 78,357 contacts 

A- , , 
-1 (d) 5 0 0 ~ ~  (3 hys)., rep' rate = 0.83 sec , 103,100 contacts 





Figure 5.18 13C CP/MAS spectra of 

( A )  CO, -(  90% 13~-pnriched on MgO- (3 ) . 
( B )  Methanol (60% 13c-enriched) cn M@-(?). 

5 

-1 Contact time = 2 msec. Rep. rate.= 2 sec  .- 

(c) Sample (B) heated to 3 0 0 ~ ~  for 3 hours. 

(D) Sample (B,) heated to 5 0 0 ~ ~  for 3 hours. . 
Field strength = 60 k ~ z .  





From the pogition and anisotro of this resonance, it 
% _t" 

clearly contains spz carbop and is prPsumably a carbonate or 

formate species. The magic-angle spectrum shows a single line 
- 

at 167.4 ppm having a width of 11 0  Hz. W i t h  the MAS technique 

* one was able to perform's delayed decoupling experiment (129, 

130). The resonance intensity of this species is reduced to 50% . 

L. by a decoupler delayof 200psec. This strongly suggests a 

proton two bonds distant from the carbon (130). Given the 

chemical shift, bicarbonate is the obvious species. It is most 

unlikely that this is a formate species. A decoupler delay 

experiment on arnmmium formate shows decay to 50% in 25 psec and 

to 5% in 60 psec. For the MgO surface species, the intensity is 

>95% after a 68,Usec delay. These results clearly exclude the 
- 

possibility of a surface formate. 

It may appear that the chemical shift powder patterns ' ' 
.- 

whichwereattributed to surface bicarbonate species (spectrum 

(dl in Figures 5.14 to 5.17) are quite different /rom the ce 

5 .  - 
chemical shift powder patterns shown for COr in Figure 5.4 

J 
(which were also attributed to bicarbonate species). It was /' 

demonstrated by Stejskal et 31. (lla,b) that adsorbed COI shows 
- 

different anisotropies at different loading level3 on Na+- 

mordenite. This may be the case for the present NMR 

observation, that due to different concentration or surface 

morpholbgies that different signs of the anisotropies were 
8 

observed. 



Conventional si ngle-pulse lJC NMR spectroscopy don; om 
P 

some selected samples revealed a wide range of alka Bh, s and 
# - 

alkenes and COr on Mg0,when the methanol-Mg0 was heat'ed to'500oC 

for 3 hours. The resolvable resonances, relative to TMS, are 

-10.6 (CH4) 4.2 (CnHa), 11.6, ' 15.4, 23.6, 110.5, 117.5, 120.6, 

133.8 142.4, 158.3, 169.1 (CO;J-- and 183.9 m). These were \) 

not observed in the CP experiments, indicating them to be highly - 
mobile species, probably no more than phy&isorbed in any case. 

Gas chromatography and mass spectrometer analysis of the gaseous 

pr-oducts (or easily-desorbed surface species) reveal 

hydrocarbons ranging'from Cr to C4 (both saturated and 

.unsaturated) an1 large amounts of CO and Hr. 
'I 

5.B.111. Summary 
+=+CCt-'-- Z ., 1 ,  

i The r 5 ~  CP spectra indicate ' that the first monolayer 
+f-- * 

of the methanol-Mg0 systems consists mainly of chemisarbed 

species - with a powder pattern similar to that obtained from 

magnesium mthoxide. As the coverage increases, physisorbed 
I 

/ 
methanol appears as an isotropic peak,.super imposed on the powder 

pattern. This isotropic peak has < r J C  chemical shift of . 
1 

49 ppm, very close to the 13C chemical shift of methanol in 

liquid f&m. 

* It is conjectured that the physisorbed methanol 

molecules reside on less active sites on the surface (i.e. sites 

w i t h  lower energy of adsorption). The .force of interaction 

would be greater in magnitude than hydrogen-bondng or'van der 



108. 
i 

'z- 

Waals forces, otherwise these physisorbed molecules would behave , 

more like a 'Tiquid" and not be observed by the 13C CP 

A 

technique. It is further speculated that these physisorbed 

molecules either rotate very slowly (a few kHz) to average out 

the chemical shift anisotropies but not fast enough to average 

out the C-H dipolar coupling, or, intermolecular 

in the cross-polarization plays an important role 

The adsorbed methoxide species 

13C CP spectra 

are stable up to ' 3 8 0 0 ~ .  

- When the samples were treated to 50B•‹C, am low-field resonance 

appeared on the lsC ~ ~ . s ~ e c t r d $  which was believed to be a 
a 

bicarbonate species - the only chemisorbed species on the 
1 

surf ace. Therefore, MgO from all preparations dehydrogenate 

I 

. the methanol to 602 (prscursop for the adsorbed bicarbonate 
L 

species) and Hz (from gas-chromatography analysis). It was a-lso % 

found that a wide range of alkanes and alkenes plus carbon 

!++ 

monoxide &re produced as side-products. This probably involves 

some very complicated mechanism in their formation, especially 

in the initial- C-C bond formation (19-21). 
?a 

5.C.I. 13C Spectra of Adsorbed Ethanol on MgQ 

The study of adsorbed ethanol on MgO by conventional 

techniques has been scarce (31, 50-54, 57b, 131). The general 
I 

consensus is that the ethanol chemisorbed on the MgO surface as 

an ethoxide species, which is stable up to lSB•‹C. At about - -  

25g0C, dehydrogenation sets in to yield acetaldehyde and 



dro9en (531, along with ethene (probably from the dehydration 
\ 

ethdnol). At still higher temperatures, 1,3-bufbdiene is 

*B observed along with hydrogen. The formation of 1,3-butadiene 

probably arises from the reaction of 3-hydroxybutanal 
A 

, (self -eondensat ion product of acetaldehyde) with another sur+a&y 
1 

\ 

ethoxide, with water and another acetaldehyde as byproducts ' , L. 

(132). Most of these products were identified via infrared 

spectroscopy, and by gas chromatography with mass spectrometer 

analysis. 

Figures 5.19-5.22 show the static I3C CP spectra of 
1 

ordinary ethanol adsorbed on the four different preparations of 

Mg@-at varying coverages. At low cwerages, the observed powder 
- 2  

1 

patterns resemble those of magnesium ethoxide. In general, at 

coverages of 6flmole/mz and up, there is a slight broadening of 

both the methyl and methylene chemical shift anisotropies. This 

wp attribute to the possible existence of more than one 

chemisorbed ethanol species, which ~ E i m p o s e  on each other due 
. '% fl-.. 

to the proximity of their chemical shifts. 

--d The met hylen6 carbon dhows an art isymmetr i-c powder 
/ 

/ P i 

pattern due to the lack -of 9 symmetryf'axis, which\ is to be 
' I 

/ , ," 

expected; Its ~0'i-a~~ with that of the methyl 
/ 

resonance, t h u s  the 6' (the high f ield component of the 

& 

.- powder pattern) is obscured. b n  the other hand, the methyl 
/ 

/ 
resonance shows almost an isotropic pattern, probably duq to 



Figure 5.19 

CP spectra bf  ethanol adsorbed on MgO-(1) at various 

coverag&s. Field strength = 70 kHz. Contact time = 2 msec. 

2 -1 
(a) 4.21pmole/m , rep rate = 4 s,ec , 192,800 contacts 

2 v -1 ( L )  5.1411(mole/m , rep rate = 5.3 sec , 252,100 contacts 
2 -1 

(c) 5.88pmole/m , rep rate = 4.2 sec , 24,700 contacts 
2 -1 (dl 6.91pm01e/m , rep rate = 5 sec , 30,969 contacts 
2 

v 
(el 8.0i,~mole/m , rep rate = 5 sec I .  , 2 6 6,605 contacts 

* A  





Figure 5.20 

6 

"C CP spectra of ethanol adsorbed on M~O-(2) at 

various coverages. Field strength = 70 kHz. Contact 

tLme = 2 msec, , 

2 -1 (a) 4,92)lmole/m , rep rate = 10 sec , 343,800 contacts 

2 -1- 
(b) 5.8i.p0le/m , rep rate = 10 sec , 140,100 contacts 

2 (c) 6.14 pmole/m , rep rate = 4.2 sec-l, 203,900 contacts 
2 -1 (d) 7 .22  pmole/m , rep rate = 10 sec , 129,000 contacts 
2 - (e) 8.23 rnole/m , rep rate = 10 sec ?. 141,800 contacts e 



l l l b  



Figure 5.21 

' .  ' 9 ~  CP spectra of ethanol adsorbed on MgO-(3) at 

various coverages. Field strength = 70 kHz. 

-I Contact time = 1.5 msec. Rep; rate = 10 sec 

-1, . 1 -- - 
except (c) which is 2.7 sec 

C ,,$p- *.. - 
2 (a) 4.191(lmole/m , 321,700 contacts 
2 (b) 5.42 1(rmole/m , 468,400 contacts ' 

2 (c) 6k11pm~1e/m , 113,800 contacts 
2 '  (dl 7.19,Umole/m , 47,212 contacts 

(el 8.92,Umole/m2, 6,647 contacts 





Figure 5.22 

1 3 ~  CP spectra of ethanoi &sorbed on yg0-(4) at various 

.coverages. Field strength =SO kHz. Contact 

- 
time = 2 msec. Rep. rate = 2.5 sec except ( d )  which 

za (a) 4.02,Umole/m 2 , 120,000 contacts 

. (b) 4.93 ,Urnole/m2, 143,400 cdntacts 

2 
, ( c )  5.79,Umole/m , 300,000 contacts 

2 
(dl 8.00,Umole/m , 222,400 contacts 





some.limited rotation about the C-C band axis, but not fast 
- 

enoughpo-that it could be observed in the CP spectrum. 
\%. 

) 

5 .  C .  I I. lJC NMR ~easurement's of ~dc,pr&t hanol Treated 

at Elevated TemperatwrEFs>'-- \ 

Figures 5.23 to 5.26 show the static 13C CP spectra of 

one selected sample of ethanol-Mg0 system from each preparation 

of MgO when treated a$elevated temperatures. At 1800, b&h 

carbon resonances in all, spectra are broadened, probably due to 

the formation of mare chemisorbed eghoxide species which 
Q 

overlap. As the samples were treated at 30BmC, the spectra show 
/ 

a narrower methy lene resonance, but a corresponding broader 

methyl resonance, for all samples. F 

-u 
If both anisotropies had narrowed, then they could be 

t .  

attributed to surface "recrystallizationn on heating and cooling 
% 

as was proposed for the similar situation in the methanol-Mg0 

systeq treated at 30B•‹C. 
\ 

I n  addition, there appears some f.eature in the spz- 

carbon region in all spectra from different samples.. It is 

suspected that some of the surface ethoxide species may have 

decomposed at o r  below 300•‹C yielding other products. However, 

due to poor resolution in the spectra, these decomposed products 

cannot be identified. 



Figure 5 . 2 3  

's- 
13c CP spectra OF ethanol adsorbed 

on MgO-(1) temperatures. Field p 
i I 

streng 7 ' except (a) which is 70 kHz. Contact 
\ 

---L 

time id2 msec except Gib-wWtch is 1.5 msec. 

-1 
(a) Room temp., rep rate = 5 sec , 26,605 contacts 

k 

-1 (p.rSdoc (3 hrs), rep rate = 2.5 sec , 120,000 contacts 
-1 (c) 3 5 0 ~ ~  ( 3  hrs), rep rate = 1.7 sec , 226,900 contacts 

, 8 

(el Same samps as in (dl. Single-pulse 13c NMR 

-1 spectrum, rep rate = 0.67 sec , 16,695 scans. 





Figure 5.24 

13c CP spectra of the sample of 7.22 i~rnole/m2 of 

ethanol on MgO-(2) treated at elevated temperatures; 

Field strength = 40 kHz except ,(a) which is 70 kHz. 

Contact time = 2 msec, except (a) which is 1.5 msec. 
A -1 

(a) Room temp., rep ,rate = 10.0 sec , 129,600 contacts 
-1 

( b )  180•‹c (3 hrs 1, rep rate = 5.0 sec , 293 400 contacts 
-1 125,000 contacts (c) 3 5 0 ~ ~  ( 3  hrs)? rep rate = 2.5 sec , . 

B -1 
( d )  5 0 0 ~ ~  (3 hrs), rep rate = 3.3 sec , 444,600 contacts 

( e )  Same sample as in (dl, but single-pulse 13c m, 

- I 6 4  626 scans. rep rate = 2 sec , 
li 



I - L  
200 loo ppm 0 



Figure 5.25 

CP spectra of 7.19 pmole/?12 of ethanol adsorbed on 

Mg0-(3) treated at elevated temperatures. ~ i e l d  

strength = 40 kHz except (a) which is 70 kHz. Contact 
3 

time = 2 msec, except (a) which is 1.5 msec. 

-1 
Room temp:, rep rate = 10 sec , 47,212 contacts 

1 8 0 ~ ~  (3 hrs), rep rate = 2.5 sec-l, 60,000 ~ontacts 
-1 

350 C (3 hrs), rep rate = 2 sec , 114,600 contacts 
0 .A 

-1 5 0 0 ~ ~  (3 hrs) , rep rate = 3.3 sec , 214,475 contacts 

Same sample as in (d). single-pulse 13c NMR spectra 

-1 
at rep rate = 3.3 sec , 66,620 scans. 





Figure 5 .26  

1 3 ~  C P  spectra of the sample of 8.00 ,&mole/m2 of ethanol 

adsorbed on 14s 4 )  treated at elevated temnpcrature. ? b 

Field strength = 40 kHz. Contact time = 2 msec, 

-1 
(a) Room temp., rep rate - 3.3 see , 222,400 contacts 

( b )  ~ C O O C  ( 3  hrs), rep rate = 1 sec -I7 78,369  contacts 

-1 
(c) 3 5 0 ~ ~  ( 3  hrs), rep rate = 0.6 sec , 37,298 contzcts 

- 1' 
(d) 5 0 0 ~ ~  ( 3  hrs), rep rate = 2 soc , 749,000 c 6 n t a c t s  

( e )  Same sample as in (dl. ~ i n ~ l e - ~ u w ' ~  Xm at 





When treated at 50B•‹C, all samples turned to a greyish 

color, distinctly different from the original white color of the 

MgO. ,The CP spectra, in all cases, s w w  two major 

resonances at 20 and -120 ppm respectively downfield from TMS, 

hxcept for ethanol-Mg0-(3) which reveals another resonan~e at 

50 ppm downfield from TMS also. It appears that most of the 

original ethoxide species have decomposed, yielding mainly 
I 

hydrocarbons (of both saturated and unsaturated categories), 

except for ethanol-Mg0-(3) system, in which some alkoxide 

species (at - 60 ppm) still remained. The single-pulse lSC NMR 

spectra (el in all figures (for the same sample treated at 

50B•‹CI revea) the same resonances, indicating that the surface 
\lL .. 

species have short carbon TL, and they are probably , '  

hydrocarbons. 

5.C.111. i~~ CPIMAS Studies of Adbrbed Ethanol on Mq0 

Two samples, each containing ca. 0.2 gm of Mg0-(3) were - 
tightly packed into 5 mm o.d. tubes, and 4.3 x 10'~ moles of 

either 90% lac-enriched e t h a n ~ l - l - ~ ~ c  or ethan01-2-~~C was 

adsorbed onto the MgO (corresponding to a coverage of 

1.3 /Jrnole/mz) from gas-phase at room tempe 

CP/MAS spectra of these two samples at and 

after treatment at elevated temperatures are shown iri Figures 
~- ~ 

5.27 and 5.28 respectively. Correspondng single-pulse 13C 
k 

NMR/MAS spectra were also measured for the same samples-at the 

various temperatures are shown in Figures 5.'29 and 5.30. 



~'igure 5 . 2 7  13c CP/MAS spectra of 90% 

e t , A + i n ~ l - l - ~ ~ ~  on Mg0-(31, at roo 

temperature and treated at elevated 

temperatures. Tkmperature is designated 

on the lest-hand-side of the spectra, 

Z and the heating period was 3 hours, 

unless otherwise specified. All spectra 

were normalized for the number of- 

contacts with respect to the spectrum 

recorded at room t e m ~ e r a t ~ e .  Field 

-1 strength = 60 kHz, Rep. rate = 2 sec . 
Spinning rate = 1.8 kHz. Contact 





0 

Figure 5.28 13c CP/MAS spectra of 90% 13c-enriched 

ethan01-2-'~~ on MgO-(3) at room 

temperature and treated at elevated 

temperatures. Designation and 

normalization same as in Figure 5.27. 





\ 

F i g w e  5 * 2 3  
r 

13c MAS NMR spectra of the same 

sample as in Figure 5.27 treated at 

elevated temperature. De7gnation 
and normalization same as in Figure 5.27. 

-1 
Rep. rate = 2 sec , Decoupler on 

during acquisition, 





Figure 5.30 "C MAS NMR spectra of the same 

sample as in Figure 5.28 treated 
. . 

at elevated temperatures. 

Designation and normalization same 
, 

as in F i g ~ e  5.28. Rep. rate = 2 Se . r - l  
Decoupler on during acquisition. ) 





No change was observed at treatment temperatures W o w  - -  

250OC, so only one representa<tive spectrum is shown in each 

figure. ,In general, temperature was raised in increments of 

5gUC, and the samples were heated at that temperature for three 

hours, except at 275O, 300- and 40B•‹C, at which t'emperature, the 

samples were heated for another 16 hours, after thf! initial 

heating for 3 hours." 

( i )  Room Temperature to 20BdC 

From Figures 5.27 and 5.28, the resonance of the 

surface ethoxide species appear at 20 and 58 ppm downfield Srom 

TMS for the methyl and methylene carbon respectively. While 

there is a small difference in the chemical shift (ca. 1 ppm) 

e hylene carbon, the chemical shift of the methyl 
for the '9 a 

resonance is significantly different from the methyl resonance i I 

at 22.5 m for magnesium ethoxide in the polymeric form (1331, 

OR the methyl'resonance at 17.3 ppm for liquid ethanol (134). 

The downfield shift of 2.7 ppm for the methyl resonance of the 

surface magnesium ethoxide and the 5.2 ppm -for the magnesium 

ethoxie polymer relative to the liquid ethanol is probably due 

to the spatial interaction of the -CH= group with the 

neighbouring MgE' ions which serve to deshield the methyl 

resonance. 

The picture of 'chemisorbed ethano on MgO 1s then a r 
tightly bound e'thoxide species possessing 'characteristics 

between that of liquid-like ethanol and the magnesium ethoxide 



1.25, 
* 

polymer. also imlies that the -CH3 group of the adsorbed 

ethoxide species 'lies very close to the surface and more 

specifically in close proximity with immediate Mgz+ neighbours. 

This could occur by rotational hop about. the _Mg-0-C- bond. 

The resonance at 17 ppm in Figures 5.28 and 5.30 (on the 

high field shoulder of the 20 pprn resonance), is attributed to 

physis~rbed ethanol molecules on the MgO surface: This 

resonance eventually disappeared when the sample was treated at 

20B•‹C, whikh probably indicates a complete conversipn of the 

- physisorbed ethanol to tzhemis~rbed ethoxide species. 

( i i )  2%f1•‹c, 3 hours 
t 

,New ~esonanc&i appear in both spectra as shown in 
i 

-Figures 5.27 +and 5.28. The -CHr group gives rise to new 

resonances at 63 and 28 ppm ?-Figure 5.271, and the -CH3 group 

gives rise to new resonances at 39 and 12 ppm respectively 
L 

(Figure 5.28). Not h a t  in these two parallel experiments, 

~nly~one~carbon of the ethanol was enriched with 90% la:, so it , 
will be this carbon that was observed. Any new resonance(s1 

observed have to originate from this carbon, while the other 

carbon (containing only 1.1% natural abundant f3C) will be 
I 

obscured in the noi~e. Combining the two spectra would then 

imply that some of;the chemisorbed ethoxide species are 

con.verted to one or more compounds having 13C resonances at 12, 

20, 39 and 63 ppm downfield from TMS upon heating at 25B•‹C for 



126. C 

3 hours. The surface ethoxide remains as- the. major species in 

the sample. 

The identity of this intermediate is suggested to be 

an adsorbed n-butoxide species. The 13C chemical shifts have 
* ,  

been meas~red~for adsorbed n-butanol on MgO and they are 64.0, 
L b .  

41.3, 20.1 and 13.2 ppm downfield from TMS at a coverage of 

3.44,4mole/mr. As the coverage is increased to 7.26,Umole/m2.~ 

there appears a new resonance at 36.4 ppm, whiledhe original 

peak at 41.3 ppm appears as a low-field.shoulder at 40.6'ppm. 

The chemical shifts of 64.0, 36.4, 20.1 and i4.1 ppm are very 
, 

close to t h e  literature values of 61.7, 35.3, 19.4 and 13.F pprn 

, reported for liquid n-butanol (134).  his suggests that as the' 
1 

n-butanol is adsorbed on the MgOisurface, both the a,- and 
I 
I .. 4 

f i  -carbons adjacent to the -OH group experience a deshie:dingF 
1 

effect from the surface Mgz+ ions, so that the resonances at 

64.0, 41.3, 28.1 and 13.2 ppm are observed. As the coverage is 

increased, physisorbed n-butanol appear, yielding the ,extra 
i 

resonance at 36.4 ppm for the /3 -carbon. i r  

For t h e  formation of this ,n-butoxide intermediate, the 

following mechanism involving two neighbouring adsorbed ethoxide 

species is proposed: 



. 

This mechanism is practical because :(a) it invol~es a 

six membered ring intermediate which is stable, (b )  MgO is known i 
to be\ a dehydrogenation catalyst, and the lone pair of electrons 

/ 
on the10 atom can abstract the acidic proton from the methyl 

I 

group, (c) the observed P I M A S  spectra agree with the given 

lo mechanism: whe ethan~l-l-'~C is used, this will give rise to 

labels at t e C-landC-3 carbons on .the resulting n-butoxide 

.k species and sonances at 63 and 20 ppm respectively, and indeed 
4 

this is observed in Figure 5.27. Conversely, when ethanol-2-'% 
1 

is used, this will give rise to the C-2 and C-4 labels on the 

resulting n-butoxide and resonances at.41 and 13 ppm 

respectively, as shown in Figure 5.28. 

The single-pulse 13C NMR/MAS spectra in Figures 5.29 

" and,5.30 show essentially the same resonances as those in 
-. 

Figures 5.27 and 5.28. 

( i i i )  275OC, 16 ,hours 
\ 

.L 

. Further changes in the spectra in Figyres 5.27 - 

and 5.28 occurred when the samples were treated at 275•‹C for I 6  

hours. The resonances correspond i ng to the or l g i  nal surf ace 
t 

9 
ethoxlde species (at 58 and 20 ppm), and the n-butanol species 

(at 63, 39, 28, 14 ppm) stiil persist in the spectra, although 
)I 

the resonances corresponding to the ethox fde species -have gone 

down in intensity. 



New resonances include one at 181 ppm and a series of 
. 

peaks in the range from 24 to 65 ppm in Figure 5.27, and a 

series of resonances from 5 to 49 ppm in Figure 5.28. The 

resonances at 181 ppm (Figure 9.27) and the 24 ppm resonance 
4 

(Figure 5.28) probably correspond to a surface acetate species. 

Magnesium acetate has isotropicl shifts at 181 and 25 ppm, 

according to the study in this laboratory and that of Ganapathy ... 
et al. (135). However, present spectroscopic evidence is 

insufficient for- a positive identification, although infrared 

data has strongly suggested the  onv version of ethanol to an 
+ 

acetate species hi 335OC (46). 

The rest of the resonances in  the spectra in Figures 

5.27 and 5.28 are attributed t o  the products of reaction between 

. ethoxide and butoxide, and between two butanol speciesson the 

MgO surface, to yield a mixture of straight-chain or 

branchedlchain alcohols. The mecha'nism of formation would be 
1 

similar to that for n-butoxide propmed above, for example: 



In keeping with the six-membered ring intermediate, 
cb 

the followng alcohols are possible reaction products: n-hexanol, 

n-octanol, 2-ethylbutanol, 3-methylpentanol, 3-methylheptanol 

and 2-ethylhexanol. Most of these alcohols do not have reported 
\ 

4 

chemical shift data, so they are calculated by the formulae 
1 

from Ejchart (136)'knd Roberts et al. (1371, with the chemica.1 

shift data from their respective alkane precursors (138). These 

data are listed in Table 5.4. From the broadne of the 7 - 

resonances'observed, it is speculated that most (if not all) of 
2' 

the alcohols listed in TaLle 5.4 are present as reaction 

products, and their lsC resonances bverlapped. 

- As was mentioned above, that both the oc- and 

p -carbons of the alcohols experience some deshielding effects ,, 

upon adsorption on the surface, therefore,,without the spectra 

of the appropriate reference alcmhols on the MgO surface, it is 
* 

impossible to identify all resonances on the spectra in Figures 
% 

5.27 and 5.28. ' - .  

, It is also suspected that some decomposition has set 

in to yield some hyrocarbons at this experimental c~ndition. 

This arises from the observatim of the r onance at 5 ppm (in 
- - 

F 
Figures 9-28, 5.29 and 5 . 3 0 ) .  Only ethane has 13C chemical 

shifts so far upfield. This resonance is not observed in Figure ' 

5 ; 2 7 ,  probably due t o  inadquati S I N  and resolution. 

---at 







For comparison, 'the IJC C P I M A S  spectrum of adsorbed 

acetaldehyde oh blg0 at room temperature was measured. The 

resonances at 30 and,l9? pprn corresponding to free acetaldehyde 

(124) are missing in the spectrum (see Figure 5.31). A sather 

complicated spectrum is observed, with major peaks at 22, 43, 

67, 93, 130, 338 and 181 pprn downf ield from TMS. It was 

suspected that acetaldehyde has probably undergone some reaction 
% 

on the surfice. The v-esonances'at 22 and 97 pprn probably 

a d 

indicate the formation of aldoxan (the trimer of acetaldehy e )  

(139). The same resonance at 181 pprn observed earlier is also 

present in this spectrum. Two explanations can be proposed, 

first, that the carbonyl carbon on acetaldehyde experiences a 

chemical shift change of 1% pprn upfield ( ! I ,  and second, that 
I 

the acetaldehyde is oxidized to an acetate species upon 

adsorption on the MgO curface (while the methyl resonance of - 

thi; acetate species is obscurred under the 22 pprn resonance). 

The second explanation is favored in view of the complexity 09. 

the spectrum, which indicates polymerization (to aldoxan), 

dehydrogenation (to yield olefinic compounds with resonances in 

the 130-138 pprn region), reduction to alcohols, indicated by.the 

resonance at 67 ppm) and probably some oxidation (to the'acetate 

species at 181 ppm). 

Returning to the present system of adsorbed species 

t~eated at 275OC for 16 hours, if some of the adsorbed ethoxide 

species were ox~idized to the acetate species, some acetaldehyde 
Ir i 

intermediates would have been observed, that is, via the 





following mechanism: 

- H2 COP - 
CH3CH2 OH (ads.)--+ CH,CHO (ads.) ---+GH~COOH&~~.) 

For the discussion given above to be correct, either the 1, 
concentration of the surface acetaldehyde species has to be very 

low (below detection level), or the half-life of this 

acetaldehyde species has to be very short (unobsecvable beyond 

16 hours). Since the reaction condition is quite vigorous 

(275•‹C for 16 hours), the second explanation seems to be 

reasonable. 

id 

The 13C single-pulse NMR/MAS spe tra shown in Figures 1 
5.29 and 5.30 exhibit little resemblance to the 13C CP/MAS 

spectra shown in Figures 5.27 and 5.28. The obvious difference 

is the presence of the resonances in the 120-150 ppm region 

(corresponding to sp* carbons). Obviously, this indicates the 

presence of some physisorbed olefins which posses relatively 

high frequency motio-ns (compared to the chemisorbed species). 

We propose t'hat some of the surface alkoxide species may have 

decomposed at the C - 0  bond to yield a variety of olefins such as 

ethene, 1-butene (from dehydration of n-butanol), cis and 

trans-2-butene (from isomerization of 1-butene), and other 
- - 

branched-chain alkenes (from their respective branched-chain 

alcDhol precursors).. The resonances at 141 and 145 ppm are 

attributed to ole+inic carbons with alkyl group substituents 

(139). These alkenes may have arisen from the decomposition of 
b 



the branched-chain alcohols listed in Table 5.4. The resonance 

at 5 ppm (which was attrjbuted to ethane earlier) gives 

additional evidence t h  d t decomposition has taken place on the 

surface at this experimental conditions: However, the yo4 

possibility of these spz carbons being aromatics could not be 

ruled out, although the-mechanisms of formation would be very 
am 

complicated. 

The complete identification of all the resonances in 

both spectra is hampered by the inadequate resolution and the 
7 

lack of reference materials. However, from the relative 

decrease in intensity (or the absence) of.the resonances in the 

48-78 ppm region in Figure 5.29 and in the 35-50 ppm region in 

Figure 5.30, it can be concluded that'most of the physisorbed 

alcohols have been reacted, or converted to chemisorbed species 

(observed only in the lJC CP/MAS spectra). 

(i v )  30g•‹C, 16 hours 

Although no spectra are shown, there is a 

complete disappearance oftthe resonance at 58 ppm ( i n  Figu 

5.27) and at 20 'ppm (in Figure 5.281, implying that all su 

ethoxide species have been converted. No new resonances are 

observed. 

( v )  40B•‹C, 3 hours 
-=-- 

Both samples turned a slight greyish color 

after the heat treatment. The two resonances at 191 and 195 ppm 



136. 

in the spectrum in Figure 5.27 indicate the presence of ketones. 

This could arise from the further oxidation of the alkoxide 

species on the surface. ~ o t e  that this ketone species would 

have to be quite inert on the MgO surface. The &=C CP/MAS 

spectrum of adsorbed acetone is showy in Figure 5.48. From the 

complexity of this spectrum, it is suspected that acetone 

probably undergoes- some react ion on the MgO surf ace yj&bihg .-: a 

variety of products. From this experience, the proposed 

*ketonea species probably contains bulky alKyl groups as 

protecting groups. 
^._I 

The possibility of these resonances belonging to an 

ester species is ruled out. The 13C chemical shifts of most 
1 

esters lie between 160 to 180 ppm (1341, and a downfield shift 

of ca. 20 ppm (to yield resonances at 190 ppm in the present 

spectrum) is unthinkable. 

, - A  complex of the type Mg-CO (terminal carbonyl) could 

not be though it was found that carbon monoxide does . 

not adsorb on the MgO surface in any appreciable amount, and no 

CP spectrum could be obtained. Metal carbonyls have 

anisotropies of about 400 ppm (18). The spinning rate (ca. 1.8 

k H z )  used in this experiment is not fast enough to average out 

the whole anisotropy, and one would observe the first sidebands 

at about 120 ppm on either side of the resonance at ca. 190 ppm 

(if it was a Mg-CO species). Since hese sidebands are not 



observed in the present spectrum, the possibility of a Mg-CO 
9 

species could be ruled out. @ 

The resonances which were originally assigned as the 

d -carbons of the surf koxide species in Figure 5.27 have 

all disappeared aft nt at 400•‹C for 3 hours. However, 

the resonances which were attributed to the other carbons on the 
,, -' 

aliphatic alcohols still persist in tp 20-35 ppm region, with 
* a 

an additional peak at 26 ppm. One coul'd suggest that the 

decomposition of the surface alkoxide species is complete at 

this stage. This is also supported by the huge increase in the 

intensity of the resonance at 185 ppm (the acetate species). 

- 
Resonances corresponding toplefinic hydrocarbons or 

aromatics are stilLobserved in the spectra in Figures 5.29 and 

5;30 (no such resonances in ~igurek 5.27 and 5.28). The 13C 

MAS/NMR spectrum in Figure 5.30 indicates the presence of 
.> ,,. 
a, 

.methane at 1 1  ppm upfield from TP1S. 0 
t * 

(vi) 45B•‹C, 3 hours 

There are significant changes in both 13C CP/MAS 

spectra as shown in Figures 5.27 and 5.28. In Figure 5.27, only 

. - the acetate resonance at 182 ppm remains the same. The new 

resonance at 169 ppm probably corresponds to a carbonate species 
* 

next to a surface -OH group, or a bicarbonate species, which 

arises from the decomposition of the acetate species. The rest 

of the resonances at 129, 29, 27, 19 and 8 ppm are probably a 



mixture of saturated and unsaturated hydrocarbons. 

In Figure SP28, a very broad peak in the olefinic 

region '(110-140 ppm) appears in the spectrum. Coupled with the 1 
other resonances below 50 ppm, this probably indicates a wide, 

range of unsaturated and saturated hydrocarbons, as in the case 

in Figure 5.27. 
4 

There are no essential changes in the 13C NMR/MAS 
A f  . 

spectra in Figures 5.29 and 5.30. 

(vii) 500OC, 3 hour IJ , 

Both sample turned a dark grey color after 
4 * ++.-+ A 

this treatment. In Figure 9.27, the resonance at .I61 ppm , 

C '  < I 
' * O  

probably cgrresponds to a bicarbonate species, originating from 

the carbonate species discussed earlier. The broad patterns 

(centered at id? ppn) are probably the remnants of olef ins (or 
aromatics) which are still quite tightly bound on the surface. 

In Figure 5.28, only a broad resonance centered at 130 ppm 
., -mi 

remains. It is speculated that the tightly-bound . %J 

hydrocarbons are either distilled off or they became physisorbed 
J 

on the MgO surface. , ,  

7. 
The broad.r+sonance centered at 130 ppm raises some 

, 
speculation. CP/WAS studies on coal (147-149) showed two 

"r 
broad resonances, in the aromatic region (110-150 ppm) and the 

aliphatic region (10-58 ppm). Inspection of the coal spectra 



and the present spectrum show close resemblance in the aromatic 

region. The aliphatic region resonance is absent in the present 

spectrum. This tends to suggest a graphite, type species in the 

MgO sample. However, I3C NMR study oh graphite (150, 151) 

revealed two broad resonances centered at ca. 178 ppm downfield 

and ca. 5.a ppm upfield from TMS respectively. FWHM of  each 

P 
resonance is about 7.0 to 180 ppm wide. This leads to the 

s6eculation that the black color in the MgO samples (develo b-" in9 

into an overall greyish color with the MgO) are due to condensed 

aromatics, on the w a y  to become graphite. 

The single pulse- - NAS/NMR spectra in Figures 5.29 

and 5.38 show three distinct resondnces, at 16 and 5 ppm 

downfield from TMS, and 18 ppm upfield from TMS. They probably 

correspond to ethane and methane ~espectively. , 

5 . C .  IV. Summary 

All the room temperature 13C .CP spectra o f  the 
I .- - 

ethanol-MgO systems show a narrow resonance for the methyl group 
' , 

and a relatively broad methylene. resonance.  The 13C CP spectra 

of the ethanol-Mg0 samples treated at higher temperatures are 

not very informative. This is because o f  the broadness oC t h e  

anisotropics which obscure an,y'chahges. 
* t 

b~w 
3 

However, employ i ng the CP/MAS techn 1 que and 
@, 

selectively 13C enriched ethanol enable one to investigate the 

mode of adsorption of ethanol on MgO, and identify some of  the 



intermediates as the ehtanol-MgO system was treated to 

successively higher temp&ratures. 
e 

It, is found that the chemisorbed ethanol on MgO 

behaves somewhere between 1 i quid ethanol and sol id a a g k i  urn 

ethoxide polymer, Th's is substantiated by the chemical shift t. 
change of the -CHs resoknce of ethanol upon adsorption on MgO. 

This chemisorbed ethoxihe species is stable on g0 surf ace 

up to 258•‹C. A t  this treatment temperature, a n-butoxide 

species is observed on the surface. 

A t  slightly higher. temperature and a 1,onger duration 
n_ 

(275OC, 16 hours), the spectra become very complicated and 

overlapping resonances are observed. It is postulated that 

these resonances at high field are products of cross-reaction 

between the surface ethoxide and n-butoxide species. A low 

field resonance is also observed, this attributed to a 

surf ace acetate species. The mechanism of its f'ormation is 

uncertain, since no acetaldehyde intermediate was observed 

(probably below detection limit). 

The 13C MAS/NMR spectra of these samples show some 

resonances in the spZ-carbon region (128-158 ppm region). This 

could be attributed to some physisorbed unsaturated 

hydrocarbons, or aromatics. 

All the adsorbed ethanol (chemisorbed or otherwise) 



-$ 
141. 

disappears when the samples were treated at 300•‹C. At 'this 

stage? the conversion products (from ethanol) are mainly some 

higher alcohols (Ca-C-1, acetates and some unsaturated 

hydr~carbons (ole+in's or aromatics). 

8 

At 4800~~ a1 1 surf ace a1 kox ides $ive decomposed, 
a 

2 

yielding a variety of hydrocarbons (in fr-agmented or polymerh . 

form). Small moleccllar we,ight hydrocarbons (e.9. CHs, CaHa) are 

also observed. Beyond this temperature, decomposition of all 

surface,species has been completed. Major species consist of 
. . 

, small molecula~ weight hydrocarbons (methane, ethane, =propane), 

bicarbonate species (from surface $cetatr species) and some 9 

ay-omatics on the w a y  to became graphite. 

It should be pointed out that 1s ope scrambl~rig is 
- 

not observed in ail the spectra shown (Figure 5.27 to 5.30). 
- - 

This probably rules out any car ocation intermediates In the 

3 1 
decomposition of e hanol on the MgO surface. Following the 

b transformation of the C - 1  of the adsorbed ethanol, it clearly 
4 

indicates that. this carbon r'emains on the Mg-0-C bond i l l z .  

ethoxide, higher molecular weight alkoxides, aceta te  and 

bicarbonate (ar carbonate This pr-obably dernon~itrates 

that the deromposition of ethanol m MgO is mainly a sur-face 

react ion, o r  the reversible re-adsorpt ion of gaseous spec les 

after distilling off) does not occur. 

i.) 



S.D.I. Adsor~tfon of Iso~ro~aAol on MsO 

The lJC CP static spectra of' isopropanol adsorbed on 

all four preparations of MgO at different coverages are shown in 

Figures 5.32 to 5.35. All spectra showed a methyl carbon in the 

8-58 ppm region and a methine resonance in the 58-88 ppm region, 

downf ield from TMS.  he methyl resonance is very sharp and 
narrow (A$--10 ppm) at low coverage for MgO-(11, -(2) and -(3), 

but wider for Mg0-(4). The chemkcal shielding anisotropy for' 
'L~ - 

this resonance is consistent with the methyl resonances in 

ethanol and diethylether (821. Isopropanol adsorbed on MgO 

surface as.an isopropoxide species, is depicted below: 

? 

rotat ion 
> 

Depending on the degree of rotation along the O-C bond axis, the 

two methyl groups may not be equivalent due to the interaction 

with the surface. It is speculated that this gives rise to the 

difference between MgO-(4) and the rest of the MgO. Due to the 

difference in surface morphology on Mg0-(41, there may be a 

hindered rotation along this 0 - C  bond, thus the observed methyl 

resonance is actually a combination of two methyl resonances of 

slightly different chemical shift. " 



Figure 5.32 

P' 
13c CP static spectra of isopko an01 adsorbed on 9- - 

M ~ o - ( ~ )  at various coverages. Field strength = 60 kHz 

except (b) and (dl which are 40 kHz. Contact - 
-. 

period = 2 msec. 

2 ' -1 
(a) 4.08,Umole/m , rep rate = 5 sec , 222,700 contacts , 

2 -1 (b) 5.28/~mole/rn , rep rate = 2.5 sec , 5,987 contacts 
2 -1 

(c) 6.92 pmole/m , rep rate = 4 sec , 164,560 contacts 
2 -1 ( d )  8.36pmole/m , rep rate = 0.8 sec , 5,941 contacts 





Figure 5-73 

1 3 ~  C P  s t a t i c  s p e c t r a  of i s o  ropanol  ad P t 
Mg0-(2) a t  v a r i o u s  coverages.  F i e l d  s t  

Contact  pe r iod  = 2 msec. 

2 -1 
( a )  3.8~il(mole/m , r ep  r a t e  = 3.3 sec  , 410,100 c o n t a c t s  

C 

2 -1 
(b) 5.07 pcmole/m , r e p  r a t e  = 3.3 sec  , 218,600 c o n t a c t s  

2 -1 
( c )  5.85/~mo1e/m , r ep  r a t e  = 4  sec  , 171,300 c o n t a c t s  

2 ( d )  8.03 ,Omole / rn  , r e p  r a t e  = 3.3 s e c - l ,  28,118 c o n t a c t s *  





Figure 5.34' 

l f c  CP static spectra of isopropanol adsorbed on MgO-(3) 

at various coverages. Field strength = 40 kHz. Contact 

period = 2 msec. Spectra are not normalized for the 

%i 
different number of contacts. 

% +P5 .. ,> (a) 3.60 ,4..tmole/m 2 , rep rate = 1.7 sec -1 , 47,376 contacts 
v 

* *  - 2 -1 Cb'r- 4-78 i(lmole/m , rep rate = 3.3 sec , 33,003 cqntacts 
* 2.. 

2 -1 
(c) 6.05~mole/m , rep rate = 2.5 sec , 37,452 contacts 

2 -1 (dl 7.12,~mole/m , reperate = 0.8 sec , 7649 contacts 
2 -1 

(el 8.18,bmole/rn , rep rate = 0.8 sec , 20,0b0 contacts 





Figure 5.35 

13c CP static spectra of isopropanol adsorbed on 

' ~~0-(4) at various coverages. Field strength = 40 kllz. 
. * 

Contact period = 2 msec. Spectra are not normalized to 

the different number of contacts. Repetition 

-1 
rate = 2.5 sec . 

2 
(a) 4.16/.~mole/m , 148,400 contacts 

2 
(b) 5.15 pmole/m , 117,700 contacts 

2 (~)~6.07 ,Umole/m , 120,000 contacts 
2 

C 

(d) 7.02 /(mole/m , 115,100 contacts 





The methine carbon resonance is partially overlapped 

with the methyl resonance, so that the high-field component, 

6 of the chemical shift anisotropy is not known. Since this 

methine carbon does not possess any axis of symmetry, we expect 

it to exhibit an asymmetric powder pattern (of a second-rank 

tensor interaction). The width of-the anisotr~p,y ( A 6  of this rn 

methine carbon is ca. 30 66 compar;ble to that of t h e  methine 

carbon in diammonium tartronate ( 140 )  as shown in Figure 5.36. 
4 

I - 
As the loading level of isopropanol increases the 

2 

methine carbon appears to get narrower with no observable change 

in the methyl resonance. We attribute this narrowing of the 

methine carbon to the averaging between the several adsorbed 

isopropanol species on the MgO surface. 

The CP/M S spectrum of 5.7~mole/ma of o dinary 
'?b i 

isopropanol adsorbed on Mgo-(3) (Figure 5.43)  reveals two 

resonances at 26.8 and 63.5 downfield from TMS. These values 

are very close to the literature values of 25,4  and 63.7 ppm.for. 
, f f  

,* 1 iquid isopropanol (134). This observation is consiitent with , 

our previous result that thg methoxide and liquid methanol 

hav6 the same i so trop ic  s h i f t .  

5.D. 11. '=C NMR Measurements o f  Adsorbed Isoaro~anol. 

Treated at Elevated Tem~eratures 

The 13C CP static spectra of the isopropanol-Mg0 - 



I 

Figure 5.36 13c CP spectrum of ammonium tartronate. 
il 

Field strength = 0 kHz. Co tact -~tt a 
IC? \ 

-1 
time = 2 msec. epetition rate = 1 seq . 
7,000 contacts. 





systems at room temperature and after heating (170, 300, 400•‹C) 

are showndin Figures 5.37 to 5. 4 0 .  

Essentially, the spectra of the adsorbed isopropanol 

remained the same until 380•‹C. I i 

\ 

At 30B•‹C, the spectra for MgO-(1) and-(2) were quite 

similar, containing a broad resonance at 18-48 ppm-region and a 

broad resonance in the spz-carbon region with a sharp beak at 

127 ppm downfield from TMS. The width of aniAotropy of this 

resonance is comparable to that in spectra for Mg0-(3) and 

Mg0-(41, but the latter spectra showed very poor resolution and 
9 

sensitivity. Although we do not observe any resonances 

downfield from 1.80 ppm, this does not exclude the presence of 

acetone on the surface. 

IaC CP spectra of adsorbed acetone on Mg0-(3) are 
I 

shown in Figure 5.42 with and without MAS. While the static 

spectrum showed no particular feature except a broad resonance 

in the 10-60 ppm region, the MAS spectrum revealed some fine 

features. The absence of peaks downfield from 180 ppm indicates 

that acetone molecules do not adsorb in the free form. It is 
a 

speculated that acetone adsorbs via an'enolate intermediate, 



Figure 5.37 $ 
2 I3c CP spectra of 6.92 pmole/m of isopropanol. on 

MgO-(1) treated at elevated temperatures. Field 

strength = 40 kHz except (a) which is 60 kHz. 

Contact period = 2 msec. 
1 

-1 
(a) Room temp., rep rate = 4 sec , 164,600 contacts 

(b) 170•‹c, rep rate = 1.6 sec-l, 20,641 contacts 

-1 (c) 300•‹c, rep rate = 2 sec , 120,900 contacts 
-1 

(d) 400•‹c, rep ra* = 2.5 sec , 309,307 contacts 





Figure 5.38 + 

13c CP static spectra of 7 8 5  ,Umole/m2 of isopropanol 

on MgO-(2) treated at elevated temperatures, Field 

strength = 40 kHz, Contact period = 2 msec. 

-I 
(a) Room temp., rep rate = 4 sec , 171,300 contacts 

-1 
(b) 170•‹c, rep rate = 3.3 sec. , 100,000 contacts 

-1 
(c) 300•‹c, rep rate = sec , 378,905 contacts 

(d) 400•‹c, rep rate = , 190,630 contacts 





,, , - '"" 
- ,  , 

*: . , - 
Figure 5.39 . '  

2 13c C P  static' spectra of 6.05 /mole/m of isopropanol 

on ~g0-(3) treated at elevated temperatures. Field 

strength = 40 kHz, Contact period = 2 msec, 

-1 (a) Room terhp., rep rate = 2.5 sec , 3&,452 contacts 
(b) 170•‹c, rep rate -1 _/.-sec , 14,105 contacts 

-1 (c) 300•‹c, rep rate = 2.5 sec , 219,610 contacts 
- 1  - 

(d) 400•‹c, iep rate = 1.7 sec-l, 133,528 contacts 





Figure 5.40 

2 CP static spectra of 7.02 ,(lmole/m of isopropnnol 

on MgO-(4) treated at elevated temperatures. Field 

strength = 40 kHz. Contaqt period = 2 msec. 
3 -1 (a) Room temp., rep rate = 2.5 sec , 115,100 contacts 
-1 (b) 170•‹c, rep m t e  = 1 sec , 15,704 contacts 
-1 (c) 300•‹c, rep rate = 3 sec , 115,000 contacts 
-1 (d) 400•‹c, rep rate = 1.7 sec , 119,003 contacts 





Figure 5.41 Single-pulse 13c NMR spectra of 

6 . 9 2 ~  rnole/rn2 .of isopropanol on M ~ o -  ( 1 ) 

- - treated at 300 and 400•‹c, at 15.08 MHz. 

(a) 300•‹c, 55,695 scans at 1 sec 
-1 

(b) 400•‹c, 144,289 scans at 1 sec -1 

U 





Figure 5 .42  spectra of acetone adsorbed 

on Mg0-(3). 

(a) CP static. Field strength = 40 kHz. 
Contact period = 2 msec. 

-I 
Rep, rate = 1 sec . 
62,946 contacts. 

2 
Concentration = 7.25 ,(lmole/m . 

(b) CP/MAS, Field strength = 70 kHz. 

Contact period = 2 msec. 
-1 

Rep. rate = 3.3 sec . 
156,460 contacts. 

2 
Concentration = 9.60rmole/m . 





The vinyl carbons in methylvinyl ether have chemical shifts at 
< 

85 and 153 ppm downfield from TMS respectively (139). It is 

expected that the same applies to the vinyl carbons of the 

enolate. The 72 aqd 131 ppm resonances measur the lsC 
e 

CP/MAS spectrum could be attributed to the-shielding effects of 

the 0' ion and the methyl group on the enolate. Noting the 

intensitiesdof these two resonances, and comparing them to the 

< huge resonance at ca. 30 ppm, it is apparent that the enolate is 

not the only surface species present. 

I 

It is possible that a polymeric species could result 

from the reaction of an enolate with another acetone molecule 

via 



Not ice that the-mechanism would project a propagat ion of theeX-;-d 
L 

chain as long as there* is any presence of acetone. This would 

partly explain the absence of a ketone resonance ini the 

spectrum. The identity af the other resonances in the spectrum 

could not be ascertained. However, it is very possible that 

decomposition may have set in, yielding fragmented hydrocarbon. 

species, thus giving rise to th&se:resonances. , 

It is apparent then the adsorbed species on the 

surface of the isopropanol-Mg0 systems after treatment at 300•‹C 
1 

could be the en01 form of acetone or the polymeric form 

mentioned above. However, the spectroscopic evidence is not as 
h 

concrete as one wants it to be. 

The single-pulse 13C NMR spectra have also been 

measured for the isopropanol-MgO syst-ems treated at 3@g0. Both 

13C NMR and 13C CP spectra appear to be very similar. The . 

representative 13C NMR spectra of isopropanol-Mg0-(1) treated at 

300 and 400•‹C are shown in Figure 5.41. At 300OC, the 

isopropanol-Mg0 systems seemed to consist of a range of linear 

alkanes and alkanes as loosely-bound species on the surface. 

The resonances at 21, 114 and 136 ppm downfield from TMS seemed 

to indicate the presence of.propene (the dehydration product of 
a, 



158. 

isopropanol). The rest of the resonances may indicate the 

decomposition products of the polymeric species on the surface. 

I 
A( 40B•‹C, the lSC CP static spectka of the 

isopropanol-Mg0 systems appeared to be identical with those 

treated at 30B•‹C. The interesting .feature seems to be the 
.?L 

sharpening of the peak at 22 ppm from the broad resonance 

between 10 and 50 ppm region. This may be due to the 

"recrys'tallizationH o'f the surface due to the heating and 

cooling, thus resulting a more unifbrm layer of adsorbed species 

on the surface, or maybe the disappearance of overlapping 

species. The single-pulse NMR spectrum appears to be quite 

different. The resonance at 136 ppm had gone down in intensity 

(appearing as a shoulder on the downfield side of the 127 ppm 

resonance), probahl y indicating some isomer izat ion of the 

alkenes (9rom decamposition of the polymers) present at 30B•‹C. 

The aliphatic region shows a sharpening of the resonance at 22 

ppm, and a "humpn at 39 ppm which may indicate some branching of 

the alkans(s) present. , 

A With the present observations one could ggest the 

following mechanism for the\sopropanol adsorption and 
"i 



decomposition: 
7.) 

J 
CH2=c-cb13 

~ u r f o c c  I 

polymeric i-, 
Specie5 , 

It is apparent then, that MgO act both 

dehydrogenation and dehydration catalyst, yielding acetone and 

propene respectively, from adsorbed isopropanol beyond 30B•‹C.' 
1 

Previous studies ( 5 0 ,  54)  indtcated that only the dehydration 
1 Z \ 

L- 
product, namely propene, was observed, while the Phydrogenation A 

products were below detection l imi t, employing tk$ technique of 

\ 
temperature programmed desorption. 

It was noted by Krylov ( 5 8 )  that in general the 

activation energy is lower in magnitude in dehydrogenation 

compared to dehydration of isopropanol on various metal oxides 

catalysts. This observation may be applied to the system of 

isoprpanol-Mg0 treated at elevated temperatures. Dehydro- 

genation to acetone occurs first at 300•‹C because of lower 

activation energy. Subsequent propene, etc.) 



occurs much iafer, and at higher temperatures. 

S.D. 111. 13C CPlMAS stub of Adsorbed I s ~ ~ r o ~ a n o l  on MqQ 

-? We have pre$wed a sample of adsorbed isopropanol on 

Mg0-(3) at a coverage of 5.70/4mole/mz for the further 

investigation into the decomposition products at higher 

temperatures, by the 13C CPIMAS and 13C NMR/MAS techniques; 

At room temperature, only two resonances at 64 ppm 
Ah 

(methine carbon) and at 27 ppm (methyl groups) are observed. 

There are no observable changes i n  the spectr until treatment 1 

9 At 300•‹C & (spectrum (b), Figure 5.43) the high-field 
resonan?e with the highest peak at 23 ppm is very Uoad, 

probably containing a wide range of methyl and methylene 

carbons. There is another broad resonance in the sp2-carbon 

region centred at 132 ppm. On closer inspection, this spectrum 
\ 

is very similar to the spectrum corresponding 

acetone on Mg0-(3) shown in Figure 5.42. Thi 

g indicates that the adsorbed isopropanol dehyd 
Y 

yield acetone, at 300OC. 
h4 

The observed spectrum showed little difference as the 

sample was treated to 35B•‹C, except that the resonance at 68 ppm 

disappears and the olefinic resonances apJit to two major 

resonances at 138 and 128 ppm. It is suspected that this is due 



Figure 5.43 

2 , 13c CP/MAS spectra of 5.70.1Urnole/rn of isopropanol 
$ 

on Mg0-(3), at room temperature and after heating 
? 

to elevated temberatures. Field strength = 60 kHz. 
-I 

Contact time = 2 msec. Repetition rate = 2 sec . 
(a) Room temp., 106,296 yo tacts 

'\ 9 
(b) 3 0 0 ~ ~  (3 hrs) , 120,064 contacts 

(f) 5 0 0 ~ ~  (3 hrs), single-pulse 13c mS/NMR, 

\ -1 
rep. rate = 2 sec , 167,967 scans. 





'I 

to surface recrystal 1 ization af ter the heating and coolljng, sa 

that the resonances sharpened up. / 

Up to this temperature, a1 1 the mea+ed 13C NMRlMAS 

d 
I 

spectra resemble closely wi) their counterpart lJC CP/MAS 

spectra. 
,' 

When the sample was treated to 40HmC, khere is an 

extra resonance at 180 ppm (spectrum (dl in Figure 5.43), no 

such peak was observed ifirthe IJC NMR/MAS spectrum. It is 

"\t 
suspected that some of the acetone may have oxidized to a methyl 

acetate species via: 

However, this kind o+ oxidation requires 
a, 

y strong oxidizing . 

reagent (e.9. peracids), and it is not certain if this mechanism 
? Q  

is correct. The'absence of this peak in the corresponding IJC 

MAS/NMR spectrum clearly indicates that t is nit a co - 
i 

species. This peak at 18% ppm eventually di$qppeared when the- 

sample- at 45a•‹C, probably being decomposed to yield 

The '=C CP/MAS spectrum ((e) in Figure 5.431 of the - 

sample after treatment at 450OC, reveals a huge increase in the 

intensity of the resonance at k P  ppn. At the same time, the 

isopropanol-Mg0 sample itarted turn greyish. This probably 



ihdicates t h w r m a t i o n  of some aromatics, on the way to become 

graphite. . . 

The lJC CP/MAS spectrum of the sample after treatment 
f 

at 500OC is not shown because of poor S I N  even after >100,0d0 

contacts. This probably indicates h - d n ; e n t r a t  ion of 

surface species is minimal (probably disti 1 led off the surface.). 

However, the lSC MAS/NMR spectrum reveals a lot of information 

for the same experimental condition. The resonances at -10, 4, 

15 ppm downfield from TMS probably correspond to methane, ethane ..-a, 
and propane respectively. The rest of the resonances probably 

correspond to a wide range of alkane - and alkenes. Since there 

are no observable resonances in  the 110-115 ppm region, it is 

"+ 
suspected tut simple alkenes e.g. ppopene, 1-butene are not 

. qw 7 

b present. Since most of the olefinic resonances lie in the 

-127-138 ppm region, one would incline to identify them as 

-1 substituted alkenes (1341, and aromatiTs. . - 
Q 

5%. IV. Summary 

It is established in this short study that 

isopropanol adsorbed on MgO as an isopropoxide species, which is 

stable up to 300•‹C. 
P / 

At 30g•‹C, the surface 0' ion extracts an hydrogen 

from the adsorbed isopropoxide species to yield an acetone 
9 

species via a 5-membered ring intermediate. This acetone 

species readsorbs on the MgO surface in the enolate form. The 



--enolate is suspected to undergo further aldol cdndensat ion to 
r' 
b-, 3 
yie1.d other higher molecular weight vinyl alcohols. This is the 

basic react ion containing both dehydrogenation and dehydration. 

Under the same conditi0n-(300~C), some dehydration of % 
1 

the isoprop~xide to propene is also suspected, this was 

indicated by the single-pulse %=C NMR evidence. 
n 

A higher temperatur , dehydration becomes more S I ie' 
b 

important, and t,he previous1 y &signed enolate species and its 

aldol condensat ion polymeric prodkis dehydrate to yield a 
1 

variety o f  olefinic products. Some decomposition may have set 

in yielding some alkanes. 

A3C CP NMR of Adsorbed Alkanedials on MqO 

The purposes oS this investigation into the 

adsorption of alkanediols on MgO are three-fold. First, having 
\ 

established that aliphatic alcohols adsorb on MgO as alkoxides, 
4 

it will be pertinent to check if alkanediols behave like se 
i 

\J----/ 

G 
when adsorbed on MgO (as a chemjsorbed species). Second, the 

picture of adsorbed alcohols on MgO is an 1:l adsorption ii.e. 

one alcohol molecule tp one Mg ion an the MgO surface). This 
0 

view may be drastically -changed for the adsorption of E 

alkanediols on 

adsorption for 

MgO. There 
- - 

a1 kanediols 

are three possible moldes of 
J 

on MgO, viz: 



Adsocption modes I and 111. would yield similar 13C CP 

spectra because the terminal -CHZOH groups are attached to the 

Mg2+ ions on the MgO surface (though they may have slightly 

different chemical shifts due to the deshielding effect of one 
f -  

or.twg Mgz+ ions). On the other hand, adsorption mode I 1  would 

permit motions (e.9. rotation - along C-C bond) on the whole 

molecule, except the one -CHzOH group which is bonded to "the 

surface. Depending on the chemical shift changes, adsorption . 
mode I1 may yiel'd a completely different lJC CP spectrum. 

---, * 

Third, 1,3-butadiene is very important industridlly 
Q 

i n  the manufacturi synthetic 5 ubber, it would be 

interesting to test if 1,3-butadiene could be produced from the 
* 

thermal decomposition of 1,4-butanediol adsorbed on MgO. 

For the present investigation, lJC CP static spectra 

have been 'measured for three adsorbed alkanediols: 

1,2-ethanediol, 1,3-propanedid and l,4-butanediol on'Mg0-(3). 
3 

i Their respective 13C CP spectra at various coverages are shown 
! 

\ 
1 

i n  Figures 5.44 to 5.46. 



\ 
13c CP static spectra of l,2-ethanediol a d s ~ b e d  on 

~ ~ 0 - ( 3 ) - g t  various coverages, Contact 'period = 2 msec. 

-1 
F i e l d  strength = 40 kHz. , Rep, rate = 3.3 sec except 
- 

P -1 -1 
-(a 1, which 3 1 sec , and ( d )  which is 2 sec . 

7 ,  

2 
(a) 4.14/~mole/m , 260,000 contacts 

\ 

2 
(c) 8.40 prnole/m , 75,086 contactsj 

r\ 
C 





- 

Figure 5.45 

, I C CP static spectra of l,3-.propanediol adsorbed on 0 - ( 3 )  at different coverages. Field strength = 40 kHz. 

Contact period = 2 msec, except (b) which is 0.5 msec. 

-1 -1 
Rep. rate = 3.3 sec , except (c) which is 0.5 sec . 

2 
(a) 5.62pmole/m , 35,130 contacts 

2 (b) 7.70 pmole/m , 218,000 contac'ts 

( c ) 9.46 /~mole/m', 92,000 contacts - 

= ---=-a 
Spectra are not normalized to the different number of 

contacts. 





Figure 5.46 + % -\ 

"C CP static spect of 1,4ibutane on T i 
\ 

Mg0-(3) at different coverages. Field strbg43i--40 k ~ z .  
% 

Contact period = 2 msec. 

2 -1 
(a) 4.12,Unole/m , rep rate = 1 sec , 76,226 contacts 

2 -1 (b) 6.22 Pmole/m , rep rate = 3 . 3  sec , 75,018-contacts 
2 -1 

(c) 8.14i(lmole/m , rep rate = 3.3 sec , 35,419 contacts 
i 

Spectra are not normalized for the different number of 

contacts. 





Figure 5.47 I 

. 
- 

Single-pulse i3c NMR . - spectra of 1,4-butanediol adsorbed 

on Mg0-(3) at different coveragee (same samples as in 

Figure 5.46). 

2 -' 43,000 scans (a) 4,12,timole/m , rep rate = 1 sec , 
2 -1 

(b) 6.22 pmole/m , rep rate = 1 sec , 15,081 sc ns 
P L 

2 -1 
(c) 8,14,Um01e/m , rep rate = 2 sec , 13,758 scans 





S . E . I .  Adsorbed 1.2-ethanediol 

F Q ~  1,2-ethanediol, the lJC CP static spectra (Figure 

5.44) reveal an axially symmetric powder pattern, with. a width 

of about 50 ppm. The spectra remain essentially the same as the 

covepage increases. No isotropic peak at 63.4 ppm downfield 

from TMS (corresponding to physisorbed 1,2-ethanediol) was 

* * 

observed superimposed on this powder pattern. 

It seems quite improbable to obtain a strongly-held 

species with the first mode of adsorption (I) 

e the distance between the two hydroxyl groups is too 
- 

+ 

large for them9to attach to the same Mg2+ ion on the surface. 

The t h i r d  mode of adsorption (1111, at first glance, seem's to be 
i 

quite different from mode (11) of adsorption, however, spectral 

otherwise. 

- 
0 \ 

The codcentration of Mgz+ ions on the MgO (100) plane 

is about 18pmole/mz. This surface wauld provide sufficient 

active sites for adsorption at loading level below about 

9 hmole/mz of 1,2-ethanediol in the adsorption mode (111). At 

coverages above this limit, we would expect a certain population 

of the adsorbat'es to be physisorbed or be conyerted to ?. 

adsorption mode (11). This adrupt change should be reflected in 
* 

the chemical shift anisotropies we observed in the lSC CP 

spectrum. However, the spectrum ( d )  in Figure 5.44 (which 

v contains 10.83 I(lmole/m2 of 1,2-ethanediol) is almost the same as 

other spectra at lower coverages. 



C3 

The explanation for this "no-observable changeH 9ies - ---- --. 
di 

in two directions: ( i )  The adsorption made (1 1 )  is th-dminant 
-- -._ / - 

mode for the'adsorption of 1,2-ethanediol on the MgO surface. 

The reason we don't observe any physisorbed species (as in Y 
methanol case) is that they arerobscured inside the observed 

powder pattern of the chemisorbed species. This also applies to 

the other carbon which is not actively attached to the surface. 

[ i i )  There exists an equilibrium between the two modes of 
i 

adsorption [that is, the active sites on the MgO surface are 

susceptible to both types of adsorptionJmodes), and the chemical 

shift powder pattePns are the same for both. However, both 

explanations given above do not adequately answer the question % 

why we would have observed an axially symmetric powder pattern 

for the adsorbed 1,2-ethanediol (axially symmetric powder 

pattern usually implies at least a C3 axis of symmetry). 

TheJ'% CP/MAS spectra (Figure 5.48) were also 

measured 1,2-ethanediol on MgO at two'coverages. The spectra 

show a single peak at 63 ppm downfield from TMS. 'Q&# 

Adsorbed l Jaropaned iol 

For the adsorption of i,3-propanediol on MgO, the, 

lSC CP static spectra (Figure 5.~45) show two overlaping 
-- ~- 

--%i 

~- ---- 

methylene carbon resonances. At low coverage, the two' 

J&\ overlapp.ing3powder patteiWh are featureless. At intermediate 

(7.70pmole/mz), the observed powder patterns are cOvew 



Figure 5.48 

13c CP/MAS spectra of 1,2-ethanediol on M ~ o - (  3 )  at 

two coverages. Field strength = 60 kHz. 

2 
(a) 5.20flmole/m , contact time, = - - 2  msec, 

-1 
J rep rate = 1Jec , 60,372 contacts 

2 
( b )  9.40pmole/m , contact time = 1.5 msec,, 

-1 rep rate = 2 sec , 99,066 contacts 





compatible with those of the computer simulated spectrum: an 

axially symmetric powder pattern corresponding to C-1 (at 71.4, 
e 

71.4 and 34.8 ppm downfield +rom TMS),  and an asymmetric C-2 

powder pattern (at 62.2, 37.6, 7.8 ppm downfield from TMS). The 

. .  * 

isotropic shifts are remarkably close to the chemical shifts of 

1 iquid 1;3-propanediol (134). At even higher coverage (9.46 rroe6 

mole/mz), a new peak is observed on the high field side of the 

C-2 powder pattern at 19 ppm downfield from TMS. It is 

suspected that it is an artifact (a glitch), since i t  is not 

plausible that any reaction could have occurred at the 

experimental condition. (Since 1,3-propanediol has a very low 

vapor ~ressure'at room temperature, it is practical to warm up 

k 
both the MgO sample and 1,3-propanediol to about llB•‹C for vapor 

phase adsorption). Since only methyl resonances appear in this 

range of chemical shift, decomposition (to a species 

with terminal methyl group) must have set in for this peak at 19 

ppm to be real However, previous experience with adsorbed 
-5 

alcohols on MgO show that llB•‹C is too low a temperature for apy 

reaction to occur on the surface. 

c, 
The lsC CP/MAS shown in Figure 5.49 reveal more 

variations. Neat 1,3-propanediol has l3C chemical shift at 35.4 

and 5y.2 ppm downfield from TMS (134). In the spectra, the 

major '"C resonance5 occur at 38 and 65 ppm downfield from TMS 

respectively, This shift to low field is probably caused by the- ' -  
\%A 

strong deshielding effect froh the surface Mg2+ ions, indicating 

a very strongly-held chemisorbed species. 



t 

Figure 5.49 
\ 

13c CP/MAS spectra of 1,3-propanediol on MgO-(3) at 

various coverages. Field strength = 65 kHz. Contact 

-1 period = 2 msec. Repetition rate = 3.3 sec except 

-1 
(a) w h i c h i s  2 sec . 

2 
(a) 3.77 pmole/m , 353,400 contacts 4 

2 ( b )  7.84 pmole/m , ?178,451 contacts 
2 

(c) 9.69 l(lmole/m , 132,027 contacts 





&,-- - 

Most adsorbed alcohols on MgO discussed in this*-* 'A 

dissertation do not show such a large downfield shift ( 5  ppm for 

C-1 and 3 ppm for C - 2 )  except ethanol, which exhibits a large - 
downfield shift for the C-2 carbon only. The huge:downfield 1 

/ 
/" shift for C-2 probably indicates that it lies very close tp the 

i 
(so that it could be deshielded). This rules wt the 

possibi)ity 4- that 1,3-propanediol may adsorb on the surface in 
I---" Ir:  

the adsorption mode (1) because with such a made of adsorption, 

the C - 2  carbon would be the furthest away from the 'surface. 

Adsorption mode ( 1 1 1 )  would l e a d  to a surface 

structure which has the C - 2  carbon lying ver close to the i 
surface, and this is probably the-4refered mode , of adsorption. 

Another pointlof interest in the low-cpverage spectra 
i 

is the smalle~ peak at 42 ppm (on the low-field shoulder of the 

resonance at 38 ppm) . If is speculated that this peak arises 

from the stronger interaction with a Mgz+ i o n ~ ~ n  the surface 
J 

(which deshields the C-2 carbon more), or some kind of 

configurational effect. 

At high coverage (9.69 j,lmole/m2), a peak at 60 ppm 

(on the high-field shoulder of the 64 ppm resonance is observed. 

This is also accompanied by the upfield shift o f  the high-field 
.L 

resonance-to 35 ppm. This probably corresponds to the increase 

in the population of physisorbed 1,3-propanediol, or a 



conversion of the chemisorbed species to the adsorption mode 

(11). Note that in the adsorption mode (111, there are two 
d 

carbonson the 1,3-propanediol molecule which are not in close 

proximity to the surface, and thus not experiencing the 

deshielding effect from the surface. The resonance at 64 ppm 

would indicate that there is still a high population of 

chemisorbed species in adsorption mode (1111. 

5.E.  111. Adsorbed 1,4-butanediol 

The 13C CP static spectra of 1,4-butanediol adsorbed 
. - 

an+MgO (Figure 5 . 4 6 )  are quite similar to those of 

1,3-propanediol on MgO. Basically, the spectra consist of two 

powder patterns overlapping with each other. The powder 

patterns seem to get narrower and sharper, as coverage 

increases, especially for the methylene resonance corresponding 

to the C-2 and C-3 carbons. At coverage of about 8.14 ,Umole/mz, 

both resonances are quite narrow, and the linewidths are 

comparable to those obtained by I3C CP/MAS tec>ique, as shown 

in Figure 5.50 (ca. 15 ppm wide)." 

This narrowing effect is not quite understood. It is, 

plausible that there exists a high population of physisorbed 

1,4-butanediol molecules which rapidly exchange with the 

chemisorbed species. The si ngle-pulse 'JC NMRlMAS measurements - 
o f  t h e  same samples as those in Figure 5.46 (shown in Figure 

5 .47 )  show almost the same spectra. It is appajent 'then that 



\ 

x. 

there exists quite a po lation of physisorbed l,4-butanediol * 
\ 

mole~ules on the MgO surface. 
I 

4 

The lJC C P I M A S  spectra shown i n  Figure 5.50 reveal 
1 

more variations. At low coverages, the S / N  ispoor, probably 

due to insufficient number of cross-polarization contacts. 

As the coverage is increased to 7.831C(mole/m2, two 

resonances at 35 and 64 ppm are observed (spectrum b). Noticing 

that liquid 1,4-butanediol has isotropic shifts at 29.4 and 

62.1 ppm respectively (1341, the adsorbed 1,4-butanediol 

obviously shows a strong deshielding effect at the C-2 and C-3 

carbons. 

L- 
If the hypothesis about the deshielding effect as 

T 

arising from the Mgz' ions on the surface is correct, the11 these 

two carbons ( C - 2  and C - 3 )  would lie very close to the surface. 

This would eliminate the possibility that 1,4-butanediol adsorbs - 

on the MgO surface via adsorption mode ( I ) ,  because in this 
- - 

- ?  

mode, the C-2 and C-3 carbons would lie furthest from thk- . 

surface. By the same token, adsorption mode (111) would be the 

most likely model of adsorption, because in this mo all four 

carbons are "fixed" and lie very close to the s 
k i m g . ,  

Adsorption mode (1 1 )  would have at least three carbox\is)hanging 
- /' 

around" and behave almost like a physisorbed species. 



Figure 5.50 .. 

CP/MAS spectra of 1,4-butanediol adsorbed on MgO at 
3 

various coverages. Field strength = 60 kHz. Contact 

time = 0.5 msec, except (c) which is 2 Tee* 
-1 -1 

Rep. rate = 2 sec , except (b) which is 3.3 sec . 
i (a) 4.44 ,Umole/m2, 110,086 contdcts 

-l 

(b) 7.83 pmole/m2, 194, 

2 
(c) 9.52,Umole/m , 24,9 





S . E . I V  13C CP/MAS Study of Adsorbed 1.4-butanediol on 

MqO Treated at Elevated Tem~eratures 

The sample of 7.83,Umole/m2 of 1,4-bu 

Mg0- ( 3 )  was treated to higher temperatures. The '"C CP/MAS 
i 

spectra recording all &e changes are shown in Figure 5.51. 

There is no observable change until treatment at 300•‹C. At this 
7 

temperature, there appears a sharp resonance aLIaw-field 

centered at 184 ppm, which probably indi s the formation of 

some carboxylate species. The high-field resonances are very 

broad with major resonances at 66,'48, 37 and 32 ppm. The 

resonance at 66 pprn probably cdrresponds to some not yet 
4as 

decomposed alkoxide species on the-surface. 
- ?, 

It is suspected tha re could be the format ion of 

some branched-chain alcohols on the surface following the '. 

-mechanism (equation 15.23) proposed for the for k tion of 
n-butanol. The resonance at 48 pprn would then probably 

correspohd to thep-substituted carbons on these highly-branched 

alcohols. li 

- 1  

At 400OC, the low-field resonance at 183 pprn has 

grown in intensity. -This is accompanied by the appearance of 

peaks at 167 pprn (bicarbonate) and a broad resonance centred at 

128 pprn (probably a wide range of olefinic carbons). The 

high-field resonance is centered between 18-48 pprn, indicating 

the complete decomposition of the surface alkoxide species, and 
w/- 



Figure 5.51 

CP/MAS spectra of the sample of 7.83.pmole/m 2 

1,4-bwanediol on MgO treated at elevated temperatures. 
t 

2 

Field strength = 65 kHz. contact time = 2 msec, 

except (a), which is 0.5 msec. Repetition 

-1 -1 
rate = 2 sec , except (a) which.is 3.3 sec . 
4 

(a) Room temp., 194,871 contacts 

(b) 3 0 0 ~ ~  ( 3  hrs) , 88,117 contacts 

(c) 400•‹c, 150,150 contacts 





leaving a wide range of alkanes and alkenes. However, the 

present resolution precludes any identification of these surf& 

species. 

No surface species could be detected when the sample 

was treated above 480OC. The only observable resonance is at 

128 ppm (probably some aromatics), but it is very broad. 

h 

5 .E.V.  Adsorbed 1.3-butanediol 

Notice that so far in the study of adsorbed 

alkanediols cn MgO, only molecularly symmetric compounds were 

chosen. The reason is simple: the more carbon resonances' the 

compound has, the more complex the spectrum is, and overlapped 

resonances may occur leading to poor resolution). 

To conclude this chapter, the 13C CP/MAS of adsorbed 

1,3-butanediol on MgO has been measured (Figure 5.521. At 1od 

coverage, four major resonances at 70, 64, 44 and 24 ppm are 

observed. Liquid 1,s-butanediol has lJC chemical shifts at 5 9 , 8  

(C-I), 41.2 (C-21, 64.9 (C-3) and 23.3 ( C - 4 )  (141). It is 

probably then that both carbons bearing the -OH groups (C-1 and 
q 

C-3) experience a deshielding effect (to 64 and 70 ppm from 59 

and 65 ppm respectively). The C-2 carbon also suffers some 

deskielding (from 41 to 44 ppm downfield from TMS) ,  this 

probably indicates that this carbon also lies very close to the 
1 

surf ace. 



13c CP/MAS spectra of 1,3-butanediol on MgO-(3) at 

various coverages. Field strength = 46 kHz ex 

(a) which is 60 kHz. contact time = 2 msec. 
-1 

Repetition time = 1-ec except (b) which is 

-1 
2 sec . All spectra are not normalized for the 

different number of contacts, 

2 
(a) 4.66 pmole/m , 54,600 contacts 

(b) 7.43 pmole/m2, 266,730 contacts 3 
2 (c) 9.15,~mole/rn _, , 68,905 contacts +. 





This observation cpnf irms that alkanediols adsorb on 
w 

MgO surf ace in adsorption mode ( I11 1 ,  i . e. hot@ -OH group.5 are. 
bonded to the surface. This similar effect is also observed for 

the adsorbed 1,3-propanediol on MgO su,rface, which is not 

surprising since the structures of '1,3-propanediol and 

1,3-butanediol are very similar. 

As the coverage is ihcreased to 7,43/4mole/m*, there 
u 

is a new resonance: at 40 ppm, which was probably obscured in the 

previous spectrum by,the resonance at 44 ppm. From this t 

observation, there may be a definite population of the adsorbed 

species which behaves; like physisorbed molecules, or adsorbing in 

adsorption mode (11). t 

As the coverage is increased to 9.15 pmole/mz, the 

resonance at 70 pprn appears only as a low-field shoulder on the 
/ 

,'- 
,x.rnajor peak at 64 pprn. The previous resolved peaks at 44.and 24- 
\ 

*;ow overlapped. The loss in resolution is probably due . 
to the appearance of mdre. adsorbed species, or the 

1,3-butanediol starts to adsorb in other modes of adsorption due - 

to crawding. I t  is also possible that the line broadening may 

be due to motions at the spinner frequency. 
4 

Summary 

It is shown that the two -OH groups on the 

elkanediols do not adsorb onto the same Mgz* on the surface, 

even if the -OH groups are four-carbon length apart (as in the 



of 1,4-butanediol 1 .  Therefore, it is established that the 

ption mode of alcohols on MgO is a 1:1 ratio, i.e. no more 

than one alcohol molecul'e per active site (Mg2+JXon the surface. 

The downf i el cJ shift experienced by the 6-carbon (5) on 

1,3-propanediol and 1,4-butanediol indicate . - that the--- 

6 -carbon(s) lie very close to the surface. This further 
- . - 

establishes that the two -OH groups on the alkanediols adsorb 

on-to two different MgE+ ions on the surface. It is found that 
- 

there exists a substantial population of physisorbed 

1,4-butanediol molecules on the MgO surface. This probably 

arises from crowding. F 

I 

Preliminary study on the 1,-4-butanediol-~g0 system 

treated at elevated temperatures revealed little. No 

- - 1,3-butadiene was observed (probably below detection level). I t  

is suspected that some branched-chain alcohols could be formed. 

Some dehydrogenation was observed - by thepre&ce of a 

carboxylate species at ca. 183 ppm downfield from TMS. 

Treatment above 400•‹C revealed aromatics species (ca. 128 ppm) 

probably on the way to become graphite. 



6.4. J WO 
__J 

After ,the initial success with the alcohol-MgO systems 

utnTlFi'~-15P technique, it is desirable to extend this technique 
'--1.. 

- to other catalytic systems. In continuation of this project, 

the study of the chemisorption of methanol on WOj has been 

under taken. 

As was mentioned earlier in Chapter'2, W03 has not been 

studied extensively, especially as an alcohol-dehydration 

7 catalyst. Most studies on WOJ +ocus_on its semi-conductor 

behaviour, rather than the dehydration activity. Studies of W03 

also suffered because of the difficulty in preparation. 

Comme~cially available WOj d,oes not have high surface area, 

which is adrawback in tho study of surface chemistry and 

catalysis by NMR. My experience in the laboratory preparation 

of WOS is that the quality of the catalyst differed from batch 

to batch. This may be due to a slight change in theC 

experimental'conditions: simmering conditions for the tungstic 

acid gel, pumping speed in the dehydration of the tungstic acid 

etc. Also, the ammonium-rnetatungstates (precursor of tungstic ' 

acid) from d-ifferent manufacturers are quite different. 



6 . A . I .  Methanol Adsor~tion Isotherm 

A  batch of W 0 =  has been successfully prepared wh'ich has 
1 

resonable surface area, high density and general consistency 
f :?., 

fno~,sample to sample as described in Chapter 4. Two different 
I i 

odt-$assing procedures have been attempted: W O 3 - ( l )  was 
I /' I 

--be assed fPr 2 hours at 300OC, ' while WOJ- ( 2 )  was degassed at 7' , . 4 

3 0 k d r  19 hours. . Both types of WOS were then treated with 0. 

at 300•‹C for 2 hours, then pumped out prior to the introduction 

of alcohols. 

The methanol adsorption isotherms on W O s - ( l )  and ~ 0 ~ - 1 2 )  

at room temperature are shown in the upper curves in Figures 6 .1  

and 6.2 respectively. The lower curves are the isotherms 

obtained after pumping for 2 hours at room temperature adter the 

first isotherm. The methanol adsorption isotherms on both types 

of W03 show essentially the same features. This probably 

indicates that the surface water molecules are essentially 

desorbed at 300•‹C in 2 hours. A further heating of 16 hours 

does not vary the concentration of surface -OH groups to any 

extent so that both types of WOa show the same adsorption 

capacity for methanol. 

On the other hand, both isotherms shown in the same 

figure are almost parallel within experimental error, and their 

difference, 4.6/mole/m2 is taken as a measure of the active 

sites on the WOs surface. Assuming a first order desorption 



Figure 6.1 Adsorption isotherm of methanol on 

wo3-(l) at room temperature. .(Upper 

Curve, A). Lower Curve B degassed at 
, 

room temperature for 2 hours after A. 

,I 
q 

I Figure 6.2 Adsorption isotherm of. methanol on 

WO - ( 2 )  at room temperature. (Upper 
3 

s 

Curve (A)). Lower Curve ( B ) ,  after 

degas'sing at room temperature for 

2 hours after (A). 
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kinetics for methanol, the activation energy for desorption can 

then be estimated. 

Assuming first order desarption kinetics for methanol, 

then in 2 hours of pumping, 75% of those molecules will be 
- 

desorbed whose rate constant for desorption is 2 x la-* set", 

and a higher fraction for those having a greater rate constant. 
I 

[ Simi larly, only 25% wi 1 1  be desorbed for a rate constant of 

1 4 x 10-a secJl and lesser amounts for smaller rate constants. 

By approximating the rate constant as (kT/h)exp(-E/RT) where k 

is the Boltzmann constant and h Planck's constant, it can be 

shown that the two rate constants above correspond to activation 

energies E, for desorption of 23 and 24 kcal/mole respectively. 

Thus at the present pumping conditions, methanol on sites with E / P 

< 23 kcal/mole will be essentially all desorbed, while that with 

E> 24 kcal/mole is essentially all retained. In these 

cond itiohs, physical ly adsorbed and hydrogen-bonded methanol 
\ 

J 

should be removed, while methanol bound to strong active sites 
'\ 

'L 

is retained, and e amount reflected in the lower coverage 

observed for the subsequent isotherm. & 

6.A. 11. NMR Relaxation Parameters 

I 
Proton spin-lattice relaxation times Tan were measured 

for met'hanol ~h WOj-(1) and WQ3-(2), and are listed in Table 

6.1. The following was observed: while there is no observable 

difference in Tan between UOS-(1)  and W03-(2), there exists a '  
Z 

trend towards faster relaxation at higher coverage. This is to 



Table 6.1 . -- 

Proton Spin-Lattice Relaxation Time ( T ~ ~ )  

for Methanol-WOh Samples 3 

Coverage Degassing / Degassing TIH 

\ 
* denotes 14% i3~-enriched methen@ used 

? 

/ 



be expected if the dipole-dipole interaction is the major 

contribution to relaxation. The r'3 dependence of.the dipolar 

a interaction would obviously ..lead to faster relaxation at higher 

d 
coverage. 

Comparing these Tin values with those of NiZ'-doped MgO, 

as in MgO-(21, the methanol-W03 systems clearly show longer 

/ 
relaxation times. Super+icially, it may seem that the tungsten 

atoms in the W03 exist in the highest oxidation state ( w ~ V I ) ) ,  

so that they are not paramagnetic in nature. 

'b 

L 
The cross-polarization time (Ten) and the proton 

spin-lattice relaxati time in the r~tatin'g--me-t-T~-lke"p 
-----\ 

also measured for one s&mple: the 9.78~molelm2 of 14% 

13C-enriched methanol on WO=-(l). A plot of 13Cbsignal 

intensity vs contact times is shown in Figure 6.3. The Tcn 

values is estimated to be 0.15 msec. The proton T( i& 

measured to be 23 msec, by "the technique mentioned in Chapter 

4. These values are comparable to the relaxation data measured 

for the methanol-Mg0,systems. The cross-polarization time is 

short, indicating substantial static component of the 

intrarn~lecular~H-~=C dipolar coupling. The shortness in proton * 
\ Tfrelative to the proton TI indicates considerable low-frequency 

i 

motion in the absorbed layer, i.e. -bound methoxide 

species on the surface. .. 



e 

Figure 6.3 Plot of 13c free induction decay signal 
I 

vs contact time for 5..78 #mole/rn2 of - 
9w 

>& 13c-enriched methanol on WO -(1). 3 





C * 

i 

6.4.111. 3 CP Static Spectra of Adsorbed Methanol r' 
Fjgures 8.4 and 6.5 show the CPpspectra of static 

7 

samples at various coverages of adsorbed methanol on Was- (1)  and 

W03-(2) respectively. In general, for both preparations, a 

broad powder pattern is observed in tire region expected .for- a 
a 

// rnethoxide species,. with an isotropic peak 'at near 50 pqrn I 

(\ 
downf ield from ~ f l ~ . p ~ h e  edges of the  ower pattern were; 2 -, 

1-, 
--/-- 

smoothed out for the spectra in which lJC-enriched methanol was 

used. This is,probably due to the.lsC-&=C dipolar coupling (of 

the order of few 'hundred H convolved with the powder pattern. 3' 
The spectrum (f) in Figure 6.4 in which ordinary methanol was 

used, showed a typical methoxide' species, with the low field 

-\ 

component ( gA 1 at about 77 ppm, but the high field.shielding I 

component was not resolved; 
f 

The isotropic peak at-50 ppm could be attributed to the 
0 

loosely-bound methanol on the W03 surface. In spectra (a) and 

(b) in Figure 6.4, the intensity of the isotropic peak at ca. 58 4 

pprn (loosely-bound species) seems t r ~  be larger than the powder 

pattern of the methoxide species. This seems to centradict wi th  

the observation from the adsorption isotherm shown in Figure 

6.1, which indicates only a small population of the physisorbed 

B 
molecules. No plausible explanation is obvious from present 

results. 

effects on the &=C static spectra of methanol on WOJ. The 



Figure 6.4 
i I I 3c  static CP spectra of methanol on WO - (  ). 

3 
-1 Field strength = 70 kHz. Rep. rate = 3 sec , 

-1 
' except (dl and ( e )  which are 2 sec . 

Coverage Contact Ti'me Number of 
2 ( ,Umole/m ) ( tns e.c gontacts 

* denotes 14% 13~-enriched methanol was used. 





Figure 6.5 

I3c static CP spectra of methanol on WO -(2). 
3 

Field strength = 40 kHz, except (b) which was 

7 0  kHz. Contact time = 2((nsec. Repetition 
n 

-1 -1 
rate = 2 sec , except ( b )  which is 3.3 sec . 

Coverage Number of 

( p mole/m2 1 contact; 

* denotes 14% 13~-eni.iched methanol was used. 





low-field shielding component of the ipectra in Figure 6 . 5  ,a 

(except spectrum (c) 1 seemed to be sharper than the 

corresponding powder pattern observed in Figure 6.4 for the same 
! 

coverage of methanol. This may imply a more rigid methoxide 

species on the surface, or the lJC-13C coupling d i d  not convolve 

with the powder pattern. The latter explanation may indicate 

that the intermolecular- interactions between the me&hoxide Q, 

\ 
species are diminished, probably arjsing from the longer distance 

(due to surface morphology) between the chemisorbed methanol 

spec i es. 
" 

3 

It is also apparent that spectra (a) and - ( b )  in Figure , 

6.5 look more like what one would expect, i.e. a much smaller 

isotropi; peak at 50 ppm compared to the powder pat'tern of the 

methoxide species. This could be attributed t a  the 

redistribution of the surface -0H'groups on the W 0 ~ - ( 2 )  surface 
'L 

\ caused by theprolonged degassing period. Of course, the long 

degassing period may also alter the surface morphology to 

accommodate the present.observation on the W O s - ( 2 )  surface. 

1 

The spectrum (c) in Figure 6.5 showed a very poor SIN 

ratio, probably caused by personal error in measuring the 

desired amount of adsorbate, or a leak developed a+ ter the 
4, 

sample tube was sealed. 

eb 
In general, the W03 turned to a greenish c~lor (from 

the original yellow color) upon the introduction of  methanol,' 



but returned to the original yellow color when the samples were 

shaken. An attempt has been made to investigate if this is a 

phota effect, by storing the samples in complete darkness and 

under ordinary f Lorescent 1 ight. The static C CP spectra in B 
I 

both cases were excellent reproductions of,>$he original spectra 
r I v -  

after a storage period of 6 months. The photochromism of oxides 

like WOS and MOO= has been extensively studied (142) .  It was 

concluded that the tungsten was reduced trom W(V1) to W ( V )  under 

t irradiation. This reduction can also be caused by 

of Hz, alcoho15, Pd or Pt metals (142). However, 

this change in the oxidation state in tungsten apparently does 

not change the observed CP spectra of,methanol on WO3. 

1 i 

\ 
./ 

It is possib k that the methanol-WO. systemsidid 
L' 

undergo reduction t,o some extent, to give-rise to the green ~ 

3. 

color. However, the conversion product(s) (from methanol! and 

the mechanism involved could not be elucidated by the present 
& - 

.IJC results. ' L 

6.A.IV. IJC Static CP S~ectia of ~ethatiol'-~0;. &'  

Elevated Tem~eratures 

The representative 13C CP static spectra y the 
methanol-UOS systems at room temperature and after heating (170, 

- 
300•‹C) are shown +in Figures 6.6 arid 6.7 for WOS-ti) and WOJ-(~) 

respectively. Both figures show essentially the same changes as 

the samples ware 'heated to higher temperatures. 



Figure 6.6 

13c CP spectra of 6.41 ,Um~le/rn2 of methanol 

(14% I3c-enriched) on WO -(1) treated at different 3 
temperatures. R,F, field = 40 kHz except (a) which 

Is 70 kHz, contact period = 2 except (a) which 

is 1 msec. 

-1 
(a) Room temp., rep rate = 2 set , 16,384 contacts 

d -1 
(b) 1 7 0 ~ ~  (3 hrs), rep rate = 5 sec , 9,201 q-ontacts 

-1 ( c )  3 0 0 ~ ~  (3 hrs) , rep rate = 1 see , 27,439 contacts 





Figure 6.7 

13c CP spectra of 5.73 ,Umole/rn2 of methanol on WO - ( 2 )  3 

treated at different temperatures. R.F. field = 40 kHz 

except (a) which is 70 kHz. Contact period = 2 msec. 

-1 
(a) Room temp., rep rate = 3.03 sec , 29,522 contacts 

-1 
(b) 1 7 0 ~ ~  (3 hrs), rep rate = 3.03 sec , 21,404 contacts 

-1 
(c) 3 0 0 ~ ~  ( 3  hrs), rep rate = 2 sec , 126,200 contacts 





Treated at 170OC, both spectra show a composite of two 
,L 

) powder patterns: an isotrbpic peak at 61 ppm downfiela from TMS 
h 

( super mposed on t /" w i g i n a l  methoxide powder pattern. The , 

f 
1 i quid- 1 i ke methano( resonance observed at room temperature was 

not present. It was suspected that some cf the methanol may 
" 

have undergone dehydration to a dimethyl- ether sp,eices via: 

V 

This would involve surface protons, which should be a b u n d t  on 

the WO3 surface, since WOS is an acidic catalyst. It could tie 

further speculated that this dehydration involves an immobile , 

2 * 

methanol (species (surf ace and a' mobi le methanol 

(liquid-like methanol on' and that the ether 
s 

formation depends on the avai lkbil ity of the mobi le methanol 

species. This hypothesis is certainly k' i f g e  active sites 

reside on W on the surface, and 'that the immobile, methoxidq 

species chemisorbed on these W atoms. is will make the 
i 

chemisorbed methoxide species quite f and any reaction 
. $  . 

taking place would involve the nobi 1 i'ty of the phyeirorbed \? , P 

.ethanol species. 0f course, this reaction could also be i 

induced by the chemisorbed methoxida species, which start to ' 
,-- 

'hop' to other sites (i.e. mike mobile) at thi~~treatment ) 
temperature. 

Upon heating at 300OC for 3 hours, the methanol-UOj 

systems turned a bluish coloP, which indicates a significant 



.reductiy of t%e WOs from the original WIVI) toAU(V) and ~ ( ' 1 ~ 1  

oxidation~states. The CP static spectra shok a broad 

resonance at below 3% ppm downfield from TMS, with two peaks at 

46 and 33 ppm rcrpectivqly. Due to the poor - S I N ,  the ewistence 

of other peaks could not be ascertaineq. From the positions of 

these resonances, it is apparen.t that.they are alkanes and* 

alkane derivatives, which have a low range~of'mot,ional 

,frequencies. However, the exact identity of these compound(s) 

is unknown. 

d - 
When the samples were heated to 500• ‹C  for 3 hours, the 

color turned to a very intense blue, It was impossible to 

obtain any lJC CP sta.tic spectra +or these samples. 

* 
One suspects that this is due either to paramagnetic 

interacfion'which broadens the 13C CP spectra, oremost of the 

surface species have bean distilled off the -surface. Although 
\ /  .7= 

it is -not known exactly the oxidat ion state(sp'tungsten in 
x 

the tungsten oxide at this experimental condition, one would 

-expact that the oxidation state will vary from W(VI) to W(1V) 

142-146) indicating oxides of tungsten in the form of WOJ-X 
P 

be x varies from 0 to 1 ) .  WOa* (W \ n~oxidation state VI) is 
% 

not paramagnetic, but any lower oxidation states of tungsten 

will be paramagnetic as shown by ESR study (143) .  These 

paramagnets will certainly broaden the lJC CP spectra. 



84, 125 and 157 ppm respectively. The resonances a t  125 a n d - 1 5 7  . ,  

ppa probably corresbond to ethylene and a 1 k y l  carbonate ( 1 4 6 )  

respectively. However, the cobbination o f  the resonances a t  84 

and 157 ppm could be speculated to be a vinyl ether-type , 
7 

" 1  

species,  and the resonance at 125 ppm pwobabl indicates 4 t h . n ~ .  

One is not sure about the origin of this vinyl ether, b u t  it is 
L 

possible that i t  arlses ftoa t h e  'dehydrogenation of a 

pol jner-type spec 1e5 formed 'by the dimethyl ether. - 

6 . A , V ,  CP/MAS o f  Adsorbed Methanol on b& 
. ' 

To complete 'this prel~rninary study o+ adsorbed methanol 

T w o  samples (from Was-fl) and -(2f) each o f  about one gram were 

loaded with about '1.0 ,Uhro,le/m2 of 90% iJC-cnriched methanol i n  
b 

- - 
5 mrn o,d. NMR tubes. SampJe preparations were the same as those 

for static samples. Thgir respective lSC CP/blAS spectra are 

shown in ~igbres 6 . g  and 6.7. 

At room teaperature,%the tsC C P I M A S  s p e c t r a  show a 

slight variation from the 1 3 C  CP static shown earlier. The 

strlklnq featube is t h e  appearance of a smaller p e a k  at 68 ppm 

apar t  from the bajor resonance ( 53  the methoxldc resonanceti) at 

53 pprn downfield from TMS. 



Figure 6.8 

1 3 ~  CP/MAS spectra of 0.96 ,Umole/m2 of 90% 13~-enriched 

methanol on WO -(I), when treated at elevated 
3 

temperatures. Field strength = 50 kHz. Contact 

-1 
period = 2 msec. Repetition rate = 2 ,s~c- . Spinning 

f P 
4 ;4 

a 
4% %Wb 

speed = 1.8 kHz. A11 spectra are not normalized for 

the different number of contacts. 

(a) Room temp., 2,000 contacts 

(b) 2 0 0 ~ ~  (3 hrs), 23,420 contacts 
b 

( c )  2 5 0 ~ ~  (3 hrs), 14,000 contacts 

(d) 3 0 0 ~ ~  (3 hrs), 53,238 contacts 





CP/MAS spectra of 0.99 ,0rnole/m2 of 90% 13c-enriched 

methanol on WO -(2) when treated at elevated temperatures. 

?- 
3 

Field strength = 60 kHz, Contact period = 2 msec. 
5 

-1 
Repetition rate = 2 sec . Spinning speed = 1.8 kHz. 

All spectra are not normalized for the different number 

of contacts, 

(a) Room temp., 2,000 contacts 

(b) 2 0 0 ~ ~  (3 hrs), 8,106 contacts 

(c) 3 0 0 ~ ~  (3 h r s ) ,  118,307 ... contacts 

(d) 3 5 0 ~ ~  (3 hrs), 100,450 contacts 





The downfield shift of about 4 ppm for the methoxidr 

resonance (from the usual 49 pprn, e.9. Mgf0CH~j2) is surprising. 

This may indicate that the surface tungsten atom exerts a rather - 
strong interaction with the adsorbed methanol, by withdrawing 

electrons from the oxygen atom (in the methoxide species) so 

that the net effect is a deshielding effect on the methyl 

resonance. 

However, it is well-known that tungsten exerts peculiar 

effects in the 13C chemical shifts of the organotungsten 

cqmpounds (1541. For example, the methyl resonance in W ( C ~ ~ I *  

i s  at 84 ppm down+ield from TMS, but at 35 ppm upfield from TMS . 

for W(CH~)1Cyclopentadinenyl) t C O ) =  ( 1 5 4 ) .  It is apparent then, 

that the electronic inductive effect from the tungsten atom /s 

minimal. Recent l J C  NMR studies on tungsten alkoxide complexes, 

show that there exists a trend of downfield shifts of ca. 12 pprn 

for the al-carbm on the a;k-bxide groups bonded to the tungsten 

atom, relative to the U -carbon on the parent alcohols, i.e. 

tert-butand dnd ispropanoi. It is uncertain what cdurcs this 
5 - 

effect. 

- 
ri 

Returning to the spectra (a) in both Figures 6.8 and 

6.9, it could be argu&l that tho resonances at 53 and 68 ppm 

C O P L S ~ O ~ ~  to different kinds of surface methoxidc species, e .9 .  

1 '5r 

. unidentate methoxide species and multiple raethoxide species all 



banded t o  t h e  same tungsten afom. However, it is well-known *," "j 

T,.' . 
that UOJ is strongly acidic (321, so'it is not surprising that. 

same methanol mofecules are dehydrated as they adsorb on the WOs 

surface. One could then identify the smaller resonance at 

68 ppm as a dimethylether species. Both ,arguments seem to be 

possible due to the lack of lJC NMR-data. In view of the 

complex nature of the ' = C  CPIMAS spectra of the samples of 

methanol-W03, when they were treated to successively higher 

temperatures, one inclines to identify the smaller resonance at 

48 ppm as a dincthether species. 

There are no observable changes in the spectra until 

7 
280-C when the samples were treated to succesively higher 

temperatures at JB•‹C i n c r e a a c h .  At 28B•‹C, the resonance 
\ 

corresponding to the postulated dimethylether species grows much 

higher in intensity, and in Figure 6.8, it has higher intensity 

than the methoxidc species. -Since the acidity of the surface 

arises irom the protons on the surface -OH groups, and following 

+rom the previous argument, if there are more surface -OH groups 

on the W O S - ( I )  surface, more methanol molecules would be 

converted ta the ether species. 

U b n  the samples  were treated to 25%- tonfy one 

representative spectrum shown in Figure 6-81, the original 

resonances in the high-field region become very broad, with two 

sharp peaks at 26 and 37 ppm respectively. 



It 'is suspected that these resonances represent either, 

the decomposition products of the\chernisorbed methanol or the 

dimethylether species, or the cross-reaction products of 

methanol and the dimethylether species. The latter possibilitf 

seems more reasonable, since decomposition of methanol or 

dimethyl ether would only lead to small molecul'ar weight alkanes 

which should appear more upfield in the spectwm. 

It is almost impossible to speculate what are the 

cross-reaction products from methanol and dimethylether. 

However, a conjecture would be that the reaction path takes the 

form of propagation and elongation of the carbon chain, probably 

with the formation of polymers, and the resonances at 26 and 
. . 

37 ppm would then correspond to the - C b  carbons in the 

polymeric species. 

IJC NMR/MAS spectra were measured for these two samples 

after treatment at 250%. Only one resonance at 125 ppm is 

observed. This resonance could be interpreted as an 

highly-mobile ethene species on the surface which-,could not be 

observed on the I3C CP/MAS spectra. The mechanism of its 

formation is not understood. The other identification for this 

resonance at 125 ppm is a physisorbed CO~~molecula, with no 

neighbouring surface -OH groups. Its formation probably arises 

from some decomposition of the surface methoxide or ether 

spec i es. 



207. 
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i 

When the smpias were treated at 30B•‹C, there is a 

complete disappearance of the resonances at 56 pprn (methoxide) 

and 68 pprn (dimethylether) in the spectrum in Figure 6.9 for' 

methanol-WOS-(2). Only the broad resonances centered at 35 and 

26 pprn remain. This indicates that the polymers previously 

postulated consist mainlydof carbon and hydrogen only (no 

oxygen). The two resonances (for methanol and dimethylether) 

still persist on the spectrum in Figure 6.8 for the methanol-WOs 

-(I) sample. This probably indicates an incomplete conversion. 

An extra resonance at 170 ppm appears in the spectrum in F i ~ u  A 
6.8 (not observed for rrpthanol-W0~-(2) in Figure 6.9), 

indicating the formation of a bicarbonate species, This 

resonance at 170 pprn eventually appears in Figure 6.9, after the 

sample was treated at 350OC. This further indicates that there - 
is a slight difference between the two WO= sample due to 

different degassing procedures. 

l J C  NMR/MAS shows the same resonance at 126 pprn 

downfield from TMS. 

When treated at 35a•‹C, both samples show the same 

spectrum (only one representative one shown in Figure 6.9). 

This spectrum is almost similar to the previous one treated at 

30BQIC. 

Beyond 35B•‹C, it was impo&ble to obtain any '=C 

CP/HAS spectrum, probably due to par h magnetic broadening as was . 



mentioned earlier, or changes on the surface of WOa, 

il 
Paramagnetic species cause problems, in the study of 

;. 

surface species by NMR in (ignoring relaxition): 

first, line-broadening and, second, change in the positions of 

7 the chemical shifts of the observe nuclei (151). The latter k. P 
has been observed in the %H study of adsorbed benzene on COZ+- 

SiOa .(152) and *=C study of adsorbed CO on zeolites exchanged 

with transition metals (153). These changes in the chemical 
4 

1 
shifts are usually accompanied by broadene resonance lines. As !i 
the concentration of paramagnetic species irkreases, no a3C 

signals are observed because of the extremely broadened 

esonance line produced by the strong electron-nucleus 1 ? 
interact ion. 

, -' - -\ 

One could sugget that this is what happened on the WOJ 
4 
oxide when treated at above 400-C, 

6.A.VI. Summary 

It has been shown that WOJ sample's degassed differently 

behaved similarly in their methanol adsorption/deeorp.tion 

isotherms. Apparently, degassing at 30B•‹C for 2 hours 

essentially removed all the surface water, and a further 

degassing of 17 hours did  not increase the adsorption of 

methanol in WO3-(l), (It would seem that a longer period of 

degassing period would remove more surface -OH groups, thue 

producing more mvac4ntm sites for the adsorption of methanol. 



209. 

&2 

The proton spin--lattice relaxation times for both kinds 

of UOS showed the same characteristics. A dipole-dipole 

interaction figures to be the malor contribution towards 

relaxation. 

The l J C  C P  spectra of adsorbed methanol an both types 

of WOS resembled those measured for the methanol-MgO systems. 

However, the isotropic peak (corresponding to physisorbed 

methanol species) appeared at very low coverage. It is 

suspected that these physisorbed molecules adsorbed on sites o f  

low activation energies, thus becom,e easily desorbed, as shown 

in the des~~ption isotherms. 
\ 

The %=C C P  spectra of the methanol-WO= systems treated 

at higher temperatures are not very informative. The *=C CP/MAS 

spectra reveal a dimethylether species at room temperature. It 
d 

is speculated that the surface of WOI is sufficiently yidic to 

cause a dehydration df two adsorbed methanol molecules yielding 

an ether species. Also noticing that the methomde is ca. 5S -.. 

ppm downfield from TMS, it probably indicates that there is a 

strong interaction between thb,surface methoxide species and 

the surface. ' 

At higher temperatures (ca. 250O1, a very broad 

resonance on the high field side of the methoxide resonance was 

observed. Since it was not accompanied with any resonance at 



210. 

ca. 68-78 ppm (indicating alcohols or ethers) or the epS-carbon 

'\ a region, it is suggested that it is a mixture of branched-chain 
f 

alkanes. At k'gher temperatures, a low field resonance at 170 2 n 
3 ppm was observed, which probably indicates a ca~bonatc species. X 



' CHAPTER 7 

7 

Canclueionr and Future Outlook 

In this dissertation, a model has be&n proposed for the 

adsorption of alcohols on the MgO surface. The magnesium ion P 
on the surface act as active sites for the adsorption of 

a alcohols. The fivst monolayer of these adsorbed alcohols exists 

as chemisorbed species, in the form of magnesium alkoxides. 
, 

There also exist some physisorbed alcohol molecules on the 

MqO surface. It is conjectured that these physisorbed methanol 

molecules adsorb on the less active sites (sites with lower ', 

energy of adsorption), rather than hydrogen-bond to other 1 
alcohol molecules or surface -OH groups. Obscrvati& of these 

species by the lJC CP technique precludes the po6bility that' 

they may be liquid-like alcohol molecules. 

It is also shown that the two -OH groups on the alkanediols 

cannot adsorb onto the same Mg2+ ion on the sur&e, even i f  the 

-OH groups are four C-C bond distances apart (as in the case of 

1,4-butanediol). Therefore, it is established th 

adsorption mode of alcohols on- big0 is a 1: 1 

than one alcohol molecule per active site (Mg2+) on the surface. 

d 
The methanol and COI adsorption isotherms measured at room 

temperature show slight variations among the four preparations . 
of MgO. This may suggest different surface morph d logies on the 



MgO surface due to different methodspf preparation. A varia- 

tion in the concentration of surface -OH groups may also 

contribute to the difference in the measured adsorption e 
isotherms. The 13c CP spectra of the adsorbed methanol on all 

four preparations of MgO fail to yield any information on how 

different khese MgO are. 

Employing the 13c CP/MAS technique, and 1 3 ~  enriched alco- 

hols, decomposition products were identified when the alcohol- 

@ F@O systems were treated at successively high temperatures. 
.' 

It has been established that MgO is more than a 

It is shown that MgO can catalyze the forma;t:%on of 
\ 

higher molecular weight alcohols from ethanol, which eventually w' 

decompose into . The observations in this work 
differ from (by IR, TPD etc.) as detailed in 

Chapter 2. This substantiates that "MgO prepared differen*ly 

h& different catalytic activitiesff (24-28). 

b 
The application of the 1 3 ~  CP and '13c CP/MAS techniques to 3 

other catalytic systems is fraught with some aifficulties. 

, b 
it 

13c spectra of the methanol-WOg show slight varia ns 

w&h respect to the alcohol-Mg0 systems. A n  ether species.and 

-=L 
a methoxide species have been observed when methanol adsorbs on 

the W03 ~u,facei:n,~ dehydration of thrWXrixida to a 

dimethyl ether pecies is believed to be catalyzed by the acidic -. r 

protons on the WOg surffie. However, surface paramagnets cause 
/ 

broadening of the I ~ c  CP/MAS spectra as the methanol-WO3 

samples were treated to higher temperatures. 
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It has been demonstrated in this dissertation that the '3~ 

cross-polarization and strong decoupling technique, when coupled 

with the magic-angle spinning technique provide a wealth af 

information in the study of surfaces and catalytic reactions. 

Many chemisorbed species on the MgO surface which were never 

identified before (such as by infrared spectroscopy), were found 
- 

by this combined technique. Thus, a reaction mechanism could be 

proposed to give an overall picture of what happened on the 
i 

surface at that particular experimental stage, and hopefully a 

general understanding of the catalytic property of the surface. 
. - 

Despite its apparent success, there are-still a few 

experimental difficulties and limitations with this technique: 

( i )  Sample Sizg: The adsorbents under investigation are 

packed into the 5 mm 0.d. NMR tubings to-a height of about - 
2-2.5 cm in height. Unless the adsorbent has a high density or 

is very tightly packed the loading level of adsorbates per cm3 
k- 

of sample would be ver$ low. This raises the problem of 

0 
sensitivity. Experiments which require long spectrometer time 

are forbidding i ere is more than one user. A new 

magic-angle sta ich holds 8 mm o.d. tubes and spinner has 

recently been d ed in this laboratory. This would increase- 

M e  sample size, and thus the loading level of the adsorbates. 

However, the spinning speed (3-4 kHz) normally obtained for the 

5 mm Spinner cannot be attained by this 8 mm spinner. 
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Another way to increase sample size is to press the 

a%. 
adsorbent into pellets, and in the process increase its density, 

thus the amount of adsorbates introduced into the sample could 

be increased. However, one has to assume that there is no 

ser ious structural change on the adsorbe6t surf ace. 

w 

It is also possible to use 13C-enriched adsorbates which 

* 
would improve the S I N  ratio. However, WC-enriched adsorbates 

are difficult to prepare, and quite expensive. 

( i i t  Spectrometer: Since the time this project was 

initiated, and by the time it was ready to write up, there have 

been a lot of improvements done on this "home-builtn 

spectrometer. A new single-sideband filter has been installed 
A* 

to i~prove the sensitivity (although the theoretical f i  

'\ enharrcement was never attained). A broad-band amplifier has 

'been built to investigate the feasibility of studying nuclei 

other than 13C on this spectrometer. Other improvements include 
f-- 

the replacement of the magnet power supply by solid-state 

electronics, stabilization of the lock circuit, building a ' 

programmable pulse generator (fo fi generation of every pulse 
sequence imaginable), and of course the magic-angle spinner, and 

its probe. 

I n  spite 
e 

of these improvements on the spectrometer, it is 

1 d d r a b l e  to use a high field NMR spectrometer, for 

example, an 150 MHz spectrometer with a superconducting magnet. 



This will increase the sensitivity about four times. On top of 

this, a bettor resolution in the lJC CP/MAS spectra could also 

. . 
be obtained. 

( i i i )  References: Both Mg0 and WOJ are not novel 

catalysts, most of the present results on these two catalysts 

could be inferred frodother spectroscopic evidence, or results 

I 
i 

from other techniquest. However, the hitch is that when the NMR 
f 
'. 

results deviate from themhq spectroscopic observations, one 

has to rely on other resources (e.9. intuition, experience with 

NMR data etc.1. This can be illustrated in the following 

example. Alkanes docnot adsorb on the MgO surface in any 

appreciable amount, and one does not expect to observe .an 

adsorbed methane on MgO by the I3C CP/MAS technique. However,-wm 

if there exists a resonance at ca. 10 ppm upfield from TMS on 

the CP/MAS spectrum, one tends to identify it as a 

slowly-rotating methane on the surface. One way to make a 
I) 

positive identification is to prepare a reference sample, i.e. 

by introducing methane into a sample tube containing MgO, seal 

the tube, and heat the sample to 50B•‹C, (in an attempt to 

duplicate some of the experimental conditions in this project) 
* 

and then measure the 13C CP/MAS spectrum of this sample. 

Hopefully this may yield a spectrum of adsorbed methane on MgO. 

There are only two faults in this, first, the condition +or the 

adsorption of methane may require the presence of ather 

chcmisorbed species, and, second, one may not be able to obtain 

k." any signal at all (if the sample tube hasn't exploded yet). 



An'0the.r difficulty may arise from the interactions among 

chemisorbed species (like or unlike), which may cause changes in 

the chemical shifts, thus making a ositive identification 

impossible, e.g. the 5 ppm downfield stiift of the &-carbon of 

1,4-butanediol. It is also possible that two chemisorbcd 

species could have similar chemical shifts, identifying one may 

- miss the other species completely. 

This problem could be "solved* by studying some 

well-characterized catalysts with standardized infrared or other 

spectroscopic data. By duplicating the experimental procedures, 

one would be able to obtain sets of lJC CP/MAS spectra of e 
chem-isorbed species which could be identified by inferring from 5 

previous spectroscopic data. Thus a set of reference chemical 

shift data could be obtained for future identifications. 
*'r 

( i v )  Systems of Interest: This dissertation d i d  not 

really demonstrate the full potential of the 13C CP/MAS 

technique in the study of surfaces. Surface methoxide species 

have an anisotropy of about 1 kHz, which is easily narrowed to 

ca. 80 Hz by the CP/MAS technique. Other alkoxide species have 

smaller anisotropies. Only in the case when fragmented and/or 

polymerized carbon species are suspected to be present on the 
0 

surface (e.9. ethanol-Mg0-(3) treated at 300•‹C and higher 

keaperatures) is resolution in. the spectrum is poor. One 

wonders how useful is this technique when extended to other 

catalytic systems. 



Preliminary results from the study of adsorbed methanol on 

WOa indicated that in the presence of paramagnetic ions; the '=C 

CP/MAS technique breaks down, and no spectra could be 

obtained. 

The 13C CP/MAS technique has been applied to other 

catalytic systems in this laboratory. Carbon monoxide and 

acetylene were shown to chemisorb on a high surface area Ru-SiOz 

3 

catalyst (181. A ruthenium carbonyl species (ca. 250 Hz wide) 

is observed at 194 ppm downfield from TMS from the adsorption of 

However, a more complicated spectrum resulted for th& 

chemisorption of acetylene on the same catalyst. Apparently, a 

reaction has taken place at room temperature, yielding benzene 

(from cyclotrimerization) or a surface vinylidene speices (18). 

The reaction is still under-investigation in this laboratory. 

4 

J' 

It seems that a thorough understanding of any catalytic 

processes requires a complete characterization of the catalytic 

surface, on which the reactions takes place. Recent works by 

Fyfe et al. (152, 153) on zeolites utilizing and *)Si 

MAS/NPlR and CP/MAS techniques have detailed the bulk structures 

of a variety o f  zeolites, mordenite and offretite with different 

ratios of Si/Al. This study could be extended to the 

investigation of interactions between the adsorbates and the 
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adsorbents by observing the change in the andtor **Si 

chemical .shifts upon the additiop of  the adsorbates on the 

zeolite catalysts. 
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