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Using instationary pulse techniques in addition to stationary wide line mea- 
surements conclusion could be drawn concerning mobility of protons corresponding 
to the OH groups in decationated zeolites of A-, X- and Y-types and in ion 
exchanged zeolites. 

At 200°C proton jump between lattice oxygen atoms with frequency (2-10) x 
lo4 s-l and activation energy 5-10 kcal/mole for dehydrated decationated zeolites. 
Adsorption of pyridine increases proton jump frequency. 

Proton mobility of structural hydroxyl 
groups is necessary for Bronsted acidity of 
OH groups and for dehydroxylation of 
zeolites. Infrared spectroscopy which is 
commonly used for an investigation of OH 
groups [see e.g. (1, .2)] is not able to yield 
definitive information about such motions 
(3, 3a). 

Firstly we obtained by means of NMR 
proton jump frequencies of about lo4 s-l 
at 100°C from measurement’s of tempera- 
ture dependence of NMR line width (4). 
These values have been verified by mea- 
surements of the special NMR-relaxation 
times T,,,, (5) and T," (6). Mcstdagh, 
Stone and Fripiat (?‘) drew conclusions 
about proton mobility in decationated 
Y-zeolite by investigation of the tempera- 
ture dependence of the second moment il4* 
and of the transverse (T,) and longitudinal 
(T,) relaxation times. Their method of 
calculating proton jump frequencies is 
dubious because it is based on some extrap- 
olation of experimental data and on the 
assumption of the same relaxation mech- 
anism for T, and T2. 

In the present work proton jump fre- 
quencies and activation energies will be 
obtained from measurements of tempera- 
ture dependence of proton line widt,h and 
of T 2Pff in decationated A-, X- and Y-zeo- 

lites. Furthermore some results are given 
for zeolites exchanged with Me2+ and Me3+ 
ions. First conclusions have been drawn 
about the mobility of protons interacting 
with adsorbed molecules of pyridine in 
90-DeNaY-zeolites. A detailed discussion 
of number and arrangement of OH groups 
in zeolites used in this work may be found 
in Ref. (8). 

EXPERIMENTAL METHODS 

Samples 

Samples have been prepared from com- 
mercial Na-zeolites by ion exchange at 
“Zentralinstitut fiir Physikalische Chemie 
der Akademie der Wissenschaften der 
DDR.” 

After 30 hr heating step by step up to 
300°C irl vacua (about 10-l Torr) of 1 g 
aeolite for each NMR sample has been 
evacuated (10-4-10-” Torr) for 20 hr at 
c.hosen pretreatment temperature. 

In the following the degree of decation- 
ization and the pretreatment temperature 
of our samples will be described by the 
numbers before and aft,er symbol of de- 
cationated zeolite, respectively. Therefore 
90 DeNaY 300 denotes a Na-Y-zeolite 
where 90% of Na+ ions are exchanged by 
NH,’ ions and which has been pretreated 
at 300°C. 

137 
Copyright @ 1974 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



138 FREUI)E ET AL. 

Si/Al ratio is 1.2 and 2.6 for X- and 
Y-zeolites, respectively. It could be shown 
by X-ray measurements, that no deficiency 
of crystallinity occurred by pretreatment 
of decationated A-zeolites. Y-zeolites con- 
tained 700 ppm of paramagnetic Fe3+ ions. 

Adsorption of perdeuterated pyridine 
(degree of perdeuteration 99%) has been 
accomplished after outgassing of pyridine. 
In the following we denote samples with- 
out adsorbed molecules as “dehydrated 
samples.” 

Measurements 

Stationary NMR spectra were measured 
using a wide-line spectrometer of the 
bridge type (KRB 35/62, Akademiewerk- 
statten Berlin) at 21 MHz. 

The signal-to-noise ratio could be im- 
proved by accumulation of several spectra 
with a spectrum accumulator IRA 1 
(JEOL), to such a degree that the error 
of line width became less than 10% [cf. 
(9)]. Modulation, rf-field and time con- 
stant of phase sensitive detection have been 
chosen so that no additional error occurred. 

For the temperature at which line nar- 
rowing begins we obtain a correlation time 
TV using the formula T~(~M,) % z 1 [cf. 
(IO) or (11) 1. Here M, is the second 
moment or that part of the second moment 
which is caused by the interaction of in- 
terest (e.g., H-AI or H-H interaction) and 
7c is the correlation time of interaction. 
Temperature dependence of line width is 
described by l/T* = M2rc [s,(Md % < 1, 
w,,T~ > l] and TV 0: exp(E/RT) with activ- 
ation energy E. 

Instead of l/T2 we measured the so 
called “double line width” 6Hd because 
there is less experimental error in deter- 
mination of line width of derivative signal 
(9). For line shape near Lorentzian we 
have T, (ps) z 103/6Hd(G). 

TPeff was measured using a high-resolu- 
tion spin-echo spectrometer for solids (12) 
at 60 MHz and a spectrum accumula- 
tor DIDAC 800 (INTERTECHNIQUE). 
From temperature dependence of Tzerf 
{decay time of “solid echo” envelope in 
the pulse sequence (a/2), - [ 7 - (~/2)~ 
- ~1~) one is able to obtain correlation 

times (correlation time at TZeff - minimum 
corresponds to pulse spacing time T) and 
activation energies (slope of Tzeff) (5). 

EXPERIMENTAL RESULTS 

No measurements were carried out at 
temperatures above pretreatment tempera- 
ture of the samples because of possible 
influence of dehydroxylation water mole- 
cules on proton mobility. We restricted our 
measurements to temperatures from 20 to 
300°C or 4OO”C, because the line shape 
of dehydrated samples did not change from 
-196°C to room temperature. Line width 
has been investigated from -196°C to 
+3OO”C for samples with adsorbed 
molecules. 

Figures 1 and 2 show the temperature 
dependence of SHd and Tzeff for dehydrated 
50 DeNaX-zeolites. Table 1 contains cor- 
relation times and activation energies ob- 
tained from temperature dependence of 
line widths and of Tzefr values. The cor- 
relation times determined from the mini- 
mum of TBefP differ by a factor of two to 
four from those obtained from the onset of 
line width narrowing. This difference may 
be explained by the fact, that determina- 
tion from line width narrowing data has 
an uncertainty factor of about two. More- 
over a Tzeff-pulse sequence influences H-Al 
and H-H interactions in some different way 
so that small differences may occur be- 

FIG. 1. Temperature dependence of 8Hs for 
X-zeolites: (0) 50 DeNaX 300; (W) 50 DeNaX 
400. 
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FIG. 2. Temperature dependence of TM~ for 
X-zeolites: (0) 50 DeNaX 300; (W) 50 DeNaX 

400. 

tween correlation times obtained by TM 
and SHd methods. Activation energies 
determined from TTeff and from 6Hd are 
nearly the same with the only exception 
of 90 DeNaY 400 sample, where for TM 
a process of higher activation energy must 
be taken int,o account, which influences 

6Hd only above maximum measurement 
temperature. No significant narrowing of 
SHd has been observed for CaA 300 and 
NaCeY 300 samples up to 300°C. Below 
300°C Tzrfl also did not change with tem- 
perature for CaA 300, SrA 300, CaA 400 
and NaMgA 300. Only weak temperature 
dependence of Tsrff up t.o 300°C was ob- 
servable for NaCeY 300 and NaLaY 300. 
Thus here we have a relatively long corre- 
lation time at 300°C being longer than 
1o-4 s. 

NMR line widths of OH groups are 
shown in Fig. 3 for 90 DeNaY 300 and 90 
DeNaY 400 zeolites without and with a 
surface coverage of two molecules of pyri- 
dine per cavity. 

For a coverage of only half a molecule 
per cavity there is no change of line width 
observable relative to the dehydrated sam- 
ples. Though differing for 300 and 400°C 
pretreatment temperature for dehydrated 
samples the temperature dependence of 
line width of OH groups does not differ 
(within the error of experiment) for sam- 
ples with two pyridine molecules per cavity. 
Activation energy and correlation time are 
4 kcal/mole and 3 X 10-” s (at - 30°C)) re- 
spectively. By extrapolation of t.empera- 
ture dependence up to 200°C one obtains 
for 7C values of 3 X 10m5 and 5 X 10m7 s 

TABLE 1 

CORRELATION TIME 7C ;IND ACTIVATION ENERGY OHTMNED FROM THE TEMPERATURE 
DEPENDENCE OF 6Hd .~ND TBrfp 

Sample (Y;“:, 
30 DeNaA 300 90 7 3 5 

40 DeNaA 300 170 19 4 10 
40 DeNaA 350 210 41 7 10 
50 DeNaX 300 150 15 4 8 
50 DeNaX 400 150 19 7 5.5 
90 DeNaY 300 170 24 5 8 
90 DeNaY 400 170 30 21 2 

T&S) 
Activation 

For For energy 

200°C 300°C (kcal/mole) 
Tzi 
(“Cl 

160 

210 

30 6 8 

70 15 8 

215 70 20 8 
>300 2-6 
> 300 10 
> 300 11 

7&s) 
~ Activation 

For For energy 
200°C 300°C (kcal/mole) 

a To is the temperature of the onset of the line width, TM is the temperature of the Tz,ff-minimum. The 
correlation time at the temperature To is Mz- 1’2, for all samples about 40 ps [values for h/12 of these samples 
see Ref. (S)]. 7c at TM is 60 W. 
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FIG. 3. Temperature dependence of 6Ha for 
Y-eeolites without and with a surface coverage 

of two molecules of pyridine per cavity: (X ) 90 
DeNaY 300; (0) 90 DeNaY 400; (@) 90 DeNaY 

300-2 pyridine/cavity ; (B) 90 DeNaY 400-2 pyri- 
dine/cavity. 

for samples without and with adsorbed 
molecules, respectively, i.e., the jump fre- 
quency of OH protons at 200°C has been 
increased by a fact,or of about 60 because 
of adsorption of two pyridine molecules 
per cavity. 

The adsorption of two molecules of 
toluene per cavity on 75 DeNaY 300 sam- 
ple increased the jump frequency of hy- 
droxyl protons only by a factor of about 
two relative to the sample without 
adsorbate. 

DISCUSSION 

Mestdagh, Stone and Fripiat (7) mea- 
sured the temperature dependence of longi- 
tudinal relaxation time of OH protons in 
decationated Y-zeolite. But as is well 
known no direct determination of correla- 
tion times is possible if one does not ob- 
serve a minimum of T,. 

We measured the frequency dependence 
of T, at room temperature for a 75 DeNaY 
300 sample using a BRUKER B-KR 322 s 
spin-echo spectrometer and obtained 4.65, 
2.95 and 1.5 s at resonance frequencies y0 
of 60, 32 and 16 MHz, respectively. Tak- 

ing into account only proton-aluminum 
interaction the calculated T, values are 
considerably greater than the experimental 
data. The interaction of protons with para- 
magnetic impurities certainly influences T1, 
because our T, values differ from those 
measured by Mestdagh, Stone and Fripiat 
(7) by a factor of two corresponding to 
half the amount of paramagnetic impurities 
in our samples. A correct determination of 
the effects causing T, is very difficult. 

Line narrowing can be caused only by 
averaging to zero interactions which deter- 
mine line width, in our case the H-Al and 
H-H interactions. In the case of proton- 
aluminum interaction both the motion of 
protons (characterized by a correlation 
time THIS, mobility of protons is much 
greater than that of aluminum) and the 
longitudinal relaxation of aluminum (char- 
acterized by the relaxation time Tls) deter- 
mine the effective correlation time TV 

1 -= 
rc & + $ 

and may cause proton line narrowing. 
We were not able to measure TIS for 

27A1 nuclei in the vicinity of an OH proton, 
because the 2’A1 line is not observable on 
account of a strong line broadening in the 
case of 90 DeNaY. On the other hand 27A1 
line widths up to 40 G have been observed 
for various cationated zeolites. Therefore 
we conclude that the tetrahedrical sym- 
metry of the electric field gradient at the 
Al sites will be very much disturbed by 
protons at neighboring oxygen atoms. 

However it is very important to distin- 
guish within TV 27A1 relaxation effects from 
proton mobility. Referring to different TV 
for different pretreatment temperatures of 
zeolite (e.g., 300°C and 4OO”C, cf. Table 1) 
we drew the conclusion (14) that the 
motion of protons dominates 7c and causes 
line narrowing because one would not ex- 
pect a difference in TIS for Al nuclei in 
the direct vicinity of protons (only such 
Al atoms are of interest). 

Whereas proton-aluminum interaction 
may be averaged both by proton motion 
and by TIS proton-proton interaction can 
be averaged only by a motion of protons. 
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We obtained the rigid lattice line width 
of pure proton-prot,on interaction in zeo- 
lites by spin-echo experiments at room 
temperature (6, 8) (T,” does not change 
from - 196 to 20°C). For t,hc 90 DeNaY 
300 sample (FHa = 3.6 G at room tcmpera- 
ture’) sU,~ is narrowed at 300°C to 500 mG 
(T, = 206 i 9) , whereas for proton-proton 
int,eraction (at room temperature) we oh- 
taincd T, IT = 160 ps (8). Therefore at 
300°C proton-proton interaction is already 
partially avcragcd. The same fac,t, is oh- 
served for 50 DcNaX 300 and 40 DcNaA 
300 samples. Thus it is proved that. for 
these samples line narrowing is caused by 
proton motion. Though we were not abla 
to show this for all of our samples me &a11 
assume in t#he following t,hat line narrow- 
ing is always caused by motion of protons. 

We define for further discussion a jump 
of a proton as motion hetwccn two st.able 
positions near oxygen atotns. If we assume 
thntJ oxygen is sp” hybridized and that the 
proton may jump between two orbitals the 
line width could be reduced only by 207% 
for sufficiently high jump frequency. Pro- 
ton alumin~un int.craction can hc averaged 
to zero by statistical jumps of protons bc- 
twecn four oxygen atoms neighboring one 
aluminum atom. In t’his case we have 7C1S 
z 5-z. .‘I, where rtiA’ is the mean life time of 
a proton at, an oxygen atom. This process 
of proton motion is able to reduce proton- 
proton interaction only (for samples with 
high OH covcragc) by a factor of about 1/. 

A comp!cte averaging of proton-proton 
interaction occurs only in the case of statis- 
t.ical proton jumping between arbitrary 
oxygen atoms (most probably between 
neighbored oxygen atoms). By this mo- 
tional process of course proton aluminum 
interaction also is averaged to zero. Here 
wc have T~.I~ s 72.si where 7cSi is the mean 
life time of a proton at the four oxygen 
atom neighboring one aluminum atom. 7c11 
is at least one order of magnitude larger 
than 71.si because of the greater number 
of jumps necessary for averaging (to zero) 
proton-proton interaction. 

As the observed line narrowing factors 
arc greater than two one is not able to 
explain this motional narrowing by local- 

ized jumps between the orbitals of one sp” 
hybridized oxygen atom and we have to 
conclude that the correlation times ob- 
tained from linr width narrowing corre- 
spond to inverse jump frequencies of pro- 
tons betwcon different oxygen atoms. 
Cnfortunat’ely by means of our NXIR 
measurements we are not, able to distin- 
guish (localizedi jumps between the four 
Al neighbored oxygen atoms from (de- 
localized’) jumps between arbitrary oxygen 
atoms, The energy barrier for (delocalized) 
jumps oycr Si atoms is possibly some 
higher than the energy barrier for (local- 
ized) jumps near one ,41 atom because of 
electrostatic interaction between proton 
and aluminum. 

Molecules of pyridine often hare been 
used for investigating the “acidic” char- 
acter of OH groups by means of ir spectros- 
copy [see Ref. (I)]. There have been 
observed frequency shifts of the OH- 
stretching tnode and spectra typical for 
pyridinium ions and for pyridine mole- 
cules chemisorbed at Lewis centers (I). 
Pyridine mo’eculcs chcmisorbed at I,ewis 
centers will be rclat,ively immobile. There- 
fore it, seems reasonable that low pyridine 
coverage does not influence the mobility 
of hydroxyl protons. If, however, all high 
energy sites are filled up the formation of 
pyridinium ions becomcla more probable. 
Pyridinium ions cause proton motion bc- 
cause during pyridinium ion composition 
and decomposit’ion a hydroxvl proton must 
be first attnrhcd by the pyridine molecule 
and then given back t,o another oxygen 
atom. 

A similar motional process (by help of 
H& or XH3) can be excluded for dchy- 
drat’cd samples because of t,he high activa- 
t.ion energy of about 30 kral/mole for H,O 
or KH, molecules remaining in the zeolite 
after the above described pretreatment of 
samples. We have obtained activation 
energies of 5-10 kcai/mole for proton 
motion. 

It is reasonable t’o compare the activa- 
tion energies of samples with adsorbed pyri- 
dine molecules (about 4 kcal/mole) with 
the energy necessary for proton transfer 
from lattice oxygen to pyridine and separa- 
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tion of the pyridinium ion from lattice 
oxygen. Deininger and Reimann (17) (in 
this work mobility of adsorbed molecules 
and not of OH protons is examined) ob- 
tained an activation energy of 3 kcal/mole 
for the separation of pyridinium ions. 

Thus interaction between OH groups and 
adsorbed molecules decreases the activation 
energy necessary for proton motion and 
increases proton jump frequency. This ef- 
fect has been earlier observed by Pfeifer 
and Staudte (18) for hydroxyl groups on 
silica gel. A further affirmation of this 
statement arises from the fact that ad- 
sorbed pyridine and toluene cause a high 
and low increase of jump frequency, re- 
spectively. Interaction of OH groups with 
toluene is small compared to that with 
pyridine [see, e.g. (1) 1. 

Bronsted acidity of zeolite OH groups 
is connected with proton mobility. Inves- 
tigating proton mobility in zeolites without 
adsorbed molecules only indirect conclu- 
sions can be made about acidity of zeolites 
because acidity depends on the presence of 
a base. Reduced proton mobility in zeolites 
exchanged with Me2+ or Me3+ ions is a 
hint to a stronger bond of protons in these 
zeolites. 

It is remarkable that jump frequencies 
of protons in decationated zeolites at 200°C 
are of the same order of magnitude as are 
jump frequencies of ions measured by 
means of NMR in Li-zeolites (19) and by 
means of NMR and dielectric relaxation 
in Tl-zeolites (20). This supports Tung’s 
model (21) of dynamic Bronsted acidity 
where ion motion causes a time fluctuating 
Bronsted acidity. We have to remark, how- 
ever, that our experiments and those car- 
ried out by Tung for establishing his model 
dealt with dehydrated zeolite (without 
adsorbed molecules) for which acidity is 
not defined. 

In the case of decationated Y-zeolites 
with adsorbed molecules proton jump fre- 
quencies are direct,ly connected with acid- 
ity. Assuming that acidity corresponds to 
the number of free protons and supposing 
that the mean life time of protons at lat- 
tice oxygen atoms is much greater than the 
time the proton is “free,” we find that 

acidity is proportional to the product of 
(acidic) OH groups and proton jump fre- 
quency. The latter is essentially influenced 
by interaction between molecules and OH 
groups. The interpretation of acidity above 
mentioned seems to be more reasonable 
than setting acidity simply to be the num- 
ber of (acidic) OH groups. 

Unfortunately no direct conclusion can 
be drawn about proton mobility in the 
presence of adsorbed molecules at a tem- 
perature of ,400”C from experiments carried 
out until now because of the uncertainty in 
extrapolation of experimental data from 
the room temperature region to higher tem- 
peratures. The region of temperature near 
400°C is of special interest because of 
catalytic reactions occurring at those 
temperatures. 

For dehydroxylation of zeolite both pro- 
ton mobility and separation of whole OH 
groups from the zeolite lattice are neces- 
sary. Oehme (2.2) has measured dehy- 
droxylation activation energies of deca- 
tionated A-, X- and Y-zeolites and of their 
Me2+ exchanged forms in the following 
way : 

Samples were activated for 20 hr in high 
vacuum at 300 or 400°C. Afterwards pres- 
sure was measured in dependence of tem- 
perature (300 to 4OO”C, or 400 to 500°C). 
Assuming p 0: exp(E/RT) for the pres- 
sure of dehydroxylation water molecules, 
activation energies E of 30-60 kcal/mole 
were obtained. 

Rouxhet et al. (25) observed an activa- 
tion energy of 47 kcal/mole for dehydrox- 
ylation in muscovite. Cattanach, Wu and 
Venuto (24) obtained an activation energy 
of 70 kcal/mole for dehydroxylation of 
decationated Y-zeolite by means of dif- 
ferential-thermogravimetric measurements. 

These activation energies of about 50 
kcal/mole certainly correspond to energy 
necessary for separation of OH groups. 
The activation energy of proton motion 
(separation of protons) of 5-10 kcal/mole 
and the activation energy of intracrystal- 
line diffusion of water molecules (which is 
certainly of interest for dehydroxylation 
and which has been measured by KLrger 
(25) for NaX-zeolite to be 4.5 kcal/mole) 
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