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Act i va t i on ene rg i es and cat i on i c  energy 1eve 1 s  were determi ned , 
from na rrowing of 7L I  NHR l i nes . I n  add i t i on to th i s ,  mode l of energy 
l eve l s  ea r l i e r  p roposed for sorpt fon zeo1 i te systems was confi rmed 
and app l i ed to I nc l us i on zeo1 i te comp l exes . 

I NTRODUCT I ON 

Zeo1 1 tes a re comp l ex a 1 umos i 1 i cates , the stab l e  an i on i c  s t ructure of 
wh i ch forms a crysta l og raph i ca l 1 y  we 1 1  defi ned sys tem of channe l s  and cages . 
Fore i gn mo 1 ecu 1 es and I ons can be bui l t  I n ,  whereupon i nc l us i on and sorp­
t i on comp l exes a re formed/1 -4/. Negat i ve cha rge of an a 1 umos l 1 1 cate framework 
I s  compensa:ed by monova l en t ,  b i va l ent or t r i va lent cat i ons wh i ch i n  the majo­
r i ty of cases take up wel l  defi ned crys ta lograph i c  pos i t i ons , wh i l e a certa i n  
number o f  cat i ons move free l y  th rough zeo l i te as a resu l t o f  therma l act i ­
vat i on . Th i s  i s  bes t _ i l l us t rated by the facts that not a 1 1 cat i ons can be 
l ocal i sed by X- ray s tructure ana l ys i s ,  a h i gh e l ect r i c conduct i vi ty of 
dehydrated zeo l i tes /2 ,5/ and the appearance of narrow NHR l i nes in cat i on i c  
spectra a t  room temperature /5/ . 

I nc l us i on comp l exes are formed by b r i ng i ng zeol i te i nto contact wi th 
mol ten sa l ts or concent rated sol ut i ons /3 ,4 ,6/ . The i r bas i c  cha racter i s t i c  
l s  a h i gh e l ect r i c  conduct i v i ty ,  wh i ch a t  room temperature I s  a few orders 
of magn i tude h i gher than the conduct i v i ty of dehydrated zeo l i tes and the 
correspond i ng sa l ts from wh i ch the comp l exes are bu i l t . 

I n  ea r l i e r  7Lt  NHR measurements of dehyd rated L i A  zeo l l te ,  act i va t i on 
energy for the i sotrop i c  d i ffus i on of the 7L i  i on 28-30 KJ/mo l /7 ,8/ was 
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obta ined on the bas i s  of l i ne narrowi ng .  In Li X zeol i te ,  mot i ona l narrowi ng 
of the l i ne was not obse rved the on l y  th i ng to be es tab l i shed was that i n  
add i t i on to the bound ones there a l so ex i st a sma l l f ract i on o f  very mob i l e 
cat i ons /5/ .  There i s  no othe r data on the i nc l us i on comp l exes L IA • L I N03 
and L I X • L I N03 except the p re l im i nary spectra of the authors / 10/ �  

EXPERI MENTAL 

L i th i um forms of A and X zeol l tes were ' obta i ned by i on i c  exchange 
from the commerc i a l Un i on Ca rb i de zeo l l tes NaA and NaX and a degree of 
exchange of ove r  95%

1

was ach i eved . After be i ng washed out and d r i ed I n  
a i r the samp l es were p ressed I nto cyc l i ndr l ca l  form , and degassed i n  a NHR
cuvette at 670 K and 1 0-� Pa ( 1 0-6mmHg) for 1 2  hours . 

I nc l us i on comp l ex samp les were obta i ned by t reat l ng _ L I A  and L I X  zeol l tes 
wi th mol ten L I N03 as desc�l bed In ref . /3/. Exce�s L i N03 sa l t was removed 
by water r i nse after wh i ch the samp l es were d r i ed i n  a i r ,  pr�ssed I n to 
cy l i ndr i ca l  form and degassed I n  an NMR cuvette for about 6 hours at 570 K and
0 . 1  Pa ( 1 0-3  mmHg) . 

7L I  NHR spect ra were obta i ned ·at 35 MHz on a Bruker SXP- 1 00 pu l se 
spectrometer i n  the temperature range 1 50 - 5 1 3 K .  

RESULTS AND D I SCUSS I ON 

The bas i c  property of a l l spectra ,  c l ea r l y  ev i dent I n  dehydrated 
zeo l l tes , I s � comp l ex l l n�shape I n  the reg i on of mot ional  na rrowing .  At 
low temperatures the l i nes are a l mos t ofgauss l an shape but at h i gh tempe­
ratures of l orentz_l an , or more p rec l se l l y ,  of Voi gt shape du� to the . l nho­
mogenous b roaden i ng by the externa l magnet i c  f i e l � . I n  the reg i on of mot i ­
ona l narrow i ng the l i nes can be bes t descr i bed a s  a l J near comb i na t i on 
of lorentz l an and gauss l an components . I t  i s  character i s t i c  that l i nes of 
I nc l us i on comp l exes at and above room temperature � re s l gn l f l cant l y  na r­
rower than the correspond i ng l i nes I n  dehydrated samp l es .  Th i s  effect I s  
obv ious i n  F i g .  2 .  where l i ne wi dth dependence of the resu l t i ng NHR s i gna l s  
on temperature i s  shown . Sh i ft I n  the reg ion of mot iona l na rrowi ng of the 
l i ne I s  not i ceab l e , · wh t ch I s  c l ea r  p roof of the i ncreased I on i c  mob i l i ty 
i n  I nc l us i on comp l exes compared to correspond i ng zeo l t tes . 

Act i vat i on energ i es for t on i c  mot i on obta i ned by decompos i ng l i nes 
i nto components ( l orent l z f an and gauss l an)  and by quant i tat i ve t reatment 
of l i ne na rrow i ng ,  as descr i bed ear l i e r  /1 1 /  a re shown I n  tab l e  1 .  The f i rs t  
co l umn on the tab l e  shows act i va t i on energ i es for narrow i ng o f  the lo rentz i an 
component , the second ,  nar rowi ng of the gauss i an component ,  wh i l e co l umn th ree 
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g i ves va l ues obta i ned on the bas i s  of temperature dependence of the re l at i ve 

contr i but ion of the l orentz i an and gauss i an l i nes to the resu l t i ng NHR spe­
ct ra .  Quantat i ve conf i rmat i on and genera l i sat i on of the ear l i er p roposed 
mode l of energet i c states of cat t ons I n  zeol l t l c  systems /5/ can a l so 
be car r i ed out on zeo l l t l c  I nc l us ion comp lexes on the bas i s  of resu l ts from 
table 1 and measurements of e lectr i c  conducti vi ty . 
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The bas i s  of the mode l I s  the fact tha t two J i nes are seen I n  the 
NMR spect ra a l o rentz l an and gauss i an ,  wh i ch na rrow i ndependent l y  w i th a change 
In tempe rature .  Narrowi ng of each l i ne I s  a consequence of the therma l act i va­
t i on of i ons from the bas i s  s tate , A i nto the ex i ted state; B .  There ex i s ts 
a fas t  exchange amongst these I ons in an NHR sense . However ,  s i nce both a gaus­
s l an (G) and lorentz l an (L )  l i ne a re seen I n  the spect ra at the same t i me ,  I t  



i s  c l ea r  that between the sp i n  phases wh i ch they represent ,  the exchange 
i s  s low. Accord i ng ly  there ex i s t  at l east four  energy l eve l s  of cat ions 
AG , BG , AL and BL w i th a fas t  (AG t BG , AL t BL) and a s l ow (AG , BG t AL , BL ) 
sp i n  exchange . 

A schemat i c  rep resentat i on of energy l eve l s  i s  g i ven on Fi g . 3 . I n  
L i A  zeo l i te ,  Fi g . 3a ,  regard i ng the fact that no change i n  the w i dth o f  the 
gauss i an l i ne was observed , the s i tuat i on appears suff i c i ent l y  c l ear .  Two fun­
damenta l phases of cat i ons ex i st ,  AG and AL from where the correspond i ng 
components of spect ra or i g i nate .  Upon therma l act i vat ion the i ons pass from 
s tate AL i nto the "free conduct ion band" wh i ch i s  re�l ected both i n  the 
i ncrease i n  e l ectr i c  conduct i vi ty and i n  the norrow i ng of the NMR l i ne . I n  
th i s  zeo l i te two act i va t i on energy va l ues for e l ect r i c  conduct i vi ty were 
obta i ned : 32 ,6 KJ/mol for the low temperature p rocess and 66 . 0  KJ/mol for the 
hl nh-tAfflnftrature orocess /1 0/. 
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F i g .  3 Energy l eve l s  of cat i ons 
a) L I A ,  b) L I A • L i N03 , c) L i X ,  d) L i X • L I N03

Accord i ng l y  at l east two s tab l e  phases of cat i ons can be i dent i ­
f i ed i n  L i A  zeo l i te. O f  these AG rep resents the f i rml y  bound I ons i n  the 
framework wh i ch i s  ref l ected both i n  the qauss i an l l neshape and i n  the 
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l i newi dth (second moment} . The second phase , AL ' or i g i nates from the I ons 
re l at i ve l y  d i s tanced from the a l umos i l l cate framework , a consequence of 
wh i ch ·the l i neshape Is l o rentz i an ,  s l ml J ar to the one In di l uted sp i n  
sys tems . 

Lorentz.i an and · gaus s i an 1 I nes a �e i nvned i ate l y  seen_ i n  the NHR spect rum
' of L I X  zeo l f te .  Tak i ng I nto cons i derat ion the fact the l i ne was l nl"o rnogenous l y  
b roadened from the s ta rt , I t  was not poss i b l e to  determ i ne the act i vat ion 
energy for narrow i ng of the l o rentz i an l i ne .  Exam i n i ng th i s  sys tem , as the 
p revious one , a s i m i l a r  arrangement of energy l eve l s  i s  obta i ned , Fl g . 3c 
From measurements of e l ect r i c  conduct i vi ty i n  L I X  zeol l te two act i vat ion 
energ i es were a l so obta i ned : a l ow-temperature one of 30 . 1 KJ/mol and a 
h i gh-temperature one of 71 . 9  KJ/rnol /5/ .  I n  add i t ion to �h i s ,  bes i des the 
I ons i n  the "free conduct i on band" , BL , wh i ch i n  fact .represe::nts the fract ion 
of the most mob i l e I ons wh i ch can move from cavi ty to cav i ty ,  there a re a l so 
ex i s t  th ree phases of cat i ons . Due to the somewhat greate r d i mens ions of 
the. cav i t i es I �  t_ype X .zeo l i te l" t I s  poss i b l e  to make a d i st i nct ion between 
phases on the bas i s  of the type of l oca l • movement . Thus bes i des the ions 
In the r i g i d  l att i ce ,  A

6
, there ex i sts a phase of i ons , BG , wh i ch undergo

surface d i ffus i on ,  and a phase of i ons , AL , wh i ch move re l at i ve l y  free l y  
w i thi n one cav i ty .  Due t o  the l a rge number o f  nonequ l va l ent  cat i ons i n  
type X zeo l f te ,  cl,osercharacte r l sat l on o f  a phase i s  not poss i b l e .  

I n  i ncl us ion comp l exes ,on the bas i s  o f  e'l ect r l c conduct i vi ty measure­
ments , on l y  one va l ue for act i va t i on energy was ob ta l .ned i n  both cases : 
74 . 8  KJ/mol for l i A , L f N0/1 0/ and 53 . 1 KJ/mol for L1 x . L 1 N03 / 12/ . ,  Comb i n i ng
these resu l ts w l  t� data from Tab le  .1 . energy l eve l schemes shown on Fi gs . 3b 
and 3d ,  a re obta i ned . �as i c  cha racter i s ti cs of leve l s  a re the same as i n  
dehydrated zeo l f tes . There exi s t  a t  least .four phases o f  cat i ons wh i ch d l f-. . . . of' -fer I n  mob i l i ty and s t ructure. The l n t rQduct ion of I on i c  pa i rs L i  N03 i nto 
a s tructure of L IA · zeo l l te leads to an i ncrease I n energy d i fference between 
ions wh i eh move wl th i n  one cav l ty and tHose wh l eh move from cav i ty to cav i ty 
i . e .  those wh i ch a re i ns i de the "free. conduct i on band" . Th i s  i s  ·a consequence 
of the free vo l ume reduct ion for the movement of I ons I n  the L i A • L I N03 sys tem 
because the cavl t l es : o f  the a-cages a re 90% f i l l ed w i th bu i l t  i n  't on i c  
p a  i rs . I n the a cage the re a re 1 0  out of a po� s I b I e 1 1  I on i c ,pa I rs • 

Another not I cab I e effect I n  the L i  A· L-1 N03 comp I ex I s  the reduct I on I n  
energy d i fference between i ons bound I n  a r i g i d  l a t t i ce ,  and loca l l y  mob i l e 
lions , wh i ch I s  a consequence of the reduct i on i n  asymmetry of the e l ect r i c  
f i e l d  o n  cat ion i c  pos i t ions . Name l y_, bu i l t ; l n  NOj i ons i n. the v i c ! n i ty of. 
cat i ons compe'nsate a neg'at i ve cha rge �r the a l umos i l l cate framewprk ,wh.erE;upon
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they fac i l i tate de local i sat l on of the cat i ons , i . e �  the t rans i t i on from AG 
i nto AL lev� l . For the same . reasons i t  resu l .ts I n  the narrowi ng of the gaus ­

s i an NMR l i ne ,  i . e .  the appearance a mob i l e phase of i ons , on the surface BG . 
A c l oser character i s t i c  of th i s  phase and others w i l l  be d i scussed I n  con­
nect i on wi th l ow- temper�ture spectra .wh i ch are. ma i n l y  gui ded by l oca l sp i n 
s t ructure and not s p i n  mot i on .  

I n  the L i X - Li N03 i nc l
1
us l on comp l ex two s l ml l ar changes were observed I n  

compar i son wi th the correspond i ng zeo l i te ,. wh i ch cannot , however ,  be exp l a i ned 
+ -by s ter i c factors , regard ing the fact that on l y  2 L i  No3 i on i c  pa i rs from a 

poss i b l e 1 1  are bu i l t  i nto the zeo l l te s t ructure . Here , bui l t  i n  L l +No3 i on i c
pa i rs i ncrease acbi vat i on energy for e l ect r i c  conduc i v i ty i n  s uch a way that 

- + the . i so l ated N03 g roup captures the therma.1 l y  act i vated L i I ons . For the
same reasons i t  resul ts f n . a reduct i on in act i vat i on energy .for cat i on de l o­
ca l i sa t ion ( t rans i t ion Ai; B

G
) a l though a deta i l ed p i cture of the type of 

movement ( reor i entat i on �  recomb i nat i on of i ons·, d i ffus i on. etc . ) can on ly  be 
d i scussed after becomi ng bet te r  acqu.a i n ted wi th the nature of energy l eve l s  
i n  i nc l us i on comp l exes . 

Agreement o� act i vat ion energ i es for· e l ect r l c  conduct i vi ty and the 
narrowi ng of the NMR l i ne po i nts to the very I mportant fact that h i gh e lectr i c 
conduct i v i ty I n  ,the . I nvest i gated sys tems I s  connected wi th a regu l a r crysta l 
s t ructure and not wi th i ts defects or i mpur i t i es .  
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