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P M R  I N V E S T I G A T I O N O F  G E L A T I N  A N D  I T S  C O M P L E X  

W I T H  N I C K E L  A N D  C O B A L T  

N.  A.  K o s t r o m i n a ,  S. L .  D a v y d o v a ,  
A.  D~ S h a p o s h n i k o v a ,  a n d  V .  P .  T i k h o u o v  

F O R M A T I O N  

UDC 547.969:543.422 

Compounds of meta l s  with macromolecu la r  ligands play a large role  in biological  p rocesses  [110 In the 
investigation of the compounds, the methods of h igh-resolut ion  NMR (for solutions) and wide-l ine NMR (for 
sol id compounds) are  par t icu lar ly  promising;  in a number  of cases  they make it possible to identify individual 
donor groups of the macromoleeu le  and to de te rmine  the site of metal  bonding [2]0 The object of the present  
r e s e a r c h - g e l a t i n - i s  a compara t ive ly  s imple prote in  of collagen origin,  containing functional groups which are  
capable of bonding with meta ls .  The p roper t i e s  and s t ruc tu re  of gelatin have been descr ibed  in detail in [3]. 

In [4], solutions and gels of gelat in in D20 were  invest igated by the PMR method. By this method it was 
possible to make an identif ication of individual amino acid res idues  and to calculate the theore t ica l  spec t rum of 
gelatin,  which prac t ica l ly  coincided with the exper imenta l  spec t rum.  Information on the complex format ion  
of gelatin is ve ry  l imited.  It is indicated in [5] that  lanthanum bonds with gelatin at  a pH below 6 through the 
carboxyl  groups;  copper  fo rms  chelates  which include carboxyl  and amino groups; zinc forms  complexes in-  
cluding imidazole and other  functional groups; the fo rmat ion  of bonds with COO- groups has been establ ished 
for  cobalt [4]. 

The objective of the p resen t  work was to investigate aqueous gelatin solutions by the high-resolution PMR 
method, identify the signals f rom res idues  of individual amino acids in the gelatin,  and study the changes which 
take place in th e spec t rum when the pH of the solution is inc reased  or  the t empera tu re  is increased ,  and when 
metal  sal ts  a re  added. 

In our work we used  gelatin of the "Food"  grade,  whose amino-acid  composition was de termined af ter  
splitt ing by the paper  chromatography method of [6]: glycine,  23; prol ine,  16.2; hydroxyprol ine,  11.47; glutamic 
acid, 12.11; aspar t ic  acid, 7.15; alanine, 9.34; lysine,  3.42; leuclne, 2.90; valine,  2.10; se r ine ,  3.70; threonine,  
1.51; phenylalanine, 2.24; isoleucine,  1.36; hydroxylysine,  1.07; histidine, 1.02; ty ros ine ,  0.80; and arginine,  0.58%. 

Institute of General  and Inorganic Chemis t ry ,  Academy of Sciences of the Ukrainian SSR, Kiev. Labora -  
t o ry  of the Institute of General  and Inorganic Chemis t ry ,  Academy of Sciences of the Ukrainian SSR, Odessa.  
Institute of Pe t rochemica l  Synthesis,  Academy of Sciences of the USSR, Moscow. Trans la ted  f rom T e o r e t i -  
cheskaya i I~ksperimental 'naya Khimiya, Vol. 15, No. 3, pp. 297-303, May-June,  1979. Original a r t ic le  sub-  
mit ted May 30, 1978. 
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Fig.  1. PMR s p e c t r a  of gelat in  at var ious  pH values  
(I-VIII,  bas ic  s ignal  groups):  1) D20, pH =4.3;  2) 
H20, pH = 1.5; 3) H20, pH = 7.1; 4) D20, pH = 8.0; 5) 
H20, pH = 11.4; 6) D20, pH = 11.0. 

The gela t in  solution (10% by wt.) was p r e p a r e d  as follows: the sample  of gelat in was cove red  with H20 or  D20 
for  40 min to swell  it, then it was heated  in a wa te r  bath at 50-60~C until comple te  solution occur red .  The cobalt  
n i t ra te  and nickel  n i t ra te  which were  used in our work  were  r e c r y s t a l l i z e d  by the p rocedure  of [7] to obtain the 
sa l t s  Co(NOn) 2 �9 6H20 and Ni(NO3) 2 . 6H20. Fo r  our  work we p r epa red  0.1 M solutions of these  n i t ra tes  in H20 
or  D20. The PMR s p e c t r a  of the gelat in  were  taken in the pH range  f r o m  1 to 12 and at t e m p e r a t u r e s  f r o m  20 
to 90~ The s tudies  were  c a r r i e d  out on an RYa-2310 s p e c t r o m e t e r .  Benzene was used  as an ex te rna l  s tand-  
ard; chemical  shif ts  were  de te rmined  with r e s p e c t  to t e t r amethy l s i l ane .  

In aqueous solut ions ,  in the acid region (see Fig.  1), gelat in  gives a se t  of s ignals  in high field with r e -  
spec t  to wa te r  ( -1  to - 4 . 5  ppm) and three  s ignals  in low field, one of which ( -7 .5  ppm} should be ass igned to 
the CH groups  of a rom a t i c  r ings (phenylalanine*) and two to protons bonded to ni t rogen a toms  ( -6 .8  and - 8 . 5  
ppm). The c o r r e c t n e s s  of the ass ignment  of the l a t t e r  s ignals  is conf i rmed by a study of the s p e c t r a  in D20: 
in these  s p e c t r a  these  s ignals  have a cons iderably  lower intensi ty and d i sappear  on expi ra t ion  of a ce r t a in  t ime .  
These  s ignals  also d i sappear  in aqueous solutions when the pH of the solution is r a i s ed  above 7-8 or  when the 
t e m p e r a t u r e  is  r a i s ed  above 60~ which may  be explained by an i nc r ea se  in mobil i ty of the NHn-grou p protons 
and an averag ing  of the i r  s ignals  with the wa te r  s ignal .  

The signal of the NH n groups in low field has  approx imate ly  4.5 t imes  g r e a t e r  intensi ty than the signal  
in high field.  Since the peptide protons  shouldbe deshielded to a l a r g e r  extent than the protons of the NH + 
groups  which a re  not involved in the peptide chain, the signal at - 8 . 5  ppm may  be ass igned to NH groups of 
s ide cha ins ,  and the s ignal  at -~08 ppm to the NH3 + groups  of side chains.  Calculat ion of the number  of NH 
groups  of peptide chains (on the assumpt ion  of bonding of only s - a m i n o  groups)  and of NH + groups gives the 
ra t io  81.3:17o22, which co r r e sponds  to the ra t io  of the signal a r e a s  a t - 8 . 5  a n d - 6 . 8  ppm. 

The s p e c t r a  of the nonlabile  protones  of  gelat in solut ions in H20 and D20 p rac t i ca l l y  coincide (Fig. 1). 
The signal  of the protons  in t h e - 4 . 0  ppm region which is obse rved  i n D , ,  solution cannot be obse rved  in wa te r  
solution due to over lap  with the w a t e r  s ignal .  . . . .  

To ass ign the s ignals ,  we used the s p e c t r u m  of a wa te r  solution of gelatin,  including in it the group of 
s ignals  in t h e -  4 ppm region.  In the gelat in  spec t rum one can d i sce rn  eight  groups of s ignals  (see Fig.  1): 
f ive groups  to the r ight  of the wa te r  s ignal ,  and th ree  groups  to the left .  All the s ignals  (except VI and VIII) 
pe r ta in  to nonlabile protons  of the amino-ac id  res idues  which a re  pa r t  of the compos i t ion  of gelatin. To a s -  
sign these  s ignals  we used  our data f r o m  a study of amino acids by the PMR method [8, 9], and we also c a r r i e d  
out additional s tudies of ce r t a in  amino acids .  

In identifying the gelat in s ignals  we took into account the posit ion of bands in the s p e c t r a  of amino acids 
in the zwi t ter ion f o r m  (Fig. 2) .  The upper  f igure  in Fig.  2 gives the ass ignment  of the band in the amino acid; 
the lower  one, the num ber  of protons  of the given type with considera t ion  of the amino-ac id  composi t ion of the 
gelat in.  The mos t  intense bands in the gela t in  s p e c t r u m  a r e  indicated by a r r o w s .  A compar i son  of the s p e c t r a  
of the amino acids and of gelat in  offers  the possibi l i ty  of making an ass ignment  of the s ignals  f r o m  the non-  
labile  pro tons .  A calculat ion of the number  of protons  cor responding  to each signal  and a compar i son  of these  
number s  with the r e l a t ive  intensi t ies  (areas)  of the s ignals  s e r v e s  as a c r i t e r ion  of the c o r r e c t n e s s  of s ignal  
a ss ignment .  

The ass ignment  of s ignals ,  number  of protons  of each type, and the ra t io  of s ignal  intensi ty which c o r r e -  
sponds approx imate ly  to the a s s ignmen t  made a r e  given in Table  1. Thus,  the posi t ion of the s ignals  of the non-  
labile  protons  in gela t in  is p rac t i ca l ly  the s a m e  as in the amino acids;  the fo rmat ion  of peptide chains with a 

�9 Histidine should give two s ignals ,  which a re  not observed;  probably  this is  due to i ts  low concentrat ion.  
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TABLE 1o Ass ignment  of 1H NMR Signals in Spec t rum of Gelat in 

Group of 
s ignals  

I 

II 

m 

IV 

v 
v I  

Amino acid group 

6 -Leue ine ;  T-val ine ;  ~ and 5 - i so leuc ine  
f l -Alanine;  f l -  and 7-1eucine; T- threonine;  
6 - lys ine  
T -  and f l -prol ine;  glutamic acid; lysine,  fl- 
hydroxyprol ine;  va l ine ,  isoleucine 
6 - P r o t i n e ;  f l - a spa r t i e  acid; phenylalanine; 
hist ine;  e - l y s i n e  
~-Ser ine ;  a - p r o t o n s  of C6H~ in phenylalanine 

Number  of 
protons 

41 
49 

150 

59 

126 
11 

* The intensi ty  of s ignal  I is taken as unity.  

S* 

1 
1.2 
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1.2 
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Fig. 2 Fig.  3 

Posi t ion of s ignals  in PMR s p e c t r a  of gelat in and amino acids:  a) 
gelatin;  b) glycine; c) prol ine;  d) hydroxyprol ine;  e) g lutamic acid; f) 
a spa r t i c  acid; g) alanine; h) lysine; i) se r ine ;  k) leucine; 1) isoleucine;  
m) val ins ;  n) threonine;  o) phenylalanine; p) hist idine.  

Fig.  3. Disp lacement  of PMR signals  in s p e c t r a  of a spa r t i e  (a) and glu- 
t amic  (b) acids  as a function of pH of solution.  

definite d isposi t ion of the amino acid r e s idues  is r e f l ec ted  only in a broadening of the s ignals ,  Marked  changes 
a r e  obse rved  for  the NH n groups:  The mobil i ty  of the protons in these  groups  is cons iderably  less  in gelat in 
than in the amino acids .  Signals of the NH and NH + groups  a re  obse rved  at  room t e m p e r a t u r e  and are  not a v e r -  
aged with the s ignals  of the wa te r  protons  up to pH - 7, while in the amino acids the s ignals  of the NH + groups 
a r e  detected only at a pit l e ss  than 4 and at t e m p e r a t u r e s  of 0-10~ Differences  a re  also obse rved  in the pos i -  
tion of t hese  s ignals :  the s ignals  of the NH groups  a re  shif ted toward lower  f ield by 0.5 ppm, and s ignals  of the 
NH + groups  a r e  shif ted to h igher  f ie ld by 0.5-1.0 ppm with r e s p e c t  to the s ignals  of these  groups in amino  acids .  
The lack of coincidence in the posi t ions of the NH + group s ignals  may  be explained by the fact  that  in the amino 

/ C H \  
acids these  groups  a re  pa r t  of COO NH2+ cycl ic  s t r u c t u r e s  [8]; in gelat in  the fo rmat ion  of such s t r u c t u r e s  

\ n /  

does not take place;  the fo rmat ion  of chain s t r u c t u r e s  is poss ib le .  
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Fig. 4. PMR spec t ra  of 10~ gelatin solution on addition 
of Co(NO3)2: 1) HzO, pH = 2.0; i v) pH = 6; 2-5) PMR 
spec t ra  of gelatin with addition of 0.0125 M Co2+; 2) D20, 
pH = 2.9; 3) H20, pH = 5.0; 4) H20, pH = 8~ 5) H20, pH = 
14.0; 21-5 t) same,  with addition of 0.0075 M Co2t; 2 t) pH = 
2.9; 3 t) pH = 5.0; 4 ~) pH = 8~ 5 w) pH = 14.0. 

When the pH of the solution is ra i sed  (_7) or  the t empera tu re  is ra ised  (_~60"C), the signals of the NH n 
groups disappear,  which is associa ted with an increase  inthe lability of the protons.  Changes axe also observed 
in the - 3  to - 2  ppm region. At a pit of 3-5,  the signals of the CHzCOOH groups in aspar t ic  and glutamie acids 
axe shifted (Fig. 3), which is caused by dissociat ion of the carboxyl groups; at higher pH values {>7), the signals 
of e - lys ine  and 5 -prol ine are  shifted, as a resul t  of the dissociation of ~iti n groups bonded to these f ragments .  

The resul ts  obtained on the displacement  of signals made it possible to calculate the dissociat ion con-  
stants of the COOH groups of aspaxtic and glutamic acids in gelatin for  the formulas  for  the averaged signal 

~av = 8ANA + ~,.#.A 

(6 A and 6HA axe the chemical  shifts,  and N A and NHA axe the mole fract ions of the dissociated and uad i s so -  
elated forms):  PHas P = 4, = 4.4. The values given are  somewhat higher than for  the f ree  acids: pKasp 
3.7; pKglu = 4.28 [11]. Pttglu = 

Additions of cobalt(II) and nickel(I/) sal ts  were made to a 10% gelatin solution at gelat in:metal  ion ra t ios  
f r o m  25:1 to 25:5 by volume (the concentrat ions of the metal salt  solutions were 0.1 M). In the investigated 
solutions,  the concentrat ions of the metal ion were 2 . 5 .  10 -3, 5.0 ~ 10 -3, 7.5 �9 10 -3, 1.0 �9 10 -~, and 1.25 �9 10 -z 
m o l e / l i t e r ,  The moleculax weight of th e gelatin was about 6 �9 104; consequently, the approximate molar  con-  
centrat ion of the gelatin was 1.7 - 10 -3 M, and the concentrat ion calculated for  the functional groups (CO0-, 
NH 2, or  NH) was approximately 40 t imes  as large.  Thus, in our experiments  there  was always an excess  of 
the functional groups,  which made available to the metal the opportunity to "se lec t"  for  bonding those groups 
for  which it had the l a rge r  a~finity. 

Investigation of the spec t ra  of gelatin with additions of Co(ID and Ni(ID was ca r r i ed  out in the pit region 
f r o m  3 to 14. On addition of a cobalt salt,  changes axe observed in the spec t rum of gelatin which depend on the 
concentrat ion of the cobalt  and the pH of the solution (Fig. 4). 

At pH 2~ a shift of all the gelatin signals and of the water  signal in the direction of higher field takes 
place, plus a broadening of the group I signals.  Changes in the signals of the CH~COOH groulis of aspar t ic  and 
glutamic acids are  not observed.  On the basis  of these data it may be suggested that in the acid region cobalt 
fo rms  compounds of the solvate type with water  and the ni t rogen of the amino groups; the CHzCOOH groups of 
aspar t ic  and glutamie acids do not take par t  in complex formation.  

At pH 5, the signals of the main groups of nonlabfle protons of the aliphatic amino acids are  broadened, 
but are  not displaced as compared  with the signals at pH ~- 3. The signal of the (~-CH protons is broadened, 
and the signals of the CHzCOOH group axe displaced, the i r  position being different than in the spec t rum of 
gelatin at pH - 5; consequently, these groups axe bonded with cobalt. The signals of the NI-I and NI-I + groups 
and of the C6I-I 5 groups of phenylalanine are  shifted; i .e. ,  the cobalt(ID also forms bonds with the nitrogen atoms.  
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Fig.  5. PMR s p e c t r a  of 10% gelat in  solut ion on addi-  
t ion of Ni(NO3)2: 1) s p e c t r u m  of gelat in  at pH = 2.0; 
2-4) PMR s p e c t r a  of gelat in  containing added 0.0125 M 
Ni2+; 2) pH 3.0; 3) pH 5.0; 4) pH 8.0; 2w-4 t) s p e c t r a  of 
gela t in  containing 0.0075 M Ni~+; 2 w) pH 3.0; 3 ~) pH 5.0; 
4 I) pH 8.0. 

At pH 8 and a cobal t  concentra t ion  of 0.75 �9 10 -3, the s ignal  of the ~ -CH protons is nar rowed,  the s ignals  
of the groups  which a r e  r e m o t e  f r o m  the peptide bond are  broadened,  and so  a r e  those of the  C6I~ group.  At a 
cobalt  concentra t ion  of 1.25 - 10 -2 M the C6H 5 s ignal  d i sappears ;  the signal  of the  a - C H  protons is spl i t  into two, 
and the s ignals  of groups KI, II,  and I a re  so  b roadened  that  the sha rp  sepa ra t ion  into groups d i sappea r s .  Con- 
sequently,  at pH 8 a se lec t iv i ty  of Co 2+ ions with r e s p e c t  to va r ious  amino acids is manifes ted .  The absence  of 
broadening of the  ~ - C H  signal  at CCo = 0.75 - 10 -2 M indicates  that  complex  fo rmat ion  takes  place initially 
bas i ca l ly  with r e s p e c t  to s ide chains (CO0-,  NH 2 groups)  with spli t t ing out of protons .  The d i sappearance  of 
the phenylalanine s ignal  on i nc r ea s e  in Co 2+ concentra t ion indicates that  under  these  conditions phenylalanine 
is  comple te ly  bonded. The appea rance  of a second broadened  signal  of the a - C H  groups  in higher  field at a 

C C o  of 1.25 �9 10 -z M is connected with the fo rma t ion  of cobalt  bonds with the NH an C ----O groups;  the intensity 
ra t io  of the  two a - C H  s ignals  indicates  that  a th i rd  of the NH groups f o r m s  these  bonds.  

At pH 14, the s p e c t r a  differ  f r o m  those  obse rved  at pH - 8 in that  again the s ignals  of groups I, H, Ill, 
and VI a r e  displayed,  plus the  s ignals  of a spa r t i c  acid.  The s ignals  of the a - C H  groups a re  sharp ly  broadened.  
These  changes may  be explained by complex  fo rmat ion  at high pH va lues ,  mainly through the NH and C ----O 
groups  of gelat in.  

Additions of nickel(H) n i t ra te  to gelat in  in the s a m e  concentra t ions  as of the cor responding  cobalt  sa l t  
lead to approx imate ly  the s a m e  changes in the PMR spec t r a ,  which, however ,  a re  s ignif icant ly l ess  sharp ly  
man i fes t ed  (Fig; 5), In the pH 3-5 region a shift  of the s ignals  of the NH, NH +, and CsH 5 groups of phenylal -  
anine takes  place to h igher  f ield,  and the C6H 5 s ignal  is broadened.  However ,  at pH ~- 5, the CsH ~ signal  does 
not d i sappear ,  but continues to b roaden  up to pH 11. The signal of the a - C H  groups  is spl i t  a l ready  at  pH -~ 5 
(in the case  of Co 2+, at 8) and at a lower  Ni 2+ concentra t ion (0.75 �9 10 -2 M) than fo r  cobalt .  Thereupon the n u m -  
b e r  of bonded NH groups  r i s e s  with i nc rea se  in nickel  concentrat ion;  i .e. ,  Ni 2+ displays  a l a r g e r  tendency to 
f o r m  bonds with NH groups  at low pH va lues .  The s ignals  of the fi, 7 ,  6,  and other  nonlabile protons a re  b r o a d -  
ened to a cons iderab ly  s m a l l e r  extent ,  which may be explained by the fact  that  the broadening of the s ignals  in 
the case  of Ni 2§ is caused  only by contact  in terac t ion  and only the s ignals  of the groups  d i rec t ly  bonded with the 
donor  a tom axe broadened .  

The s tudies  p e r f o r m e d  show that  the PMR method makes  it poss ible  to detect  complex fo rmat ion  of the 
pa ramagne t i e  nickel(H) and cobalt(H) ions with gelat in,  and es tab l i sh  a difference in the complex - fo rma t ion  
p r o c e s s e s  as a function of the nature  of the meta l ,  i ts concentrat ion,  and the pH of the  solution, and makes  it 
poss ib le  in some  ca se s  to pinpoint the p resence  of bonds with definite amino-ac id  r e s idues .  
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S T A T E  O F  T H E  W A T E R  I N  T H E  S i O  2 - X  2 A N D  S i O  2 - Y  

S I L I C A S  

B .  M.  M i t s y u k ,  A.  M. K a l i n i c h e n k o ,  
I .  Vo M a t y a s h ,  I .  R .  P i s a n s k a y a ,  
A.  I .  R a s t r e n e n k o ,  a n d  D~ Z .  R a k h m a n g u l o v a  

UDC 541.183 

There  a r e  prac t ica l ly  no data on the s ta te  of the wa te r  in s i l i ca  c ry s t a l s  of the S iOz-X 2 and SiO2-Y type. 
We obtained the SiO2-X z and SiO2-Y s i l i cas  as in te rmedia te  metas tab le  phases  during the hydro the rmal  c r y s -  
ta l l iza t ion  of amorphous  s i l i ca  (s i l ica gel) into quar tz  in weakly bas ic  media  [1]. The SiO 2 - x  2 s i l i ca  was syn-  
thes ized  both in pure  KOH or  NaOH solutions and in alkaline solutions of va r ious  po tass ium or  sodium sa l t s ;  
the S iO2-Y s i l ica ,  which is an analog of the na tura l  minera l  magadi i te  [2], was obtained only in alkaline so lu -  
t ions containing sodium cat ions .  As a r e su l t  of the i nc rea sed  ion-exchange capabi l i ty  of both s i l icas  a va r i ab le  
amount of sodium or  po tass ium cat ions,  which is de te rmined  by the pH of the solution, can be contained in i ts  
composi t ion.  The cat ions a re  comple te ly  r e m o v e d  by washing the s amples  with acidic solut ions.  The l imit ing 
capaci ty  of the exchange,  which is obse rved  at pH 8-9, is 1.0-1.3 m e q / g  independent of the exchanged cation 
(Na + or  K+). The invest igat ion of the s ta te  of the wa te r  in the cat ionized and decat ionized f o r m s  of the SiO2-X 2 
and SiO2-Y s i l icas  was c a r r i e d  out in this work using DTA, PMR, and the t h e r m o g r a v i m e t r i c  and IR s p e c t r o -  
scopic  methods~ 

The t h e r m o g r a m s  and curves  of the loss  in weight with heating (rate of heating 10 deg/min)  were  plotted 
on a dr i f t  indicator  of a P a u l i k - P a u l i k - - E r d e y  der iva tograph;  the PMR s p e c t r a  were  run on a low-resolu t ion  
RYa-2301 r a d i o s p e c t r o m e t e r  at an opera t ing f requency of 16 MHz at 293 and 77~ The IR s p e c t r a  were  run 
on a UR-20 s p e c t r o m e t e r .  The samples  were  p r e p a r e d  by p res s ing  4 mg of the subs tance  to be invest igated 
in an evacuated  die with 200 rag of KBr  p r e l i m ina r i l y  heated at 200~ which enabled us to comple te ly  r emo v e  
the adsorbed  wate r  f r o m  the KBr and to avoid its r epea ted  adsorpt ion f r o m  the a i r .  The s amp le s  heated at  
the va r ious  t e m p e r a t u r e s  were  cooled in sea led  weighing bot t les  ove r  conc. I,I2SO 4. The de terminat ion  of the 
wa te r  content and s t ruc tu ra l  OH groups  by the PMR s p e c t r a  was c a r r i e d  out by compar ing  them with the s p e c -  
t r u m  of a s t andard  containing a known amount of Ca(OH) z. 

The dif ferent ia l  curves  of the loss  in weight (DTG) and the different ia l  heating curves  (DTA) for  s amp le s  
of the S iO2-X 2 and SiO2-Y s i l i cas ,  which differ  f r o m  each  o ther  by the nature  of the exchange cation,  a re  given 
in Fig. 1. In the sample  of the Nail f o r m  obtained by t r ea t ing  the or iginal  Na f o r m  of SiO2-Y with a 0.01 N HC1 
solution,  the sodium content comes  to 75% of the l imit ing value.  The K and Na f o r m s  were  obtained in pure  
KOH and NaOH solutions r e spec t i ve ly  under  the conditions fo r  the hydro the rma l  synthes is  of the cor responding  
s i l ica .  It is evident  f r o m  Fig.  1 that  the c h a r a c t e r  of the dehydrat ion and a lso  of the weight loss  at each given 
t e m p e r a t u r e  (see Fig.  2) of the s i l i ca  f o r m s  studied is governed  p r i m a r i l y  by the na ture  of the exchanged cation, 
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