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The exis tence  of two kinds of complexes  of adsorbed  water  molecules  being cooi 'dinated around 
exchange cations or  o ther  ac t ive  cen te rs  of the mine ra l  c r y s t a l  la t t ice  su r f ace  is es tabl ished in 
s p e c t r u m  invest igat ions  of wa te r  in te rac t ion  with clayey mine ra l s  with expanding c rys ta l l ine  
la t t ice .  

The  change in densi ty  of adso rbed  wa te r  as a function of its m a s s ,  the p rope r t i e s  of the m i n e r a l  su r f ace ,  
and the composi t ion and concentra t ion of cat ions detected in our expe r imen t s  [1, 2] was the r eason  for  f o r m u -  
lat ing new invest igat ions  of the  s t r u c t u r e  of the bound water .  These  invest igat ions were  based on the methods 
of v ibra t iona l  s p e c t r o s c o p y ,  s ince ,  v i z . ,  t hese  methods p e r m i t s  the mos t  exact  es t imat ion  of the configuration 
of di f ferent  OmH n groupings including the configurat ion of the bound wa te r ,  and the i r  influence on the p r o p e r -  
t i e s  of the adsorben t .  

The  f i r s t  s tage  of this  r e s e a r c h  was concluded by obtaining and in te rpre t ing  the IR spec t r a  of the na tura l  
and Na f o r m s  of montmor i l lon i t e  (Cr imean kill) as  a function of the m a s s  of adsorbed  water .  The inves t iga -  
t ions were  conducted on the bas i s  of a UR-20 in f ra red  spec t ropho tome te r  by using the vacuum s y s t e m  produced 
in a spec ia l  vacuum cuvet te .  The  vacuum appara tus  a s s u r e d  a check on the vacuum and the vapor  p r e s s u r e  of 
the adsorba te  in the  cuvet te .  

The  construct ion of the vacuum cuvette  pe rmi t t ed  t rack ing  the change in spec imen  weight in pa ra l l e l  with 
the scanning of the IR s p e c t r a .  The spec imen  was displaced in the cuvet te  being used by using a s c r e w  m e c h a -  
n i s m  ro ta ted  by a pe rmanen t  magne t .  The spec imen  was fas tened in a f r a m e  f r o m  tan ta lum foil ,  suspended on 
the s p i r a l  of quar tz  ba lances  haying an autonomous r e f e r e n c e  sca le .  A m i c r o s c o p e  with a m i c r o m e t e r  d r u m  
was used to r ead  the  weights .  

The desorp t ion  of wa te r  by Cr imean  kill  spec imens  was studied in the expe r imen t s .  To  do th i s ,  the p r e -  
d r ied  finely ground powder was p r e s s e d  into a t a b l e t o f 2 0  x 8 m m  dimens ions .  The weight of the tablet  f luctu-  
ated between 15-30 mg in d i f ferent  t e s t s .  The p r e p a r e d  tab le t s  were  dr ied and the weight of the  dehydrated 
solid phase  was de te rmined .  Then the p roces s  of the i r  humidification under  a tmosphe r i c  conditions for  2-3 
days was t r a cked ,  where  spec imens  with a known init ial  humidity were  set  in the cuvet te .  

The p r o c e s s  of removing  the  adsorbed  wate r  was rea l i zed  because  of heating the table t  by g lowbar  r a d i a -  
tion with s imul taneous  evacuat ion,  and a tubular  detachable  e lec t r i c  furnace  was used to achieve  low humidi t ies .  

Consequently,  IR s pec t r a  we re  obtained for  s e v e r a l  spec imens  of hydrated natura l  and Na f o r m  m o n t m o r i l -  
lonlte.  

The exis tence  of a T of f requenc ies  in the  domain of deformat ion  vibra t ions  of the water  molecu les ,  de -  
tec ted  in the expe r imen t s ,  and the computat ions of these  f requencies  pe rmi t t ed  an es t imat ion  of the  deg ree  of 
s tabi l i ty  of the hydrogen bonds in the dehydrat ion p r o c e s s .  It was successfu l ly  shown that  the 1633-cm -1 band 
occur r ing  during the fo rmat ion  of two donor - - accep to r  {hydrogen) bonds in the plane of the H20 molecule  is 
mos t  s tab le .  Another  or ientat ion or another  number  of such bonds r e su l t s  in reduct ion of the adsorpt ion energy 
of the water  molecu les .  And this  reduct ion,  which c h a r a c t e r i z e s  the diminution in overlapping of the e lect ron 
clouds between a toms  in teract ing according  to  the hydrogen bond m e c h a n i s m ,  is de te rmined  by the posit ion of 
the max imum elec t ron  densi ty in the space  between the wa te r  molecule  a toms .  

The second s tage  in the spec t roscop ic  invest igat ion of c layey mine ra l s  was based  on using the isotopic 
effect .  Here  D20 was used as such isotopes of the water  molecu les .  
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f r o m  Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 35, No. 6, pp. 1107-1116, D e c e m b e r ,  1978. Original a r t i c l e  sub-  
mit ted January  23, 1978. 
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Fig. 1 Fig. 2 
Fig.  1. Change in the IR s p e c t r a  of deu te ra ted  natura l  mon tmor iUon i t edu r ingdeso rp t ion :  2) P = 12.9%; 
3) 10.0; 4) 6.7; 5) 5.2; 6) 4.1; 7) 2.8; 8) 0.9; 9) 0%; 1) during sorpt ion  P = 8.1%. u, cm -1. 

Fig.  2. Water  molecule  in terac t ion  with an exchange cation and an oxygen a tom of the m i n e r a l  su r f ace  
(a) and with two oxygen a toms  (b). 

It is well  known that  the molecule  p r o p e r t i e s  dependent mainly  on the e lec t ron s t r u c t u r e  r ema in  constant  
during isotope substi tut ion while the v ibra t ion f requenc ies ,  the band intensi t ies  in the v ibra t iona l  s p e c t r a ,  the 
moments  of ine r t i a ,  the ro ta t ional  f r equenc ies ,  and o ther  molecule  p rope r t i e s  dependent on the a tom mass  can 
va ry  subs tant ia l ly .  This  is espec ia l ly  c h a r a c t e r i s t i c  for  hydrogen because  the r e l a t ive  change in its mass  
during isotope substi tut ion is l a rge .  

The rota t ional  and v ibra t iona l  s p e c t r a  of a s y s t e m  of isotopic molecu les  yield additional data needed to 
d e t e r m i n e  the g e o m e t r i c  p a r a m e t e r s  of the molecu les  and the fo rce  cons tants .  The isotopic  effect  exer t s  e s s e n -  
t ia l  aid in the ana lys i s  of mo lecu l a r  s p e c t r a ,  pa r t i cu l a r ly  in the r e f e r r a l  of v ibra t ions  observed  in the f requen-  
cies  to some  n o r m a l  vibrat ion of the molecu le .  

We took into account  al l  t hese  s ingular i t ies  of i sotope exchange.  

Changes in the IR s p e c t r a  of the deutera ted  na ture  f o r m  of montmor i l lon i te  a r e  shown in Fig. 1 for  ad-  
sorpt ion  in the r anges  of 1200-1300, 2500-2600, and 3500-3700 cm -1. 

It is known that  the range  1200-1300 cm -1 co r r e sponds  to deformat ion  vibra t ions  of the D20 molecules ,  
and an ana lys i s  of the s p e c t r a  obtained is s t a r t ed  m o r e  conveniently with a computat ion of the f requencies  of 
these  v ibra t ions .  As is seen f r o m  Fig.  1, a b road  band with the m a x i m u m  of 1300 cm -1 cor responds  to the 
g r e a t e s t  deg ree  of hydrat ion,  while the bands 2680 and 2610 cm -1 co r respond  in the domain of va lence  v ibra t ions .  

As desorpt ion p r o c e e d s ,  a compara t ive ly  n a r r o w  1264-cm - I  hand is ex t rac ted  f r o m  the total  contour of 
the deformat ion  v ibra t ions  band, where  the f o r m e r  vanishes  for  a low degree  of humidity,  to whose appearance  
the format ion  of the 2523-cm -1 hand in the valence  v ibra t ions  domain co r r e sponds .  

The f requencies  of the deformat ion  vibrat ions  of the D20 molecule  for  i ts  dif ferent  complexes  a r e  c o m -  
puted by means  of the fo rmula  

D~D,,~ (1) 

~,+p. 

1491 



c s 2~00 z?00v 

Fig. 3 Fig. 4 
Fig. 3. Fragment of the scheme governing water molecule interaction 
with an exchange cation and an oxygen atom of the clayey mineral surface. 

Fig. 4. Change in the IR spectra of the deuterated Na form of montmoril- 
lonite during desorpt ion:  1) P = 8.5%; 2) 4.4; 3) 3.0; 4) 1.5; 5) 0. v, cm -1. 

which E l ' ya shev i ch  [3] obtained by s t a r t ing  f r o m  the  p rope r t i e s  of the s ecu l a r  equation under  the condition 
that  I D~/~ I <<1Da~--D/~/~ I. The quanti t ies  Dam,  D~/~, D/~G, D/~/~ a r e  called to ta l  In teract ion coeff ic ients .  
They a r e  found as follows 

, _ r , 

Da~ = Z  Aa~.K~.~; D~-- Z A~,~.K~; D~, = ~ A,,~.Kx~; D~,,~-- Z A,,~.Kx~, 
~-~--I L.----I ~s  

(2) 

where  AaX, A/~ x a r e  e lements  of the m a t r i x  of k inemat ic  interact ion coefficients and KX~, K~4 u a r e  e lements  
of the fo rce  constants ,  ma t r ix .  

The k inemat ic  in te rac t ion  coeff icients  for  a number  of coordinate  pa i r s  can eas i ly  be computed by means  
of equations p re sen ted  in [3, 4]. 

However ,  an addit ional  ana lys i s  is r equ i red  to  p e r f o r m  these  computat ions when the  angles O 1. . .D- -O,  
equal to  180 ~ take  pa r t  in the in te rac t ion ,  i . e . ,  in the case  of l inear  hydrogen b r idges .  

Let  us examine  the s chem e  a (Fig. 2) where  the in teract ion coordinates  of the D20 molecule  with an 
exchange cation and oxygen a tom of the clayey m a t e r i a l  su r f ace  a r e  indicated.  

Let  us f o r m  the m a t r i x  B [4], which e x p r e s s e s  the natura l  v ibra t iona l  coordinates  in t e r m s  of d i sp l ace -  
ment  of the a toms f rom equi l ibr ium.  To  do this we again i so la te  a f r agment  of the s cheme  mentioned,  as is 
r e p r e s e n t e d  in Fig.  3. 

According to [5], the r a t e  of change of the angles O, D:, O 1 is 
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1 I ) "  1 �9 I 
4 = ' ~ , + ' r  = -- f3z ~ q-fz• ~ ro--fzz--~, r,-J-fz3 ~ rz, 

(3) 

where  r~, r~, r 2 a r e  vec t o r s  desc r ib ing  the  instantaneous posit ion of the a toms O, D 1, O1; S 1, S 2 a r e  the 
instantaneous bond lengths ,  and f32, f23 a r e  unit vec to r s  drawn in the instantaneous plane of the valence  angle 
pe rpend icu la r  to the  instantaneous d i rec t iona l  vec to r s  e 2 and %. 

But as is seen f r o m  Fig.  3, f32 = f23 = f12. Then for  the row e lements  of the ma t r i x  B cor responding  to 
the na tu ra l  coordinate  of the change in angle fo rmed  by the a toms O, D~, O I with the a tom D 1 at the apex,  we 
obtain,  r e spec t i ve l y ,  

f,2 . f tz .  ( f,2 f,2"~ 
S, ' Sz ' -~, + S2 ]" 

Introducing the dimensionless constants S0/S i -- G 1 (S o is the equilibrium bond length in a methane mole- 

cule, equaltol.09/~) instead of the equillbrium distances, we finally obtain 

- -  ftzGl; - -  ftzG2; ft2 (Gl § Gz). 

The express ion  of the na tura l  v ib ra t iona l  coordinates  for  wa te r  molecules  in teract ing according  to the 
s c h e m e  ex t rac ted ,  in t e r m s  of the  d i sp lacement  of a toms  by using the ma t r ix  B, is wri t ten as follows: 

DI Dz O Ca Ot 

qt el 0 - -  et 0 0 
qz 0 ez - -  ez 0 - 0 

qs e,  0 0 0 ~ et 

q~. 0 0 e~. - -  e, t 0 

(x - -  ftzGt - -  fziGl Gl (fiz-~- fai) 0 0 
13t - -  ft~.Gl 0 ftl, Gl-~ IitG3 - -  I . G  3 0 

0 - -  f2,G, fz,G, q- f,zGz - -  f ,zG 3 0 

Y f i z  (Gt q" Gz) 0 - -  flzG l 0 fl2Gz 

In o r d e r  to obtain computat ional  fo rmulas  for  the m a t r i x  e lements  of the k inemat ic  coeff ic ients ,  let  us 
p e r f o r m  the  following opera t ions .  Let  us se l ec t  a row r e f e r r i n g  to the coordinates  whose k inemat ic  in teract ion 
mus t  be de t e rmined  in the  m a t r i x  B, le t  us mult iply the e lements  of these  rows located in columns whose num-  
be r s  a g r e e  with the numbers  of the a toms  which a r e  common for  the coordinate  pa i r s  s e l ec t ed  t e r m  by t e r m ,  
and let  us a l so  mult iply the  products  of the common a toms  by s and let  us add the r e su l t s  (s = m0/mi ,  where  
m i is the m a s s  of a common a tom and m 0 is the spec t roscop ic  m a s s  of the hydrogen a tom,  m 0 = 1.088 a tomic  
units) .  - - " "  

The  magnitude of the angles and the lengths of the chemica l  bonds must  be known in o rde r  to d e t e r m i n e  
the n u m e r i c a l  values  of the k inemat ic  coeff ic ients .  

The na tura l  coordinates  for  an isola ted wa te r  molecule  have been de te rmined  re l iab ly  and a r e  a = 104~ 
SOH = 0.96 A, then G1 = 1.13. 

Taking the length of the hydrogen br idge ROO 2.80 ~ as the a v e r a g e  obse rved  in different  c ry s t a l  hy- 
d r a t e s ,  we obtain SH_ O = 1.84 ~ ,  then G 2 = 0.59. The spacing between the O--Ca a toms  is 2.40 A, then G 3 = 
0.45. 

One of the mos t  impor tan t  s teps  in the de te rmina t ion  of the k inemat ic  coefficients  is the se lect ion of the 
angles /31, t32, f13, /34 for  the hydrogen bonds.  

We examined a plane conf igurat ion for  the  a r r a n g e m e n t  of a t o m - a c c e p t o r s  of the e lec t rons  re la t ive  to 
the oxygen a tom of the wa te r  molecu le ,  and the values  of the angles ~1 and/32 were  taken as 127.75 ~ 

According to [6], the following values  of the fo rce  constants  were  taken in the ini t ial  vers ion  of the c o m -  
putation: Kq,ql  = 12.87.106 cm -2 fo r  the in te rac t ion  of a valence HOHbond with i tself ;  K a a  = 0.9113-106 em -2 

1493 



for  the HOH valence  angle with i tself ;  K ,  ~ =--0.1271.106 cm -2 for  the two valence  bonds; Kc~ =--0 168-106 
2 . I~i2 1 " . 

c m -  for  a va lence  angle with a v a l e n c e ~ o f d ;  KB~ = K ~  = 0.05-106 cm -2 for  the angle of a h y ~ o g e n  bond with 
i t se l f ;  K ~ ,  = K^ o = 0.005.106 cm -2 the interact{o~ of any angles having two o r o n e  common  a toms;  lr~ ~ = 

r c~ p -~-I ~I 3 
0.22"106 cm -2 for a hydrogen bond with itself; Kq~fl = 0.01-106 cm -2 for a valence bond with an angle }or a 
hydrogen bond; K~q3 = 0.003-106 cm -2 for a valence angle with a hydrogen bond, and Kqlq3 = --0.002-106 cm -2 
for a valence with a hydrogen bond. 

Computation of the nonsymmetric complex (Fig. 2a) for these same force constants determined the fre-  
quency at 1250 cm -i. 

However ,  i t  mus t  be noted that  in se lec t ing  the  fo rce  cons tants ,  t he i r  p robabi l i s t i c  mean values g o v e r n -  
ing the energy  of the hydrogen bond to  some  deg ree  were  taken ,  and the magnitude taken for  the  f o r c e  constant  
of the hydrogen bond i t se l f  0.22.106 cm -2 co r responds  to  i ts  energy  of 5 k c a l / m o l e .  

At the s a m e  t i m e ,  the  d i f fe ren t ia l  heat  of water  adsorpt ion by Ca-montmor f l lon i t e  [7] observed  in ex p e r i -  
m e n t s ,  and by hydra ted  s u r f a c e s  of a number  of oxides TIO2, SiO 2 [8] for  sma l l  su r f ace  populat ions,  is a lmos t  
20 k c a l / m o l e .  Such a r i s e  in the  adsorpt ion energy  is ord inar i ly  explained by the in te rac t ion  of a water  m o l e -  
cule with exchange cat ions or  coord ina t ion-unsa tura ted  Si, A1 a toms of the  c ry s t a l  l a t t i ces .  According to [6], 
the fo rce  constant  0.9-106 cm -2 and the fo rce  constant  of the angles  in the bond (according to Fig.  2a these  
angles  a r e  ~t, ~2) 0.06" 106 cm -2 co r re spond  to this binding energy .  The computat ions p e r f o r m e d  for  the f r e -  
quency of the  deformat ion  v ibra t ions  of the  D20 molecule  in a n o n s y m m e t r i c  complex  with new force  constants  
de te rmined  it to  be 1262 cm -1 , which is nea r  that  detected in expe r imen t s .  

As is seen f r o m  Fig.  1, only the f requency 1300 cm -1, specifying the exis tence  of a s soc i a t e s  of the 
wa te r  molecu les  which a r e  coordinated around the exchange cations or  other  ac t ive  su r f ace  cen t e r s ,  is de tec -  
ted in the f i r s t  per iod of dehydrat ion of the  na tura l  f o r m  of montmor i l lon i te  (a change in the humidity f r o m  13 
to 10%) in the IR s p e c t r a  1, 2, 3 in the deformat ion  vibra t ions  region.  

The in terac t ion  d i a g r a m  of an adsorbed D20 molecule  and an exchange cat ion,  a hydroxyl  OD group, and 
the g e n e r a t o r  of hydrogen bonds with the adjacent  wa te r  molecules  a r e  shown in Fig.  2b. 

A computat ion of the D20 deformat ion  v ibra t ions  f requency in such a s y m m e t r i c  complex  for  f o r ce  constants  
cor responding  to  the hydrogen bond energy  5 k c a l / m o l e  de te rmined  it  to be 1300 cm -1 and such a r e su l t  c o r r e s -  
ponds exact ly  to that  detected in expe r imen t s .  

Let  us turn  to the  f requencies  obse rved  in the domain  of va lence  v ibra t ions  of the wa t e r  molecule .  As is 
seen f r o m  Fig.  1, two f r equenc ie s ,  2680 and 2610 cm -1, a r e  detected in the 2500-2700 cm -1 domain in the 
s p e c t r a  1, 2, 3 in the ini t ial  dehydrat ion per iod (humidity change f r o m  13 to 10%). It is logical  to a s s u m e  that  
these  f requenc ies  de t e rmine  the v ibra t ions  of the OD group of the isotopic water  molecule  in s y m m e t r i c  c o m -  
p lexes  s ince  of t he se  s p e c t r a  only one frequency,  1300 cm-~, appea r  in the de fo rmat ion  v ibra t ion  domain.  

The f requenc ies  of the va lence  v ibra t ions  can be computed by means  of (1) under  the condition that  the  
nondiagonal to ta l  in te rac t ion  coeff icients  a r e  sma l l  in absolute  value as compared  with the  d i f ference  between 
the values  of the  diagonal  e lements  ~he tota l  in terac t ion  coeff ic ients) .  

It is easy  to show that  the contribution to  the va lence  v ibra t ions  f requency f r o m  a combination of e l e -  
ments  D k ~ D # k / D ~ _ D ~  in (1) is negligible fo r  the to ta l  in terac t ion  coefficients  Dq~3, Dq4q4, Dqsqs, D ~ a ,  
D~, D~fl. 

But Dqlql = Dq2q2 in a symmetric complex (see Fig. 2b), then the solution (1) acquires the simple form 

vs2 = D+,+, --D+,+,, ~2~ ---- Dq,q, -- D+,+,, (4) 

where  ~s is  the  f requency of the s y m m e t r i c  and Vus of the n o n s y m m e t r i c  v ib ra t ions .  

By va ry ing  s e v e r a l  values of the diagonal  and nondiagonal fo rce  constants  fo r  the f requencies  found in 
the expe r imen t ,  exact  values  of  these  constants  can be de te rmined  f r o m  (4). Thus ,  it turns  out to  equal 12.11. 
106 cm -2 for  a D20 molecule  adsorbed  in a s y m m e t r i c  complex by the na tura l  f o r m  of montmor i l lon i te ,  while 
the nondiagonal fo rce  constant  is Kqiq2 = 0.06-10 e c m  -2. 

The appea rance  of the th i rd  m a x i m u m  2520 cm -1 in the s p e c t r a  4-9  in the 2500-2700-cm - t  band and the 
second m a x i m u m  in the s p e c t r a  3-8 in the 3500-3700-cm - I  band (Fig. 1) as the humidity changes f r o m  7 to 0% 
can be given a foundation by the exis tence  of n o n s y m m e t r i c  complexes ,  i . e . ,  by the in teract ion of a water  mo le -  
cule with an exchange cation,  pa r t i cu la r ly  the Ca cation,  and an oxygen a tom of the  clayey m i n e r a l  su r f ace .  
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It is well  known that  the adsorpt ion of exchange cat ions in montmor i l lon i te  occurs  mainly in negative 
uncompensa ted  cha rges  of the s t r u c t u r a l  cell,  f o r m e d  because  os r e p l a c e m e n t  of the t r iva lent  a l u m i -  
num by ions of lower  valency,  usual ly  magnes ium in oc tahedra l  g r i d s .  The divalent  Ca +2 cation in te rac t s  at 
once with two negat ive charges  located on opposi te  s ides  of the s i l i ca te  l aye r s  coupling the s ingle  water  mo le -  
cules with the vacanc ies  of the t e t r a h e d r a l  g r i d s .  According to [9], the bases  for  hollows in the t e t r a h e d r a l  
g r ids  have a di f ferent  g e o m e t r i c  shape  in di f ferent  ca ses :  a t r i ang le  with s ide 2 l ,  a dt t r igon and a hexagon 
with s ide l ' .  Taking l = l ' = 2.65 ,~ in a f i r s t  approx imat ion  (the usual O--O spacing in S i t e t r ahedra )  and d i s -  
posing the exchange cation and i ts  bound wa te r  molecule  in this g e o m e t r i c  space ,  we eas i ly  see  the i m p o s s i b i l -  
ity of the format ion  of s y m m e t r i c  complexes .  

It should be noted that  the fo rmat ion  of a second m a x i m u m  in the s p e c t r a  4, 5, 6 in the deformat ion  
v ibra t ions  domain (the 1264-cm - t  hand), which governs  the f requency of the deformat ion  vibra t ions  of the  
D20 molecule  in n o n s y m m e t r i c  complexes ,  as has a l r eady  been shown, co r r e sponds  to the originat ion of the 
f requencies  2523 and 3534 cm -~. 

The fo rce  constants  of the OD bonds can a l so  be computed by using (1), but as an ana lys i s  showed, the 
d i f fe rence  in the quanti t ies I Dqlql--D q q I tu rned  out to  be c lose  to  IDqt q Dq q I ,  in absolute  magnitude and,  
hence,  in this ca se  the f requencies  a ~  ~orce constants  were  determined2on t ~  bas i s  of the solution of the 
s imp le  s e c u l a r  equation 

Dq,q, - -  vz D .a  , ! = 0 (5) 
I Dq,r Dq=q= - -  V 2 [ 

with the contr ibution of the diagonal  and nondiagonal to ta l  in terac t ion  coefficients of the o ther  bonds neglected.  

Fo rmu la s  to  compute  the counterphase  Uuf and cophasal  Vsf v ibra t ions  f requencies  of the OD bonds in a 
n o n s y m m e t r i c  complex obtained f r o m  (6)* a r e  the following: 

{1 1 (D,,q,Dq,q __ Dq,q,Dq,q,)],/2} '/2 (6) %1 = (Dq,q, + Dq,~,) + - ~  [(Dq,q, + Dq,q,) 2 - -  4 

%, = (Dq,q, -b Dq,q,)-- -~- [(Dq,q, ,:- Dq,q,) ~ - -  4 (Dq,q,Dq, q, - -  Dq,q,Dq,q,)l 1''2 I/2 , (7) 

where  

Dq,q, = Aq,q,K,1,q, "~ Aq,q, Kq,q, § A,I,=K=q, ; 

Dq,q, = A,la, Kq,q, ~. Aq,q,Kq,q, -~ Aq,=K~, ; 

Dq,q, ---- Aq,q,K~,q,  ~ Aq,q,K~,q,  § Aq,~Kc, a, ; 

Products  of the fo rce  constants  by the k inemat ic  bond coeff ic ients ,  which yield a s l ight  co r r ec t ion ,  were  

not taken into account  in de te rmin ing  the to ta l  in terac t ion  coeff ic ients .  

Values of these  constants  were  found for  the f requencies  found in exper iment  by var ia t ing  s e v e r a l  values  
of the diagonal  and nondiagonal fo rce  cons tants .  Thus ,  KOD 1 = 11.1.106 cm -2, KOD 2 = 11.68-106 cm -2 for  a 
D20 molecule  adsorbed  by the na tura l  f o r m  of montmor i l lon i te .  

It is well  known that  r ep l acemen t  of hydrogen by deu te r ium occurs  in the hydroxyl  groups of the su r f ace  
and in the hydroxyl  groups  located on the s ide faces  in the montmor i l lon i te ,  in addition to the format ion  of heavy-  
wa te r  complexes  during isotopic exchange.  It should be a s sumed  that  the 2680-cm -1 hand r e f e r s  to the hydrox-  
yl groups of'  such f ace s ,  and the 3625-cm -1 hand to the OH groups of the  oc tahedra l  gr ids  of the s i l ica te  l a y e r s .  

As is seen f r o m  Fig.  1, a second m ax imum (the 3530-cm -1 hand) occurs  in the 3500-3700-cm -1 range  in 
the s p e c t r a  4-9.  Its fo rmat ion  is due to the appea rance  of a n o n s y m m e t r i c  complex in the v ibra t ions  spec t r a .  
It can t h e r e f o r e  be cons idered  that the exchange of deu te r ium by hydrogen (as computat ions showed) in the f r ee  
OD bond of the wa te r  molecule  in terac t ing  with an exchange cation and an oxygen a tom of the t e t r ahed ra l  gr id  
occurs  within the t e t r a h e d r a l  vacancies  under  the influence of a high vacuum and t e m p e r a t u r e .  In fact ,  by 
subst i tut ing the value of the coeff icient  Aq2q2 for  the OH bond, which equals 1.068, and for  the fo rce  constants  

*As in Russ ian  o r i g i n ~ I  -- Pub l i sher .  
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11.68.106 cm -2 calculated e a r l i e r  into (6), the value of the counterphase  f requency Vuf = 3530 cm -1 was obtained. 

Changes in the IR spec t r a  of the deutera ted  Na fo rm of montmoriUoni te  during dehydrat ion a r e  r e p r e -  
sented in Fig. 4. 

Because of s t rong absorpt ion of in f ra red  radiat ion by the solid phase skeleton,  the spec t ra  of the de fo r -  
mation vibrat ions of the water  molecule  were  not obtained successful ly  in the 1200-1300-cm -1 range.  At the 
same t ime, only two maxima,  2675 andd 2620 cm -1, specifying the exis tence of adsorbed water  molecules  
in symmet r i c  complexes as fo r  the natural  f o r m ,  a r e  detected in the 2500-2700-cm -1 band in prac t ica l ly  the 
whole range of humidit ies .  The i r  values a re  established by computing the fo rce  constants by means of (4): 

Kq,q, = Kq,q, = 12.13. lO%m -2, Kqzq, = 0.12. lOScm "2. 

As is  seen f rom Fig.  4,  the re  a r e  no bands governing the exis tence of adsorbed water  molecules  in non- 
s y m m e t r i c  complexes  in spec t r a  in the 2500-2700-cm -1 and 3500-3700-cm -1 bands. And this c i rcumstances  
is  due to the pecul iar i t ies  of fastening the ions in the ln te r l aye red  space.  The Na + cation in terac ts  just  with 
one negative charge  of the s t ruc tu ra l  cel l  and does not bind the water  molecule  in the t e t r ahed ra l  vacancy but 
remains  in the monolayer  of the in terpacket  space.  

However ,  fo r  a ve ry  low adsorbed water  content,  the p resence  of Its closed molecules  is always ob- 
se rved  at the t e t r ahed ra l  vacancies ,  as is conf i rmed by the p re sence  of weakly expressed  bands with a 2600- 
cm -I f requency In the spec t r a  5, 6 (Fig. 4). 

A shift in the main bands In the valence  vibrat ions ranges of the OD groups to  the high-frequency side to 
2700 cm -~ is observed in the spec t ra  10-12 (Fig. 1) andi spec t rum 7 (Fig. 4) upon total  dehydration of the min-  
e r a l  sur face .  Such a shift ,  due to  the unloading of the hydroxyl  groups f rom the water  molecules ,  is de te rmined  
by a 1.5% inc rease  in the fo rce  constants of the OD bonds,  and in conformity with [5], a 0.5% l inear  de fo rma-  
tion of the bond, which conf i rms the deduction about the p resence  of deformat ions  in a c rys t a l  la t t ice under the 
influence of adsorbed water ,  es t imated  on the basis of d i f f r ac tomete r  measu remen t s .  

Thus ,  the exper imenta l  spec t rum investigations pe r fo rmed  for  water  in teract ion with clayey minera ls  
with an expanding c rys t a l  la t t ice  during dehydrat ion,  and the computation of the deformation vibrations f requen-  
cies and fo rce  constants of the valence bonds of the w a t e rm o lecu l e s ,  pe rmi t t ed  execution of st i l l  another  s tep 
in a study of the mechanism of the water  s t ruc tu re  format ion on the solid phase sur face  of d i spe r se  sys t ems .  

1 .  

2. 
3. 
4. 

5 .  

6. 
7. 

e 

9. 

LITERATURE C I T E D  

P. P.  Olodovskli,  I n z h . - F i z .  Zh . ,  26, No. 4 (1974). 
P. P.  Olodovskli,  I nzh . -F i z .  Zh . ,  32, No. 3 (1977). 
M. A. El 'yashevich ,  Atomic and Molecular  Spectroscopy [in Russian] ,  F lzmatgiz  (1962). 
M. V. Vol 'kenshtein,  L.  A. Gribov,  M. A. El 'yashevich ,  and B. I. Stepanov, Vibrations of Molecules 
~n Russian] ,  Nauka (1972). 
L. A. Gribov,  Introduction to Molecular  Spectroscopy [in Russian] ,  Naulm (1972). 
G. V. Yukhnevich, Inf rared  Spectroscopy of Water  [in Russian] ,  Nauka (1973). 
Yu. I. Ta ra sev ieh  and F.  D. Ovcharenko,  Adsorption on Clayey Minerals ~n Russian],  Naukova Dumka 
(1975). 
V. F.  Kiselev,  Surface Phenomena in Semiconductors  and Die lec t r ics  [in Russian],  Nauka (1970). 
B. B. Zvyagin, Elec t ron  Diffraction and St ruc tura l  Crystal lography of Clayey Minerals  [in Russian] ,  
Nauka (1964). 

1496 


