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In the h y d r o l y s i s  of o c t a m e t h y l c y c l o t e t r a s i l o x a n e  [(CH3)2SiO] 4 (I) in aqueous  so lu t ions  of weak ac ids  
u n d e r  h e t e r o g e n e o u s  condi t ions ,  a wa te r  molecu le  p a r t i c i p a t e s  in the l imi t ing  step of the ac id -ea t~Jyzed  
c l eavage  of the s i loxane bond by an S N 2 m e c h a n i s m  [1]. 

We w e r e  i n t e r e s t ed  in de t e rm i n i ng  the p r i n c i p l e s  of the a c i d - c a t a l y z e d  h y d r o l y s i s  of (I) unde'r h o m o -  
geneous  condi t ions .  The p r e s e n t  work  is devoted to a study of the k ine t i c s  of the h y d r o l y s i s  of (I) in aqueous  
dioxane so lu t ions  with v a r i o u s  con ten t s  of wa te r  and su l fur ic  acid.  

EXPERIMENTAL 

We used (I) (bp 176~ [(CH3)zSiO]5 (II) (bp I01 ~ 20 tort), and [(CH3)fSiO]e (III) (bp 128% 20 torr). To 
prepare the solutions we used grade very pure H2SO 4 and scintillation grade dioxane. 

The kinetics of the hydrolysis of (1) was studied in aqueous dioxane solutions at 29-80 ~ in the interval 
of H2SO 4 concentrations 10-4-10 -I M. The decrease in (1) in the reaction mixture was determined by the 
method of gas--liquid chromatography according to the height of the peak, as an average of 3-4 measure- 
ments (LKhM-7A, detector katharometer, column with brand INZ-600 carrier, treated with PMS-100 ooly- 
siloxane liquid, carrier gas He, 40-60 ml/min, 120~ The experiments were conducted in thermostatically 
controlled cells. The temperature of the solution was maintained with an accuracy of ~0.i ~ The samples 
were cooled to ~20 ~ and analyzed. Cooling to a constant temperature in the analysis of the samples is 
necessary since dioxane has a large coefficient of expansion. The electric conductivity of an aqueous diox- 
ane solution (10 M HfO) of sulfuric acid was determined on a Radelkis-OH 102/i conductometer. 

DISCUSSION OF RESULTS 

In the acid-catalyzed hydrolysis of (I), an assortment of linear and cyclic oligomers of polydimethyl- 
siloxane can be formed. It is of interest to determine, on the one hand, the composition of the reaction 

T A B L E  1. Equ i l ib r ium Compos i t i on*  of the Reac t ion  
P r o d u c t s  of the H y d r o l y s i s  of (I) in Aqueous  Dioxane 
Solut ions of H2SO 4 as a Funct ion  of the Wate r  Content 

Water con- Water con- (it), 
tent, M (i), % (It), % tent, M (I), % % 

2,54 69 27 1 7,48 I 60 36 
4,93 65 31 ~.0,0 , 56 40 

�9 Average error • 2~ 
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TABLE 2. 
siloxanes in Media of Various Compositions 

Kinetic P a r a m e t e r s  of the Hydrolysis  of Cyclic Organo-  
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products ,  and on the other to determine the influence of components of the solution and tempera ture  on the 
direction of the reaction.  Gas--l iquid chromatographic  analysis  showed that the equilibrium composition of 
the reaction products  is prac t ica l ly  independent of the H2SO 4 concentrat ion and the tempera ture  but var ies  
somewhat with the wate r  - dioxane rat io.  The degree of convers ion of (I) increases  with increasing water con-  
tent in solution (Table 1). The basic react ion product  is the cyclic o l igomer  (II); the content of the r e -  
maining cyclic and l inear o l igomers  does not exceed 4%. In special exper iments  on the investigation of the 
kinet ics  of the convers ion of the cyclic o l igomers  (II) and (III) in aqueous dioxane solutions of H2SO 4 of 
analogous composition, the same equil ibrium composit ion of the react ion products  was obtained as in the 
hydrolys is  of (I). 

In the ac id-ca ta lyzed  hydrolys is  of (i) the main product formed is (II); the p rocess  of conversion of 
(I) can be represen ted  in a f i r s t  approximation as a revers ib le  f i r s t - o r d e r  reaction.  For  a calculation of 
the effective summary  constant (keff) we used two methods. If the react ion reached equilibrium, keff was 
calculated according to the equation for  a revers ib le  f i r s t - o r d e r  reaction; if the react ion proceeded slowly, 
then the Guggenheim method [2] was used for  the calculation of keff. The effective rate constant keff of the 
forward  reaction was calculated ei ther  according to the initial portion of the kinetic curve or  using the 
equil ibrium constant.  The agreement  between keffl, obtained by var ious  methods, is sat isfactory.  The 
activation energ ies  (Table 2) were calculated according to the Arrhentus  equation. For  a calculation of 
the rate constant,  which does not depend on the acid concentration,  it is neces sa ry  to have information on 
the H + ion concentration.  It is known that hydrochlor ic  and nitric acids [3, 4] are  not ent irely dissociated 
in media with a low dielectr ic  constant.  Therefore ,  we were interested in measur ing  the dissociation con-  

stant of H2SO 4. 

Determination of the Dissociat ion Constants of H~SO4 in Aqueous Dioxane Solutions. In solutions with 
a low dielectr ic  constant,  strong e lec t ro ly tes  are associa ted at such concentrat ions of ions as 10 -4 N; the re -  
fore,  the limiting Ostwald dilution law is not accurate ,  and to calculate the dissociation constant of H2SO 4 
f rom data on the e lec t r ic  conductivity we used the method of [3, 5] 

F (z) t C)~Y~:/F (z) (1) 
- ~-~ + go (~0)2 

lgY+ = --6 (/) V'a--C (2) 

~ -  ZoF ( ~ . ~  (a) 

z == 6 (A)V-~--)~/)~/~; F(z)=' /acos ' l / sarccos( - -3-~z)  

TABLE 3. Dependence of the Equivalent Elect r ic  Conductivity, Ac-  
tivity Coefficients, and Concentration Dissociation Constant on the 
H2SO 4 Concentration in Aqueous Dioxane Solution (10 M H20) 

Ix, c~/ 
CH~o4.i~. M ~ .  mole 

i,47 33,5 
4,39 27,0 

t0,4 22,2 
24,3 i8,8 
76,0 i4,6 

I 

Y~ I Kc" 
io 4 M 

0,5581 3,8 
0,395 1 5,3 
0,262 8,0 
0,t_36 t5_,0 

x, cm~/ r~ ~:c" 1~ M 
CHjSO*'I04' ~ - mole 

364 t2,4 -- 
729 t2,2 -- 
73t t2,2 -- 

3,77.t03 9,29 -- 

1 3 9 2  
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Fig. 1. Graphical determination of the thermodynamic  
dissociat ion constant and equivalent e lec t r ic  conductiv-  
ity at infinite dilution for aqueous dtoxane solutions of 

H2SO 4 (I0 M H20). 

Fig. 2. Dependence of the effective rate constant of the 
forward reaction on the acid concentration at 25 ~ in log, 
arithmie coordinates. 

where X is the equivalent electric conductivity, cmZ/~.mole, k 0 is the limiting equivalent electric conductivity at 
infinite dilution, cmZ/~'mole; C is the acid concentration, g-eqAiter; Ka is the thermodynamic'dissocia- 
tion constant; Y+ is the average molar activity coefficient of the electrolyte; 5(A) is the Onsager coeffi- 
cient; ~ is the degree of dissociation of the acid; and 6 (f) is the coefficient in the limiting Debye - HUckel lawo 

The upper limit of the applicability of Eq. (1) is considered to be C = 1.2" I0 -14 (aT) 3 g-eq/liter [3], 
where ~ is the dielectric permeability of the medium. In view of this, it did not seem possible to measure 

the thermodynamic constants of HzSO 4 in all the solutions studied. K a was measured only for an aqueous 
dioxane solution containing 10 M H20. 

The value of X 0 was found by success ive  approximations; the value obtained by approximate ex t rapo-  
lation of the data on e lec t r ic  conductivity (Table 3) was taken as the initial value. In the calculation it was 
assumed that H2SO 4 is dissociated p r imar i ly  according to the f i r s t  step. The data obtained fit welI into the 
coordina tes  of Eq. (1) (Fig. 1), which supports  this hypothesis.  The experimental  data are descr ibed by a 
s t ra ight  line intercepting a segment 1/~ 0 = 2 .1 .10  -2 ~" m o l e / c m  2 on the Y-axis  and possess ing  a slope 
equal to 1/K a. (~0) 2 = 2.16. These values cor respond  to k 0 = 47.5 em2/f2 o mole and K a = 2.1" 10 -4 M. If 
aqueous solutions of acids are considered close to ideal up to a concentration of 1" 10-2-1 �9 10 -1 N, and in  
them all+ = CH+, then in nonaqueous media, especial ly with low dielectr ic  constants,  these values may dif- 
fe r  appreciably.  Then K a = aH+aA-/aHA will differ f rom the concentrat ion dissociat ion constant K C = K a 
�9 (Y2/YHA). Moreover ,  if K a is constant,  then the value of K C va r i e s  within the entire concentrat ion in- 
terval ,  while l imK C - -  K a. F r o m  the data of the e lectr ic  conductivity, using Eq. (2), we calculated 

coo 
Y% (YHA = 1) and K C (see Table 3). 

F r o m  Fig. 2 it is evident that the dependence of k2effl on the acid concentrat ion ts nonlinear. Such a 

variat ion of K2e}ft_ with CHA may be due, in par t icular ,  to the appreciable protonatton of the St--O--S[ bond. 
However,  in aqueous solutions at a H2SO 4 concentrat ion of 55%, no protonated form was detected [1]. it 
would be difficult to expect that in aqueous dioxane solut ions,  containing up to 2.2" l0 -1 M H2SO 4, p ro tona-  
tton would be observed.  To confi rm this, aqueous dioxane solutions of (I) in the presence  of H2SO 4 were 
studied by the PMR method. The absence of a change in the chemical  shift of (I) in the case of m e a s u r e -  
ment in the initial t ime segment is evidence in support of this hypothesis.  Another explanation of the non- 
l inear  relationship of k2e}f~ to the acid concentrat ion is reduced to the fact  that in aqueous dioxane solutions 
the acid is not ent i re ly  dissociated.  Then the nonlinear nature of the dependence of k2e~fl on the H~SO 4 con-  
centrat ion is associa ted with a change in its degree of dissociation. 

It  is known that the react ion proceeds  according to a b imolecular  mechanism [1] 

ktrue ~ ,fBH+ 
~effl = ~ a~,o,~0- l-- ~ (4) 

For  ac id ' ca t a lyzed  react ions ,  it is frequently assumed t ha t fBH+ / f  ~= const. If we assume that in 
the solutions studied h 0 = CH+ , while all20 = CH2 O, then Eq. (4) takes the following fo rm 
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Fig. 3. Dependence of the effective rate constant of the fo r -  
Ward reaction on the H + concentrat ion (for known concent ra-  
tions). 

F i g .  4. Dependence of the concentrat ion dissociat ion con-  
stant on the acid concentration. 

ktrue C C + /BH+ heffl= ~ H,O H /r (S) 

where ktrue is the rate  constant,  which does not depend on the acid concentration; K B is the basici ty con-  
s taat  of the reagent; f B H  + and f ~  are  the activity coefficients of the protonated fo rm and activated complex, 
respect ively .  In this region of CHA, where K C is known to us, we determined the H + concentration: 

CH+ = -- K c  -1- l /  K c ~ -q- 4KcCHA (6) 
2 

�9 o 

As can be seen f r o m  Fig. 3, k2e~ is direct ly proport ional  to CH+, and k t rue /KB can be determined f rom 
the slope. This in turn pe rmi t s  a 1 determination of K C, ~, and Y+ in the region of more  concentrated so-  
lutions. The dependence of K C on C (Fig. 4) is cha rac t e r i zed  by the presence  of a maximum, showing that 
the summary  effect  of weakening of coulombic fo rces  is ex t remely  substantial.  This effect is associated 
with a change in the dimensions of the ions and an increase  in the concentrat ion of the solution, causing an 
increase  in the activity of the acid. Although K C and Y_~ change ra ther  substantially in the concentrat ion 
region f rom 3.8" 10 -4 to 5- 10 -3 M, el r emains  prac t ica l ly  unchanged; thereforej the  slope (see Fig. 2) in 
this concentrat ion region is close to one. At a higher acid concentrat ion,  beginning with 2 .1 .10  -z M it 
becomes  ~0.5. This is due to the fact  that Eq. (6) is simplified to CH+ = 4KcCH2SO 4. 

It is interest ing to note that in solutions with a lower water content the slopes are close to 0.5. Un- 
fortunately it is difficult to compare  the data obtained in different media  on account of the impossibili ty of 
determining K C in aqueous dioxane solutions with water contents of 2.54, 4.93, and 7.48 M. 

The  react ion probably proceeds  according to the following scheme: 

n [(CH3)~Si0] 4 ~ nH0[(CHa)2Si0]~H ~ H0 [(CHz)~Si0]4~H ~ 4n[(CHs)2Si0]~ 

but since the intermediate  steps are  rapid, only the final resul t  of the formation of two rings is visible. 

C O N C L U S I O N S  

1. The kinetics of the hydrolys is  of octamethyleyclote t ras i loxane in aqueous dioxane solutions was 
studied. 

2. In the course  of the hydrolys is  of oct amethylcyclotet ras i loxane,  decamethylcyclopentasi loxane is 
formed,  and with increasing water concentrat ion the equilibrium is shifted toward the formation of deca-  
methylcyclopentasi loxane.  

3. The rate  constants  of the forward  and reve r se  react ions  and the activation energies  of the p ro -  
c e s s e s  were determined.  

4. The dissociat ion constants  of sulfuric acid according to the f i r s t  step were measured  in an aque- 
ous dioxane solution containing 10 M water.  

1 3 9 4  
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