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The  hydrolytic reactioii of beryllium ion was studied a t  25" in a 0.2 mole fraction dioxane-mater mixture (55.009", w/w 
dioxane) containing 3 &I LiC104 as an ioiiic medium. In the range of the total beryllium concentration of 2.5-80 inX, the 
emf data can be explained in terms of the formation of the following complexes: 5 -6.0; Bc20H3-, log 
*PI,* = -3.66 =k 0.05; Be(OH)2, log * p ~ , ~  = -10.84 i 0.1; Be2(OH)22+, log *&,z = -7.1; =t 0.1; Be;j(0H):j3+, log *p:j,.:i = 
-8.75 f 0.03. 

BeOH', log 

Introduction 
The majority of investigations on ionic equilibria 

have been done in aqueous solutions and results ob- 
tained have been discussed quantitatively on the basis 
of the mass action law with reasonable estimation of 
activity factors. In these cases, however, the num- 
bers of water molecules in reactions usually remained in 
the background, despite their important roles in reac- 
tions in which water molecules take part, e.g., ion hy- 
dration and ion Combination involving liberation 
of some water molecules. It is only in recent years that 
water concentration has been taken into account in the 
discussions on dissociation of organic acids in aqueous 
organic mixtures. 

In  a series of aqueous mixed-solvent systems with 
varying compositions of the solvent, water must be 
considered as a reactant in a chemical equation, pro- 
vided that water molecules participate in the ionic 
reaction. Studies on ionic equilibria in mixed solvents 
have been undertaken to elucidate the effect of changes 
in the macroscopic dielectric constant of the solvent 
on ionization. However, interpretation of the varia- 
tion of dissociation constants in terms of the reciprocal 
of the dielectric constant has not always been successful, 
although the dielectric constant might be an important 
factor in ion combination in solution. 

The present study was undertaken to throw more 
light on the contribution of water molecules to ionic re- 
actions in solution through observations of phenomena 
in mixed aqueous organic solvents. In  this connection 
the variation of activity factors of ionic species with 
changing composition of solvents should certainly be 
taken into consideration. Hydrolytic reaction of beryl- 
lium ions in aqueous dioxane was chosen as the first 
topic of the series. 

The hydrolysis of beryllium ions in aqueous solution 
has been studied by many authors, and the historical 
survey has been described by Kakihana and Sillen. * 
Carell and Olinj confirmed the results by Kakihana and 

(1) M. Yasuda, Bull. Chem. SOC. J a p a ? ~ ,  32, 429 (1555). 
(2) J. Koskikallio an'd S. Syrjapalo, Stcomeit Kemistilehli, B37, 120 

(1964). 
(3) D. J. Glover, J .  A m .  Chem. SOL,  87, 5276, 5279 (l9ti5). 
(4) H. Kakihana and L. G. Sillen, Acta  Chent. Scaizd., 10, 985 (1056). 
( 5 )  B. Carell and A. Olin, ibid., 16, 1876 (1961). 

SillCn, ambiguity about the composition of the iliain 
species formed in aqueous solutions seenis to have 
disappeared, and the formation of Be3(0H)23+ is now 
established to be the main reactiomG Problems still 
remain, however, on the structure of the species and 
on the minor components. I n  order to make clear the 
structure of the species in solution, the number of water 
molecules in the species must be knon.n. A six-mem- 
bered ring (I) proposed by Kakihana and SillCn4 for 
Be;l(OH)33+ \vas not based on any evidence of the exist- 
ence of water molecules in the species. 

H20 OH2 ' ' OH2 
,/ 

HO Be 
\ / \  
/ \  H 

Be-0 OH2 

H.0 OH2 
I 

The hydrolytic reaction of beryllium ions may, in 
general, be written as 

Be'' + nHzO = BeiH,O),,'- ( 1 1 7  

q B ~ ( H 2 0 ) ~ ~ ~ -  f V Z ~ ~ ~ H ~ O  = Be,iOH),(H.O),,~:'~'i-I''-. + 
pH(H>O)u+ ( 2 )  

assuming that perchlorate ions do not associate with 
any species. 

In  aqueous dioxane solution, it may reasonably be 
assumed that solvation of dioxane with beryllium or 
hydrolyzed beryllium ions is negligible under condi- 
tions where the concentration of dioxane is not so high 
compared with that of m-ater. Under such conditions, 
the hydrolytic reaction of beryllium ion in the aqueous 
dioxane mixtures may also be written as (2).  

For the sake of simplicity, omitting hydrated watcr 
molecules, (1) and ( 2 )  were rewritten as 

qBe2+ + pH20 = Be,(OH),(?q-n'- + p H +  ( 3 )  

*&,* = [Be,(OH),(?,-p)+][Hf]p/[Be2+]q 

(6) E. Matijevic, J .  Colloid Sci., 20, 322 (1965j. 
(7) The value of n in aqueous solution has been reported to be 4 by means 

of nmr methods by R. E. Connick and I). h-. Fiat ( J .  Che?iz. Phys . ,  39, 1349 
(19ti3)) and by M. Alei, Jr., and J. J. A. Jackson (ibid., 41, 3402 (1964)). 
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Symbols Used in the Text 
Hydrogen ion concentration a t  equilibrium 
Analytical excess of hydrogen ions = 

Total concentration of beryllium 
Concentration of free beryllium ions 
Average number of hydrogen ions set free per beryllium 

Number of OH groups bound t o  hydrolyzed species 
h’umber of Be atoms present in hydrolyzed species 
Average number of p and p, respectively 
Equilibrium constant of the formation of 

Be,(OH),(2n-P)+ 
Ratio of ?, to 4 = p / a .  
Emf 
Concentration 

[C104-] - 2B - [Li+] 

atom = ( h  - H ) / B  

The Method of Measurement 
During a potentiometric titration, B was kept con- 

stant; the studied range of B values was from 0.0025 
to 0,0800 M .  Lithium perchlorate was used as an ionic 
medium in order to keep constant the total ionic equiva- 
lent concentration (3 M ) .  The potentiometric titra- 
tion was performed following two different methods. 
In one way, into a solution, SI, equal volumes of solu- 
tions, TI and TI’, were added; the compositions of 
these solutions were: S1 = B Be(C104)~, EO HC104, 
(3  - 2B - Ho) LiC104; T1 = A LiOH, (3 - A )  LiC104; 
and T1’ = 2B Be(C104)2, X HC104, (3 - 4B - X )  
LiC104. Values of Ho, the initial concentration of acid in 
the solution taken in a titration vessel, were controlled 
to fall in the range between 0.01 and 0.05 M .  Concen- 
tration of the added hydroxide ion was calculated from 
the difference of A and X .  In  the other “ay, hydro- 
lyzed beryllium perchlorate solution (S2) taken in a 
titration vessel was titrated with a perchloric acid solu- 
tion containing the same concentration of beryllium 
(T2). The compositions of the solutions may be writ- 
ten as: S2 = B Be(C10&, A0 LiOH, (3 - 2B - A, )  
LiC104; and Tz = B Be(C104)2, X’ HC104. 

All solutions, unless otherwise noted, were prepared 
with a 0.2 mole fraction dioxane-water mixture 
(55.009% w/w dioxane). The titration was performed 
under an atmosphere of nitrogen, which was free from 
carbon dioxide and was preequilibrated with the sol- 
vent. 

Neither precipitates nor turbidness was noticed a t  
any point of the experiments and a stable emf was estab- 
lished within 10 min after the addition of the titrants 
and remained unchanged for a t  least 5 hr within the ac- 
curacy of + 0.1 mv. Furthermore, as shown in Figure 1, 
the reaction was reversible. 

The hydrogen ion concentration was measured by 
means of the cell 

( - )GE [solution 1 Ref( + ) (A)  

where GE denotes a glass electrode and Ref the refer- 
ence half-cell (B) 

(B) 3.000 M LiC104 in 0.2’2.990 M LiC104 apd AgC1-Ag 
mole fraction aqueous 0.010 M AgC104 in 
dioxane aqueous solution 

The emf of cell A can be written (at 25’) 

E = Eo‘ - 59.15 log h - 59.15 hgfH + Ej(h,B) (4) 

where Eo’ is a constant and h is the hydrogen ion con- 
centration a t  equilibrium. fH represents the activity 
factor of H+. The standard state is defined so that  f H ,  

as well as the activity factors of the other reacting 
species, tends to unity as the composition of the solu- 
tion approaches to 3 M LiC104 in the 0.2 mole fraction 
aqueous dioxane. Ej (h ,B)  denotes the liquid junction 
potential a t  the junction, solution13 M LiC104 in the 
0.2 mole fraction aqueous dioxane. The liquid junc- 
tion potential a t  the other junction? 3 M LiC104 in 
aqueous dioxanej2.99 M LiC104, 0.01 M AgCIOl in 
aqueous solution, can be assumed to be constant 
throughout a series of titrations. 

In such a case where the total ionic concentration, B ,  
and the solvent composition were kept constant, a con- 
stant fH may reasonably be assumed. Then (4) may 
be rewritten 

E = Eo - 59.15 log h + Ej(h,L3) (5 )  
where 

Eo = Eo’ - 59.15 log fn 

From emf measurements of the cell 
GElh H + ,  (3.000 - h )  Li+, 3.000 M C104-IRef (C)  

a t  various h, the total concentration of HC104, Ej(h,O) 
= -8.3h mv was obtained. Supplementary emf meas- 
urements were carried out mith the cell 
GEl& H + ,  B Be2+, (3.000 - 223 - Ho)Li+, 3.000 MClO4-[Ref 

( D )  

a t  various B ,  Ho being kept constant, and Ej(0.2176, 
B )  = 12.3B mv was found a t  HO = 0.2176 M. Thus 
Ej (h ,B)  is assumed to be expressed in the formula 

By means of density measurements using a pycnom- 
eter, no volume change was found within an accuracy of 
experiments where (3 - Ho) LiC104, HO HC104 solu- 
tion was mixed with (1.5 - 0.5H0) Be(C10‘Jn, Ho HC104 
solution a t  Ho = 0.2176 M .  It may be concluded from 
this result that  an appreciable volume change does 
not occur during a titration. 

Experimental Details 

Ej (h ,B)  = -8.3h + 12.3B. 

Reagents and Analysis. Beryllium perchlorate was prepared 
as follows. Beryllium oxide (Johnson Matthey Co. Ltd. ,  9970 
purity) was heated for several hours with excess perchloric acid, 
nitrogen gas being passed through the slurry. Residual beryllium 
oxide was filtered off with a glass filter and beryllium perchlorate 
was recrystallized three times from water. Beryllium ion con- 
centration of the stock solution was determined as Be0 after 
ignition of beryllium hydroxide a t  about 1 1 0 0 O  .s Perchlorate 
ion concentration of the stock solution was determined by the ion- 
exchange method, and approximate hydrogen ion concentration of 
the solution was calculated as [C104-] - 2B. The corrected value 
of the hydrogen ion concentration of the solution was determined 
by titration with a standard lithium hydroxide solution. The end 
point was located by means of the Gran plot.g LTeither chloride 
nor iron(II1) was detected. 

Lithium hydroxide solution was prepared by electrolysis of 
lithium perchlorate solution. About 3 M lithium perchlorate 

(8) W. W. Scott, “Standard Method of Chemical Analysis,” Vol. 1, 5th 

(9) G. Gran, Analysl, 77, 661 (1952). 
ed, D. Van Nostrand Co. Inc., New York, N. Y., 1939, p 139. 
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aqueous solution with a slight excess of perchloric acid was taken 
in a polyethylene bottle and electrolyzed at about 30 ma with 
platinum-foil electrodes. The polyethylene bottle was connected 
with an anode chamber by a bridge containing LiClOa. h-itro- 
gen gas was bubbled continuously in the solution during the 
electrolysis. About 0.12 If lithium hydroxide solution was ob- 
tained. The concentration of hydroxide ion was determined by 
means of titration with standard perchloric acid using a broino- 
cresol green-methyl red mixed indicator. The concentration of 
lithium in the solution was determined by adding H a S O ,  to the 
lithium hydroxide-lithium perchlorate solution, fuming off 
HClOa, and weighing as the sulfate. The difference of total litli- 
ium and [OH-] was estimated as [C104-]. 

The concentration of hydroxide in 0.2 mole fraction aqueous 
dioxane was determined by titrating with standard HClOd 
when each test solution was prepared. The concentration of 
hydroxide was around 0.05 M. 

Perchloric acid of reagent grade was used in order to prepare 
perchloric acid solution. The solution was standardized with 
potassium hydrogen carbonate using the mixed indicator. 

All stock solutions were analyzed on the scale of moles per 
gram of solution, so that the amount of water in the solution was 
given as the difference of the total weight of the solution and the 
weight of the solutes in the solution. 

Lithium perchlorate mas prepared as described by Biedermann 
and Ciavatta.'O The lithium perchlorate was dried a t  about 
200" and stored in a glass bottle. The crystals were again dried 
at 200' for about 2 days just before preparing a test solution. 
No detectable amount of chloride was found with the silver nitrate 
test. 

The amount of protolytic impurities in 3 31 LiClO4 in 0.2 mole 
fraction aqueous dioxane was estimated using 5,5-diethylbar- 
bituric acid as a reference substance.l1 The total amount 01 
protolytic impurities of 45 pLd1 concentration and the apparent 
dissociation constant of the impurities of pK = 4.5 were evalu- 
ated. 

Dioxane of reagent grade was refluxed for 8 hr with 10% HC1 
solution, a stream of nitrogen being passed through the mixture. 
Pellets of potassium hydroxide were added. The upper layer 
of dioxane was decanted, refluxed over freshly cut metallic 
sodium in an  atmosphere of nitrogen, and distilled over sodium 
through a 70-cm column with glass pieces. The distilled diox- 
ane was stored over sodium in a dark bottle filled with nitrogen 
gas. Freshly distilled dioxane was used to prepare test solu- 
tions. 

Water was redistilled from alkaline permanganate solution. 
Silver perchlorate solution was prepared from HC10; and Xg2- 

COa which was precipitated from AgKOa solution with NaaCOs. 
The Ag,COa precipitate was repeatedly washed by decantation 
until no Sa+ could be detected with a flame test. The concen- 
tration of silver ion in the silver perchlorate solution was deter- 
mined gravimetrically, silver chloride being dried a t  about 120'. 

Potassium hydrogen carbonate was recrystallized twice from 
water and stored in a desiccator over silica gel in an atmosphcrc of 
carbon dioxide. 

Apparatus. Glass Electrodes.-Beckman (No.  40498) 
and Radiometer (G 202 C)  glass electrodes vxre used. S o  essen- 
tial difference was found in the electrodes. 

Silver-silver chloride electrodes were preparcd according to 
Brown.lz 

The "Wilhelm" type of half-cell described by Forsling, Hieta- 
nen, and was set for emf measurements. 

A Radiometer PHM-4d (Copenhagen) calibrated against a 
P-1 potentiometer (Yokogawa Electric Works, Ltd., Tokyo) was 
used. 

(10) G. Biedermann and L. Ciavatta, A d a  Cheni. S c a d . ,  15, 1347 (1961); 

(11) (a) G. Biedermann, I,. Newman, and H. Ohtaki, to he published; (b) 

(12) A. S. Brown, J. Am. Chem. Aoc., 66 ,  646 (1934). 
(13) W. Forsling, S .  Hietanen, and L. G. Sillen, Acto  C'hern Scaiid., 6,  001 

(1952). 

A i k h  Kemi, 22,  253 (1964). 

H. Ohtaki, H. Kato, and K .  Kunda, Bull. Chem. Soc. J ~ p o i z ,  in press. 

All titrations were performed at 23.00 i 0.01" in a parafin 
oil thermostat, which was placed in a room thermostatcd at 25 I 
lo. 

Evaluation of the Composition and the 
Stability Constants of Hydrolysis Products 

LTalues of Z and log h a t  each series of B are sum- 
marized in Table I and represented graphically in 
Figure 1. The results in the present Tvork are corrected 
for protolytic impurities which existed in solution. 

Calculation of b and Qualitative Consideration on 
the Compositon of the Hydrolysis Products 

Concentration of free beryllium ion, b ,  xyas calcu- 
using the equa- lated by the method described by 

tions 

B = b + CCq*,8p,&nh-a ( 6 )  

BZ = CCp*pp,*bW~ ( 7 )  

P 4  

$ 4  

ahere L3, h, and 2 nere determined experimentally. 
A parameter 12 defined in (9) LTas calculated by (10) 
a t  constant B ,  and then b was obtained using (11). 

B R = b + S  (9) 

In 2, = In B + R + Z d l n h  = 

Integration 17-as carried out 11 ith intervals of 0.1 log i z  
unit assuming 

The average number of p and p are denoted as Z, and 
q, respectively, and estimated as 

Z, = BZ/(l?R - b )  

= ( B  - b ) / ( B R  - b )  
(12) 

g 
and then 

v = p / p  (13) 

n-as calculated. 
Values of v plotted against -log h a t  various 3 are 

shonn in Figure 2. Variation of Z, and is visualized 
in Figure 3 as a plot of 4 LIS .  2q - 3. according to Duns- 
more, Hietanen, and Sil14n.15 From the figure some 
qualitative considerations may be made on the com- 
position of the species formed. At B 2 0.01 M where 
only lorn Z values were obtained, the presence of 1 : I, 
1 : 2, and 3 : 3 complexes is anticipated. In the region of 

(14) I,. G. Sillen, i b i d . ,  15, 1081 (1061). 
(12) H. S. Uunsniore, S. Hietanen, and I<, G. Sillen, ibid., 17, 36.14 (1963). 
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TABLE I 
SUMMARY OF THE EXPERIMENTAL RESULTS FOR Z AND -LOG h AT VARIOUS B 

B - O . O R O O ~ I  (Back t i t r a t i o n ) :  - log  h, Z; 
2.230, 0.0C261; 2.358, 0.00363; 2.428, 0.00359; 2.484, 0.0060o; 

2.544, 0.00874; 2.617, 0.0114 ; 2.690, 0.0149 ; 2.749, 0.0198 ; 
2.835, 0.0282 ; 2.948, 0.0442 ; 3.028, 0.0635 ; 3.079, 0,0800 ; 
3.141, 0.103 ; 3.165, 0.1244 ; 3.226, 0.1456 
3.298, 0.l8g3 ; 3.331, 0.21l8 ; 3.363, 0.2343 
3.418, 0.2805 ; 3.440, 0.2946 ; j.47E, 0.3281 
(Back t i t a r a t i o n ) :  
2.265, 0.0026 ; 2.558, 0.00889; 2.854, 0.0321 
3.158, 0.1067 ; 3.243, 0.14a3 ; 5.315, 0.1913 

3.432, 0.28l3 ; 3.493, 0.3278 i 3.5499 0.3758 

3.665, 0.4752 * 

5 

5 

= 0.0400M (Back t i t r a t i o n ) :  -log h, 2; 
2.407, 0.00'155; 2.478, 0.00250; 2.566, 0.0031, 

2.784, 0.0093.; 2.896, 0.0165 ; 3.023,  0.0251' 

3.266, 0.1673 ; 

3.395, 0.2573 
3.506, 0.3522 

3.043, 0.0672 

3.606, 0.4250 
3.378, OS2356 

2.668, 0.00585 
3.194, 0.0510 

3.246, 0.0664'; 3.290, 0.0022 ; 
3.501, 0.1868 ; 3.579, 0.2427 ; 
5.738, 0.3825 ; 3.789, 0.424, ; 
3.948, 0.558, ; 4.009, O.C0F5 ; 
(Back t i t r a t i o n ) :  
2.933, 0.0166 ; 3.226, 0.0624 ; 
1.557, 0.2296 ; 3.626, 0.2956 ; 
3.902, 0.5333 ; 3.997, 0.6055 ; 

2 = D.0200bI (Forward t i t r a t i o n ) :  
2.717, 0.00850; 2.884, 0.P9899; 
3.347, 0.0410 ; 3.4"7, 0.0535 ; 
3.691, 0.1818 ; 3.770, 0.2427 ; 
3.966, 0.4125 ; 4.025, 0.4632 ; 
4.184, 0.:9Y2 ; 4.227, 0.6262 ; 
(Back t i t r a t i o n ) :  
2.758, 0.00230; 3.158, 0.0159 ; 

3.934, 0.3F.79 ; 4.998, 0.5099 ; 

3.381, 0.1154 ; 3.413, 0.1?13~ ; 
3.648, 0.3009 ; 

4.044, 0.6295 ; 

5.364, 0.1165 ; 

4.052, 0.644 

3.694, 0.34l1 ; 

4.085, 0.6537 ; 

3 . 4 6 4 ,  0.1748 ; 

3.838, o . m l  ; 3.890, 0.512~ ; 

3.703, 0.365, ; 3.?74, 0.428? i 

7 '  
-1cg h,  2; 

3.090, 0.0158 ; 3.280, 0.0315 ; 
3.481. 0.0778 ; 3.599, O.I2S7 ; 
3.844, 0.3061 ; 3.912, 0.3622 ; 
4.07f. 0.508, ; 4.134, 0.5538 ; 
4.272, 0.655,, . 
3.555; 0.0970 ; 3.767, 0.2292 ; 
4.233, 0.61e7 ; 4.295, 0.655,, . 

t I 

Figure 1.-2, average number of OH- bound per beryllium 
atom, as a function of -log h. Circles denote experimental points 
obtained by forward titrations, and squares, by back titrations. 
Drawn curves were calculated with the final values of the stability 
constants given in Table 111. 

1.5 

I 

0.5 I 
2 3 4 5 6 

- l o g  h 

Figure 2.-Plot of v = p / g  against -log h a t  various B. 

2 = 0.0100M (Forward t i t r a t i o n ) :  - log a, 2;  
2.688, 0.00363; 2.791, 0.0030,; 2.911, 0.0052,; 3.063, 0.00919; 

5.270, 0.0154 ; 3.478, 0.0329 ; 3.623, 0.0598 ; 3.719, 0.0913 ; 
3.789, 0.1234 ; 3.843, 0.1556 ; 3.932, 0.2189 ; 4.007, 0.279, ; 
4.076, 0.536, ; 4.134, 0.592, ; 4.193, 0.445> 
4.371, 0.543; ; 4.370, 0.588, ; 4.426, 0.633; 
4.621, 0.755, ; 4.744, 0.81l1 ; 4.876, 0.8636 

5.199, 0.9452 ; 5.368, 0.9758 
(Back t i t r a t i o n ) :  
3.606, 0.0557 ; 3.853,'0.1551 ; 4.012, 0.2646 

4.272, 0.499, ; 4.429, 0.62j0 ; 4.632, 0.7507 
5.244, 0.9503 . 
2 = O.OO5OOY (Forward t i t r a t i o n ) :  -log b, 2: 
2.735. 0.0042,; 3.035. 0.0064,,; 3.312, 0.0067, 

4.254, 0.4956 ; 
4.524, 0.696 

5.053, 0.9131 i 
3 '  

4.132, 0.3807 ; 
4.952, 0.8823 ; 

3.471, 0.0196 ; 
4.049, 0.173, ; 3.667, 0.03fi8 ; 3.910, 0.100 3 ; 3.987, 0.1364' 

4.107, 0.209, ; 4.193, 0.283, 4.274, 0.356, ; 4.313, 0.391; ; 
Y 

4.389, 0.4601 ; 4.457, 0.52D3 

4.712, 0.72j0 ; 4.818, 0.7846 

5.085, 0.9031 ; 5.170, 0 .9P3 
(Back t i t r a t i o n ) :  
3.780, 0.0585 ; 4.039, 0.1575 
4.426, 0.48g5 ; 4.565, O.6OB0 
5.227, 0.9485 . 
2 = 0 .00250~ (Forward t i t r a t i o n  
3.036, 0.0036,; 3.187, 0.0117 

4.539, 0.594; ; 
4.940, 0.8447 ; 
5.283, 0.9603 ; 

1.166, 0.2508 ; 
4.730, 0.7349 ; 

4.617, 0.659; ; 
5.008, 0.8742 ; 
5.403, 0.9886 . 
4.298, 0.3700 ; 
4.948, 0.850, ; 

: - log  h, g; 
3.435, 0.0130 ; 3.806, 0.0374 ; 

4.122, 0.1122 ; 4.281, 0.2087 ; 4.397, 0 . j l j 2  ; 4.506, 0.406' .. 5 '  
4.602, 0.504j ; 4.708, 0.601% ; 4.832, 0.6960 ; 4.967, 0.7888,; 
5.057, 0.8445 ; 5.160, 0.899, ; 5.292, 0.9530 . 
(Back t i t r a t i o n ) :  
3.699, 0.0442 ; 4.129, 0.1250 ; 4.332, 0.2586 ; 4.489, 0.39F2 ; 
4.645, 0.535, ; 5.026,. O.e27., ; ..5.369, 0.977, . 4.C12, 0.6802 ; 

0 I 2 3 
P i - p  

Figure 3.-Average composition of the complexes shown with 
Direction of an arrow 

Symbols are the same as those 
the scale of p plotted against 2p - p .  
corresponds to the increase in Z.  
in Figure 2. 

lower B,  the formation of 2 : 2 and 2 : 1 complexes seems 
appreciable a t  high 2. 

A plot of log B vs. log h gave additional evidence for 
the presence of the 3 : 3  complex as the main species. 
At B 2 0.01 M and Z < 0.6, straight lines with a slope 
1.5 fitted well with experimental results. This can be 
explained only in terms of the formation of the species 
having a composition formulated as Be(Re(OH)l.S)n. 
Since v was found to be 1.00 f 0.05 a t  4.5 < -log h 
< 5.5, n must be 2 ,  thus B ~ S ( O H ) ~ ~ +  (Figure 2 ) .  

Exclusion of the 3 :  1 complex may be reasonable, 
because f i  approaches 2 passing through a maximum a t  
5 = 2.2-2.5, while decreases to a value apparently 
lower than 2. Consequently, i t  can be concluded that  
the 2 :  1 complex is the final product and the 3 :  1 com- 
plex may not be appreciably present a t  the highest 2 
studied. 
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On the basis of the consideration described above, the 
data will be treated to determine the stability constants 
of the 3 : 3,  1 : 1, 1 : 2 , 2  : 2 ,  and 2 : 1 complexes. The other 
species could not be detected within the accuracy of the 
experiments, as will be described in a later section. 

Determination of the Stability Constants 
of the Complexes 

The stability constant of the main species, Be3- 
(OH)33+, was first determined. Since the concentra- 
tion of minor components is small in the region of B 2 
0.01 M and Z 2 0.6, the following equations can be 
derived with a good approximation 

Eliminating b ,  (15) is obtained 

1 3 
2 2 

log v = -log z - -log (1 - 2) 

3 
2 

= log p + log B + -log h (15) 

Since plots of 2 as a function of (log B - 3/2 log h)  
should give a single curve independent of B, the plot 
nas  compared ui th  the theoretical curve of Z vs. log v 
for a fit. The difference on the log u and (log B - 3/2 

log h)  axes in this position gives log /3 which leads to 
log (eq 16). The value of the equilibrium con- 
stant nas  found to be: log *,B3,3 = -8.70 i 0.04. 
In the region where Z is very lowl., a small deviation is 

obvious, which is certainly caused by the presence of 
1: 1 and 1 : 2  complexes. Taking into account these 
species, Tve get 

and substitution and rearrangement lead to 

A plot of (BZ - 3*P3,3b3h-3)/(bh-1) vs. b, which was 
calculated with (ll), will give the values of and 

as the intercept and the slope of the straight line, 
respectively. The values obtained were 

log *@],I 5 - G . O  

log *pl,z = -3. 60 + 0 . 1  

At B < 0.01 J4and Z > 0.6, a large deviation occurred 
from the theoretical curves drawn assuming only the 
3 : 3 complex. The deviation may be explained in terms 
of the formation of 2 : 2  and 2 : l  complexes and some 
others. The presence of the 2 :2  and 2 : l  complexes 
mas postulated from Figure 3. The sum of the con- 
centrations of the additional complexes being denoted 

as 6 ,  the following equation was derived for determining 
the stability constants of the 2 : 2 and 2 : 1 complexes 

BZ = b + 3*p3,3bahk3 + 2*@z,zb2h-2 + 2*/3z,lbh-2 + 6 

(19 
From a plot of log l(SZ - 3*&363h-3)/Zbh-2] us. log b, 
the following values were found 

log *pz,z = -?.1 k 0 . 1  

log *pz,1 = -10.8 =t 0 .1  

6 = 0  

Therefore, i t  was concluded that the species of Bez- 
(OH)22+ and Be(0H)z are important in this pH region 
and the other complexes are not present in detectable 
amounts within the accuracy of experiments. 

Finally the data have been treated by the generalized 
least-squares method with a help of an electronic com- 
puter HITAC 5020 in order to  make the error square 
sum (I/' = (Z - Zcalod)2) minimum for the set of stabil- 
ity constants: *PI,I, *P1,2 ,  *p2,ll *&,z, and * P w  Zcalod 

denotes the value Z&d = ~ ~ p * p , , , b q h - p / B  for a par- 

ticular set of the constants, The values of stabil- 
ity constants chosen and error square sum calculated 
are listed in Table 11. Neglect of gave rise to only a 
slightly larger error square sum than that of the five 
constants, so the existence of BeOH+ was not con- 
clusive. However, neglect of the formation of the 2 : 2  
complex, ;.e., the use of only three constants, *PI,*,  

and *p3,3, gave a rather large error square sum. 
The conclusion we may draw is that  the present data 
are certainly better explained with the set of * ~ I , z ,  

*pz,z, and *pa,3 than with the set of *pl,z, *,&,I, 

and For *p1,1 only a probable maximum value 
may be given. The final values of the constants are 
given in Table I11 together with values obtained by 
graphical methods and by previous workers. 4 ~ 5 ,  lG 

P n  

TABLE 11 
I~ESCLTS OF CALCULATIOK OF ERROR SQCARE Suhr 

107*plJ 104*p1,2 1010*p*,* 108'lpZ,* 109"p3,a 102L' 

9 .84 2.19 1.44 7.02 1.76 1.749 
0.00 2.29 1.48 7.65 1.75 1.808 
0.00 3.47 1.56 0.00 2.34 3.990 

Discussion 
In the work by Kakihana and SillCn4 and Carell and 

O h 5  the formations of Be3(0H)33+, Be20H3+, and Be- 
(OH)z were reported in aqueous solutions. Recently, 
Hietanen and SillCnlG have refined their results with a 
LETAGROP VRID program and reported, besides these 
species, the formation of the BeOHf complex with the 
stability constant of log 

The present work, though performed in a very dif- 
ferent solvent system from the earlier work, gave 
results which agreed with the previous ones4,5,1fi for not 
only the composition of the species but also the values 
of the stability constant of the complex, although varia- 

< -6.1 (see Table 111). 

(16) S. Hietanen and L. G. Sill&, Acta Chem. Scaizd., 18, 101.5 (1084). 
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TABLE I11 
THE EQUILIBRIUM CONSTANTS O F  THE HYDROLYTIC REACTIONS OF BERYLLIUM ION 

--Present woi-k---- 
Equil const Kef 4 Kef 6 Kef 16 Graphical HITAC 5020 Final value 

log * P 1 , 1  . . .  . . .  ( -6 .1  5 - 6 . 0  -6.01 3 ~ 0 . 1 0  5 - 6 . 0  
log -3 .24 1 0 . 0 2  - 3 . 2 2 f  0.05 - 3 . 2 2 i 0 . 0 3  - 3 . 6 0 f O . l  - 3 . 6 G ~ k 0 . 0 3  - 3 . 6 6 3 ~ 0 ~ 1 0  
log * /33 ,3  - 8 . 6 G i  0.03 - 8 . 6 G i 0 . 0 3  - 8 . 6 6 4 i 0 . 0 0 7  - 8 . 7 0 ~ t 0 . 0 4  - 8 . 7 5 i 0 . 0 1  -8 7 5 3 ~ 0 . 0 4  
log * P Z , Z  . . .  . . .  . . .  -7.1 rk 0 . 1  - 7 . 1 5 i 0 . 0 5  -7,1532 0 . 1  
log *PZ,l -10.9 f 0 . 2  . . .  - 1 0 . 8 7 f 0 . 0 4  - 1 0 . 8 f O . 1  - 1 0 . 8 4 f O . 0 5  -10.84 i z O . 1  

tion of ionic activity factors with solvent composition 
still remains uncertain. 

The Be2(0HjZ2+ complex has not been found by the 
authors quoted above, but some workers have reported 
the existence of this s p e c i e ~ . ~ ~ . ~ *  Gilbert and Garrettl8 
have studied the complex formation by solubility meas- 
urements or, in other words, a t  the highest Z region. 
In  the present work, the formation of the complex in 
question becomes more important a t  higher pH region. 

In order to discuss v7hy the values of the stability 
constants (especially that  of the 3 : 3  complex) in very 
different solvent systems (or in media of very different 
macroscopic dielectric constant) agree and how water 

(17) M. Prytz, Z. Anovg. Allgem. Chem., 180, 355 (1929); 197, 103 (19311, 

(18) R. A. Gilbeit and A. B. Garrett,  J. A m .  Chew. Soc., 78, 5501 (1956). 
281, 238 (1937). 

molecules participate in the formation of the complexes, 
i t  is necessary to know results in other systems of dif- 
ferent composition of aqueous dioxane with the same 
ionic medium and to estimate the variation of ionic 
activity factors with composition of the solvent. These 
studies are in progress in our laboratory and results 
will be presented in the subsequent papers of this series. 
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It is shown that the orange-brown compound previously formulated as K4Ki(NOL)6 is a monohydrate. This has been de- 
hydrated but the spectral properties of the red product suggest that  the anion is then of the form N ~ ( N O Z ) ~ ( O N O ) ~ ~ - .  The 
compounds [ (CH3)4N]hTi(N02)3 and CslMn(NOz)6 have been prepared, and the electronic and infrared spectra of these and 
also Cs3Ni(ri02)5 are reported. The pentanitrite complexes contain both nitrogen- and oxygen-bonded nitrite groups, and 
possible structures are suggested. The trinitrite complex appears to be polymeric with Ni-N(0)O-Ni bridges. 

Introduction 
Complexes with anions of the type M(N02)sn-, where 

M is a first-row transition metal ion, have been long 
known. From extensive X-ray diffraction studies 
Ferrari and his co-workers found' that most of these 
compounds have similar structures, in which the six 
nitrite groups coordinate to M through nitrogen. 
However, much less is known about anions of stoichi- 
ometry M(N02),n- where x < 6. We report here the 
preparation of Cs8Mn(N02)S and [(CHJdN]Ni(N02)3, 
the results of spectral studies on these and the com- 
pound CssNi(N02)5, and also an unexpected observa- 
tion concerning the compound previously formu- 
lated as K4Ni(N02)6.2-4 

(1) A. Ferrari, L. Cavalca, and M. Nardelli, Gaze. Chim. I t d ,  81, 982 

(2) A.  Ferrari, L. Cavalca, and M. h-ardelli, ibid., 81, 945 (1951). 
(3) M. Le Postollec and J:P. Mathieu, Combl. Rend. ,  264, 1800 (1962). 
(4) 14. Le Postollec, J.-.P. Mathieu, and H. Poulet, J .  Chim. Phys., 60,  

(1951), and references therein. 

1319 (1963). 

Experimental Section 
Preparations. K4Ni(NOz)F.Hz0.-This orange-brown com- 

pound was obtained by adding a concentrated, aqueous solution 
of nickel bromide to an excess of a saturated, aqueous solution 
of potassium nitrite and was dried for several days in vacuo over 
Pz06. Anal. Calcd for K4Ni(NOz)e.HzO: K, 30.71; Ni, 
11.53; NOz-, 54.24. Found: K,  30.99; Ni, 11.49; XOa-, 
53.93. 

K4Ni(N02)6.-This hygroscopic, red compound was obtained 
by heating the monohydrate a t  100" for several hours. Weight 
loss: calcd, 3.94; found, 4.00yo;,. Anal. Calcd for K4Ni- 
(h'Oz)e: Ni, 11.95; NOZ-, 56.19. Found: Xi, 11.86; NOz-, 
55.85. 

CssNi(NO&.-Aqueous solutions of nickel nitrite and cesium 
nitrite were mixed in 1 :3  molar ratio, filtered, and allowed to  
stand over HzS04. After several days dark red crystals formed, 
and these were washed with a little ice-cold water and dried 
in vacuo (5% yield). Anal. Calcd for CS~PUT~(NO~)~: Ni, 8.54; 
NOz-, 33.46. Found: Ni, 8.57; NO2-, 33.16. 

C S ~ M ~ ( N O ~ ) ~ . - - A  methanolic solution of manganese(I1) ni- 
trite, prepared from manganese(I1) bromide and excess silver 
nitrite, was added to one of excess cesium nitrite ( 5 : l  molar 


