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Multicomponent Polyanions

V. A Potentiometric and Polarimetric Study of Borate-Mannitol

Equilibria in 3.0 M Na(ClO,) Medium

LAGE PETTERSSON and INGEGARD ANDERSSON

Department of Inorganic Chemistry, University of Umed, S-901 87 Umed, Sweden

Equilibria between H*, B(OH),;, and D-mannitol (C;H,,0,) have
been studied in 3.0 M Na(ClO,) medium at 25°C by means of poten-
tiometric (glass electrode) and polarimetric measurements. The pH-
range 2—9 has been covered. All data could be explained with the
ternary  complexes  (H)_,(B(OH),)(C,H,0,)7,  (H_,)(B(OH),)-
(CeH1,04)57, (H)—Z(B(OH)a)z(CsHuoe)2_’ and (H)_o(B(OH);),-
(CeH,,0,):>~ and a binary uncharged complex (B(OH),)(CsH,,0,).
The existence of the last complex has been established mainly from
polarimetric measurements.

Data have been analysed using the least squares computer program
LETAGROPVRID. “Best” equilibrium constants obtained from the
potentiometric and polarimetric measurements are collected in
Tables 2 and 3, respectively. ‘“Best’ molar rotations are given in
Table 4.

omplex formation between borate ions and mannitol has long been known.

Most  frequently proposed complexes are (B(OH),)(C.H,,0¢)" and
(B(OH),)(C4H1404), . For the experimental methods used and equilibrium
constants obtained in these previous investigations we refer to Stability
Constants ! (covered up to the end of 1968). The investigations can be divided
into two groups, one assuming solely (B(OH),)(C;H,,04),  and another both
(B(OH),)(CgH10g)~ and (B(OH),)(C4H1404), "

In a recent investigation Knoeck and Taylor 2 have shown that botha 1:1
and 1:2 borate-mannitol complex exist together. They have also discussed
and reevaluated data of previous workers and thereby obtained results con-
sistent with their own.

Although the existence of 1:1 and 1 : 2 borate-mannitol complexes, both
with the charge —1, seems to be well established there are no thorough in-
vestigations covering wide concentration ranges and consequently the models
proposed are restricted to rather narrow concentration ranges. Furthermore,
the existence of possible uncharged and/or polynuclear complexes has not yet
been thoroughly tested.
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1020 PETTERSSON AND ANDERSSON

The need for a thorough study of the borate-mannitol euqilibria has been
expressed (so e.g. in a critical review by Magnusson 3). In order to undertake a
complicated equilibrium study such as the borate-mannitol system presents,
it is necessary to take the following general points into special consideration:

(i) that the system must be considered as a three component system with
equilibria pA 4 ¢B+7C22A,B.C,, where A, B, and C stand for H*, B(OH),,
and mannitol, respectively;

(ii) that the binary equilibria must be determined in separate experiments
before one can obtain the ternary complexes;

(iii) that data must be collected over as wide concentration ranges as
possible; and

(iv) that the experimental data can be adequately mathematically analysed.
Graphical methods and hand calculations are of little use and it is necessary
to use least squares computer methods. It is important that the finally pro-
posed model can be tested directly against the measured quantities to assess
how well or how poorly the proposed model fits the data.

The aim of the present study is to collect suitable data and try to analyse
them in order to obtain a more exact equilibrium model of the system. We will
thereby use experimental and computational methods especially suited for
treating complicated three component equilibria.l®

EXPERIMENTAL

The present study has been carried out in close connection with Parts II ¢ and III®
in this series.

Chemicals and analyses. Solutions of NaClO,, HCIO,, and NaOH were prepared and
analysed as described by Sjoberg® and D-mannitol as in Part I1.* Boric acid solutions
were prepared by dissolving known amount of recrystallized B(OH); (Merck p.a).

Coulometric OH -addition. In titrations with low B concentrations (10 and 20 mM),
OH™ was added by using a coulometer with the following cell-arrangement:

equilibrium 3.0 M NaClO, “ 3.0 M NaCl Ag+

solutions

- Pt-gauze

cathode reaction: HT +e = 1/2 H,(g)
anode reaction: Ag(s) + CI'=AgCl(s) + e~

The coulometer used was either a Metrohm type E 211 or a Leeds and Northrup
coulometric analyzer (catalogue No. 7960).

Methods and apparatus in the emf measurements were essentially the same as described
earlier.®” The measurements were carried out as a series of potentiometric titrations in
3.0 M Na(ClO,) medium. In every titration the total boron concentration, B, and the
total mannitol concentration, O, were kept constant. The free hydrogen ion concentra-
tion, h, was varied by addition of OH™ or H*. The equilibrium concentration of Ht =%
was determined by measuring emf of the cell

Ag, AgCl 3.000 M Na*+ 3.000 M Nat equilibrium glass
2.990 M Cl0,~ 3.000 M C10,~ golutions electrode
0.010 M CI”

Assuming the activity coefficients to be constant the following expression is valid for

the measured emf:
E=E,+59.157 log h+ E; (1)
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Table 1. Experimental data H(log k)gc. For each point the quantities H (in mM), log
h, and 4 are given. The quantity 4 is the residual (Z . —Z) x 1000.

8
~8.787
=8.904

=T.477
=7.844 <1.76
=8.123 73
-8.368 2.28
=B.594 3.97
=-8.812 7.88
BATS 3
B =0,010 C= 0010
H log h a

42 =3.376 .08
o022 =3.656 0,01
«365  1.91
=0.08 =5.421 3.49
“0.28 =6+148 3,39
=0.78 ~6.703 1.17
*1,58 =7.129 2,83
2,28 =7.382 5,15
=2.98 ~T7.594 «6.65
=628 =7.937 -9.1a
~5.48 =8.228 -9,42
“8.449 «9.94
-84699 4,66

Boao0.010 Cso. ozo
H logh
42 =3.376 -o.xs
W22 =3.655 -0.27

8,48 =8.427

SATS 8

B=0.010 C=0.040
logh '
=34369

7 -
'9.67 =8+385 18,95
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SATS 6

B=0,010 C= 0,080
H logh 8
«46 ~3,328 19
222 =3.602 63

=0.58 ~5.038
=1.09 -5.360 +80
=1.80 ~5,638
=2.60 =5.85¢
~3.40 =6.033
~4.60 ~6.277
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H logh
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+79 =3.101
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~1.41 =4,954

=1.52
~2.13

=9.61 =7.059

13.13
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H logh

209 =4.025 .14

10.96

“9.11 =B.694 16434

SATS 9
B=0.020 Cu 0. oos
H logh

068 =3.168 =0.02
227 =3,567 <=0.05
=0,32 ~6+324 43
“1.52 =7.154
=3.12 =7.624

«13,12 =8.978
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B=0.020 C=0.020
H logh 'y

.09
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~0.31 =5.499 .28
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=6,71 =7.370 =5.77
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“13,11 -8.277 ~8.93
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=0.21
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H logh a
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SATS 12
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H log 3
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5
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H logh [

9.33 =2.028 1.06
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=0420 =5.699 «21

1
=8.378
~8.588 5.4
~8.916 Tebl

SATS 14
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H logh
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logh 8
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~8,053 -12.18
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M logh L)
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*2,16 =4.946 2.32
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=36.77 ~7.604 =9.17
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=90,82 =7.999  5.06
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=33.79 =64353 <0.80
=69,62 7,137
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=151.63 =8.315
=192.61 =8+762
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where E, is a constant and E; the liquid junction potential. E, was determined in every
titration in the acid range wLere complex formation with Ht can be neglected.

For the liquid junction potential we have used Ej= —16.3 h+8.0 Kwh™ (mV),
where Kw=6.17x 1071 M2 (the ionic product of water in 3.0 M NaClO,).® From h, cal-
culated by using eqn. (1), and from H, the excess concentration of hydrogen ions over
the zero level B(OH);, mannitol and H,0 one can calculate Z, the average number of
HT bound per B, using the relation:

H—-h+ Kwh™
Z=____E+__w__ ()

Methods and apparatus in the polarimetric measurements were the same as described
in Part IT in this series.* The angle of optical rotation, «, was measured at points with
known H, B, and C, at the five wavelengths: 4, =Na 589 nm, 2,=Hg 578 nm, i;=Hg
546 nm, A,=Hg 436 nm, and 4;=Hg 365 nm. We had no difficulties in obtaining stable
a-values at these wavelengths.

Data treatment. The mathematical analysis of data was made using the least squares
program LETAGROPVRID.® For the emf data the version ETITR ! and for the polari-
metric data the version SPEFQ ' have been used. On treating the emf and the polarimetric
data the error squares sums U= Y (Z.—Z)* and U = 3 (#.q1. —«)* have been minimized,
respectively. The standard deviations are defined and calculated according to Sillén.!%13
The computation has been performed both on CD 3600 (Uppsala) and on CD 3200 (Ume4)
computors.

DATA, CALCULATIONS AND RESULTS

Emf data. Data Z(log h)sc have been collected covering the concentrations
10 mM <B <400 mM, 2.5 mM <C <360 mM; —log % has been varied from
=1.5 to 9.0. All experimental data used in the calculations are collected in
Table 1.

Accurate equilibrium data for Ht —B(OH), (25°C and 3.0 M Na(Cl0,)) has
already been presented by Ingri.l* He reports the following species and forma-
tion constants:

B(OH),” (log p_,,= —8.94); B3O4(OH),” (log f,5= —6.80);
B;04(0H)?~ (log By3= —16.75); B,O5(OH)?~ (log f_ps= —14.89);
B;04(0OH),~ (log f15= —6.79).

Note that the values of the constants given by Ingri are calculated with OH™
as component and they have been recalculated with H* as component using
the ionic product of water in 3.0 M Na(ClO,) medium (log K_= —14.21).8

We have assumed these species and constants to be correct and in the search
for complexes no attempts were made to introduce new species or to refine
the constants.

The LETAGROP calculations were started with data for low B-values
(B=10 and 20 mM; 2.5 <C <320 mM) and gave clear indications for simul-
taneous existence of the two complexes A_;B C and A_;B C, (see Table 2).
The complex A,B,C, will often be referred to as the (p,q,7) species or complex.

We then extended the data range to include higher total concentration
of B and tested this model. However, in this case it was impossible to explain
the data solely with the complexes (—1,1,1) and (- 1,1,2). We found deviations
which indicated the possibility of complexes, polynuclear in boron. In order to
find the composition of these additional complexes we made a pgr-analysis 6
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Fig. 1. Results of a pgr-analysis using data with B=200 and 400 mM. Lowest error
squares sums are plotted as a function of various pr-sets for ¢=2, 3, 4, and 5.

using data for B =200 and 400 mM. The result of the analysis is given in Fig.
1. We see that the lowest error squares sums are obtained for (—2,2,1),
(—3,3,2), (—4,4,2), (—4,4,3), and (—5,5,3). However, the magnitude of the
sums are approximately the same and it is impossible to distinguish between
them. We may however notice that in all these “possible’”’ complexes p/g= —1
and ¢/r always are greater than one.

In the next step in our calculations the data range was extended to include
B=50, 100, 200, and 400 mM and the pgr-search was continued. It was then
found that of the possible complexes, (—2,2,1) gave the lowest error squares
sum and the other complexes could be more or less excluded.

However, the residuals obtained in the calculations still showed systemat-
ic deviations especially at high total boron-mannitol concentrations.
The deviations appeared both in the acidic and the alkaline regions. These
observations would indicate the existence of both an uncharged B(OH),-
mannitol complex and an additional three component complex polynuclear
in boron.

In order to test the possibility of an uncharged complex we made a series
of polarimetric measurements in acidic B(OH),-mannitol solutions, with Z=0.
We thereby found an optical activity, much higher than would be expected
due to the mannitol alone. An equilibrium analysis of a set of optical data (see
below) indicated the existence of an uncharged complex (0,1,1) with log
Bori= —0.14.

By introducing this (0,1,1) complex together with the polynuclear (—2,2,2)
complex into a LETAGROP calculation the observed systematic deviations
disappeared and we could obtain a good explanation of all data assuming
the complexes (0,1,1) (—1,1,1), (—1,1,2), (—2,2,1), and (-—2,2,2). “Best”
constants and standard deviations obtained in the calculations are collected in
Table 2.

Polarimetric data. The only one of the three components possessing optical
activity is mannitol. The molar rotation of mannitol at the wavelengths 589,
578, 546, 436, and 365 nm had earlier been determined (see Part II in this
series 4) and the values are given in Table 4.
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In order to test the possibility of the existence of uncharged complexes
(p=0) the present optical data collecting was started with a series of measure-
ments on acidic B(OH);-mannitol solutions (40 <B <400 and 40<(C <400
mM) with Z=0. The data clearly indicated that at least one uncharged com-
plex must be formed and in a LETAGROP calculation we found that the
complex (0,1,1) with log f= —0.14 could well explain the data (g(x)=0.003°).
Calculations assuming the complex (0,2,2) could not explain data (o(«x)=0.015°).

The polarimetric measurements were then extended to the more alkaline
region (—1 <Z <0), and the following B(C) concentrations (in mM) were stud-
ied: 50 (50,100,400); 200 (100,200,400); 400 (100, 200, 400). The B-concentra-
tions were intentionally kept rather high in the hope of obtaining a distinct
answer to the question of which was the predominant three component com-
plex polynuclear in boron. The analysis of these data was started by testing
the emf models where only one complex polynuclear in boron is present together
with (—1,1,1), (=1,1,2), and (0,1,1). We found that none of these emf models
could explain the optical data. However, a combination of the two polynuclear
complexes (—2,2,1) and (—2,2,2) gave an acceptable explanation of the data
(see Table 3).

In a final calculation the formation constants of (—1,1,1), (—2,2,2), and
(—2,2,1) were varied together with the molar rotations for the optical active
species. The ¢“best”” values of equilibrium constants and molar rotations ob-
tained are collected in Table 3 and 4, respectively.

CONCLUSIONS

The present investigation has strongly established the existence of the
complexes (0,1,1), (—1,1,1), and (—1,1,2). The data also clearly indicate that
polynuclear (in boron) three component complexes must be formed and
that these polynuclear complexes most certainly have the p/q ratio —1.

Since the mononuclear complexes (—1,1,1) and (—1,1,2) also have this
ratio it was found very difficult, especially from emf data, to make a choice
between different models containing polynuclear complexes with this ratio.
However, in this situation the polarimetric data have been of great value. It
was possible to discard a great number of possibilities and it was found that
the most probable polynuclear complexes are (—2,2,1) and (—2,2,2). Another
great advantage with the polarimetric data was that it became possible to
detect the uncharged complex (0,1,1) and to determine its formation constant.
From emf data alone, this determination would certainly have been impossible.

Strengths and concentrations of species in the present system in the pH-
range 3 — 9 are well illustrated at some B, C concentrations by the distribution
diagrams given in Fig. 2, a—c. When the B to C ratio is 1 and B=20 mM
(see Fig. 2a) the main ternary complex is (—1,1,1) but there are also small
amounts of the complexes (—2,2,2), (—1,1,2), and (—2,2,1) present. At the
same B=20 mM but with great mannitol excess C=160 mM (see Fig. 2b),
the (—1,1,2) complex is quite predominating. One may, however, note that
about 20 % of B is bound in the complex (0,1,1) in the acid range. For rather
high total concentrations of B and C and with a small mannitol excess, as

Acta Chem. Scand. 27 (1973) No. 3
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B=20mM C=20 mM

log h .

Bz20mM C=320mM

10 110
£l {-1,1,2) 17
(01,0) |
b
05 {08
i ]
(0,0,1)
r (-11.1)
------ N — 2 L
-8 -6 -4
log h

B=200mM C=320 mM

1.0 110
£ F;
(0,1,0)
F L
(-1,1,2)
05 F_ __ __ {05
L (-2,2,2)
b-——— - (0,1,1)
(-11,1)
) % 3
log h

Fig. 2. Distribution diagrams F; (log h)gc. The quantity F; is defined as the ratio be-
tween boron in a species to total boron. The computer program HALTAFALL *¢ was
used for the calculation with the constants in Table 2, calculation No. 5.
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illustrated in Fig. 2c, the (—1,1,2), (—2,2,2), and (—1,1,1) complexes are all
present in considerable amounts.

In Part IIT of this series® we have made a potentiometric study of
germanate-mannitol equilibria in 0.5 M Na(Cl) medium. In this system the
three ternary complexes (—1,1,1), (—1,1,2), and (-2,2,2) were found with
log f_y1,=—6.46, log f_;,,=—3.94, and log f_,,,= —10.68. Complexes
with these compositions have also been found as main species in the present
investigation. The equilibria in the two systems thus show many similarities
and the reason that the complexes (0,1,1) and (—2,2,1) were not found in
the germanate-mannitol system may simply be that only low total con-
centrations of germanium was studied because of the low solubility of
Ge(OH),.

A comparison of the formation constants for species with the same pgqr-
values in the two systems shows that they are of the same magnitude. A
direct comparison cannot, however, be made since the ionic media were not
the same in the two investigations.
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