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Data were collected by potentiometric titrations at 25°C, using
glass electrodes. The titrations yielded 420 experimental points.
The concentration ranges used: 0.4<[Cd**] ;<14 M, 0.002<
[H,Asc);1<0.08 M and —6.6<log [H*]< —1.0 M, where H,Asc=
ascorbic acid.

In acid solutions, where —4.5<log h< —1.0, our data indicate
the main species to be H,Asc, HAsc™ and CdHAsc™t.

In neutral solutions, where —6.5<log A< —4.5, the most
important species seem to be HAsc™, CdHAsc", Cd,Asctt, and
Cd,Asc,, We also found evidence for CdjAsc,OH*, Cd,Asc,,
and Cd;Asc,OH™ (cf. part 1II), The least squares program LETAGROP
was used to select and refine the final equilibrium model. In Table
& are given the “best’’ values of the equilibrium constants.

In connexion with our studies on the system Cd2**—HAsc —H™ in the
concentration interval 0.00125<B<0.2 M, and 0.005<C <0.2 M in part
II1 2 we have now investigated the same system at higher cadmium concentra-
tions. We were interested to know, e.g., if Cd,Asc, is important at high cadmium
concentrations and if any species with two Cd?* is formed. The equilibria
studied can be written:

pH™* (k) +¢Cd?* (b) + rHAsc™(c)=H,B,C,(c,,,) (1)

SYMBOLS

The notations H, B, C, stand for the reactants H*, Cd?* and HAsc™.
Total concentrations are written H, B, C, and the free concentrations &, b, c.
H=the excess (analytical) concentration of H* over Cd?*, H,0, and HAsc™.
Z =the average number of H* bound per C. Z,=the average number of
C bound per B. Z*=2Z corrected for the hydrolysis of Cd2*.
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C’noB =c+ ZT[H CnoBZnoB - EP[H C,], noC = b + ZQ[Meq(OH)»]
00 Dnoe = Ep[ eq(O Vol (V,E)= volume and emf measured. A complete list
of symbols is given in part I1.2

EXPERIMENTAL

Chemicals and analyses. Solutions of NaClO,, HCIO,, NaOH, L-ascorbic acid and
NaCl were prepared and analysed as in part I and part III.?

Cd(Cl0,), was prepared and analysed as in part III.* The a.nalyses for Cd*t+ were
mostly carried out as electrolyses in a KCN solution.

Apparatus. Saltbridge, electrodes, potentiometer and thermostat have been described
in part IT 2 and part TII.2

Notes on the emf measurements. The construction of the measuring cell and the proce-
dure of mixing solutions were described in part IL.2 In this article the glass electrode is
written as -+ pole.

In the experiments, we used 4 different glass electrodes picked out from 5 Beckman
41260 electrodes.

The emf became stable within 5 min, except for the most basic points, where we
often had to wait 30 min to get stable emf values.

Titrations with C=0.002 M and B=0.4 M gave stable emf values only for log h
> —4.5.

Figs. 1 and 2 show that the reproducibility is very good.The reversibility of the equilibria
was checked by back titrations.
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Fig. 1. Z (=the average number of H* bound per C) a¢ a function of log k. The full

curves are normalized functions [V/(1+ V)](log V) corresponding to log B, =4.36

and log f,,=0.41. Back titrations are marked with filled symbols. The dashed line
corresponds to the Z-curve for ascorbic acid when Cd(II) is absent.

SURVEY OF EXPERIMENTAL DATA

For each titration we have calculated E, and corrected H, or H.. using the
computer program TRAVE? as descrlbed in part II2 The primary data
(V,E)pc have then been transformed to (H,h)sc (Table 1 a) and Z(log h)sc
(Figs. 1 and 2). h=[H*] was calculated from E =emf measured (eqn. 2).
H has been obtained from eqn. (3 a). From analyses we know the total con-
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Fig. 2. Z* (=the average number of HY
bound per C) as a function of log h.
The full curves have been calculated using
HALTAFALL® and the constants in
Table 5. Filled symbols represent back
titrations. The dashed line corresponds to
1 L ! i A the Z-curve for ascorbic acid when Cd(II)
-60 =80 lgh is absent.

centrations in the buret solution=H,, B;, C; and in the first starting equilib-
rium solution=H,, B, C,. Z was calculated from eqn. (4). For the graphical
treatment we use Z*, obtained by introducing a small correction for Cd,(OH),
in Z (eqn. (8)). H_,, can be calculated from the general eqns. (5 a—¢), and then
Z . from eqn. (4).

E=E,+59.155 log h+E, E;=—-17h (2)
H=(V Hy+ VH)[(V+ V) (3 a)
B=B,=B, (3b)
C=0y=0; (20)
Z=(H-h+K,1)C (4)
H =h+ 2, b (5a)
B=b-+ 3B, b’ (5b)
O =c+ 3rphrbic (5¢)
Z*=7Z-B,.Z,./C (6)

o K h1=[0H"]=0.
bz Zyoc= 3 pcpqo/(b+ 2 Cpga); cpqo—ﬁpqohpbq Bpoc=B and b=B.

TREATMENT OF DATA

In this study we could not neglect the hydrolysis of Cd(II). We used the
equilibrium constants given by Biedermann and Ciavatta ® (within parentheses
is given 10g .05 Bpgo=[H,BJh7b7):

CdOH*(—10.2 + 0.1); Cd,OH3*(—9.10 + 0.05); Cd,(OH),*+(—31.8+0.1) (7)

We first studied the range —4.5 <log A < —1.0, where we, as a first guess,
assumed the complexes to be of the general form B,C, (Fig. 1) In the range
—6.5<log b < —4.5 we also have complexes H,,B C with p <0, indicated
by the fact that Z* <0, (Fig. 2). At first, the two ranges of log & were treated
separately, using normalized curves 3 and the MESAK method.%!® Data
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Table 1 a. Experimental data (computer output from LETAGROP). For each point in
a titration (=‘Sats”) are given V=the volume of the buret solution with total con-
centrations H, By, and Cr, added to V, ml of a solution with total concentrations H,,
B,, and C,; E (=“EA”); log [HT] (=“LOG A”); H (=“ATOT”) and (H.—H)10°
(=“DATOT”). H,. was calculated, using the equilibrium constants in Table 5, for
B=04 M and for B>0.4 M the following constants: log B;,,=4.34, log f,,=0.37,
log Bis = — 5.48, log = —17.19, log B, = — 23.35, log ;= — 13.91, log By, = — 21.02.
The systematic errors 6H and the final values of K, are given in Table 1 b.

2 4 15.650 203.70  -2.424 23,04 0.08
SATS 1 Veswnof, 16,400 196,80  =2.541 22.18  0.12
v EACHY) LOGA ATOTEMM) DATor 17.070 188.90  -2.674 21,26 €.07
04090 211.40 .2.222 7.97  0.04 17,960 177.70 -2.804 20,08  0.09
04940 209.20 -2.259 7.48 =0.00 184860 1856.10  <3.060 18.93  0.12
2.820 204.80 2,334 6459 194820 155.10 =3.2406 17.76  0.16
4.420  200.70 ~2.403 5492 20.780 145,46 =3.440 16,62  0.12
34980 196.40 ~2.47¢ 5.31 22.040 135.30  -3.38% 15.20 0.09
7.600 191.80 -2.554 4,74 23,540 125.50  -3.747 13.59  0.06
9.240 186060 ~2.642 4.21 25.120 116470 =3.895 11,99 0.02
10,660 181.40 =2.730 3.78 27.120 106.80 4,003 10.09 =0.03
12.180 175.30 -2.833 3.36 29.260 97,20  -4.225 8.20 =0.04
13.960 167.00 =2.974 2.90 31,360  87.90 -4.382 6,47 =0.04
2.02 33,200  79.10 ~4,531 5,01 =0.03
2.43 35,020 70420  -4,082 3,73 =0.03
2.17 30.580  61.60 -4.827 2.05  0.04
1.97 38,060  52.2¢0 -4.986 1.07  0.03
1.77 39,720 40,10  -=5.190 0.63  0.05
1.57 43,400 27,90 -3,397 <0.38  0.10
137 42,880 18.60 -5.554 1,23 0.12
1.4 44,020 10.26  ~5.6906 “2.49  0.08
0495 46.580 3.30 -3.812 =342 =0.06
0.75 49,100 2,70 -5.914 -4.46 =0.20
53,100  +9.60  ~6.031 “6.43 =0.37
ATOTLM 564100 =15.70  -8.134 -8.32 =0.32
0ot 84,120 -21.90  =6.238 -10.49 =0.24
0.26 704140 =27.70  -6.336 <12.40 =0.22
031 76,140 =32.80  -6.423 -14.99 =0.09
0,38 SATS 5 vae 00t
G.a7 v EACHY) ATOT(MM) DATY
0,54 0.000 =-31.30 -15.65 0.85
0.63 04690 <=23.60 “12.98 0.50
0.7 1.300 =17.00 -10.71  0.40
0.80 14900 =10.90 -8.36 0.3
0.49 2.500  ~4.90 ~6.50 0.18
0.98 3.100 2.00 -4.30 0.12
1,09 3.750  12.30 -2.43  0.09
1419 4,250 24.50 -0.88 <=0.01
3.16 4,760 42.50 0,65 =0.07
3.34 50260 39,90 2.14 =0.01
352 5.760  73.60 3.52  0.34
3.70 6.310 41.20 5,04 =0.30
3.47 64910 90.90 0.63 =0.32
4.09 7.610 101.30 8.44 =0.19
4,31 8.510 112460 10406 *0.17
4,55 9,060 127,30 13.35 =0.03
4.89 104770 142410 15.60 =0.03
3.34 11,870 138.9) 18430 <0.17
~2.421 5,77 12,770 1764806 19,89 ~0.46
~2.374 6.20 13.370  188.50 21,05 ~0416
-2,332 6.02 14,020 199.49 22.47 -0.11
15,520 215.10 24,94 =0.47
LOGA ATOT(MM) DAYST 19,020 232.90 30,54 ~0.47
~1.691 30,32  0.08 23.540 245.70 36470 0.3
“1.729 28.02 0.02 28.520 252.80 42,38 =0.06
26,04 ~0.00 334530 257.50 47,49 “0.28
23.02  0.02 SATS 6 Weedael
20.v5 0.00 v [LYLIA] ATOTCMN) DAL
16,00 0.01 0.000 288.30 119,65 - 04
13.51 =0.0% 1.140 285.80 111.99  0.01
11,90 0.04 2.480 282.80 103.07  0+03
10.92  0.03 4,000 279.00 Q4,71 =0.1%
10.36  0.04 273.90 84,48 “0.04
9.70  0.03 267,70 74,03 0403
9.03  0.0% 253.80 0.07
8.34 0.008 237.70 -0.02
7.64  0.03 217.80 «0.00
6,80 0.03 201.80 ~9.01
6.10  0.03 187.20 0413
5.43  0.03 0,00
4,81 =0.01 «0.05
-4.275 3.87 <-0.08 0.23
4,374 3,33 -0.0¢ 0.08
~4,43%90 2,49 =0.06 0.04
-4.587 2,29 =0.0% “0.42
~4.709 1.79 =0.05 “0.44
-4.870 1.2 =0.03 “0.36
0.74 =0.02 “0.31
0.34  0.00 «0.02
0.06 0.02 0.18
~0.21  0.03 0.6
=0.52 0,04 0.32
-0.83  0.06 ~0.04
-1.14  0.05 -0.02
~1.44  0.00 -0.10
“1.81  0.05 “0.19
-2.17  0.03 13.30 “0.18
-2.69 =0.00 6400 -0.40
60,120 -16.20 <3.37 ~0.07 000 209
754120 -22.10 ~4.20 -0.42 -6480 0413
82.140 -27.70  -6.362 =5.07 0.7 -14.90 “0.11
SATS 4 Yexd00t -21.80  -6.363 -0.23
v EAHY) LOGA ATOTUMN) DATeT -28.20 - 1 ~0.02
0.000 262.20  -1.425 57.40  0.14 -34.80  =6.583 -37.38 0.%9
10360 238.60  -1.487 52.47  0.04 Vo= 30.01
34760 253.20 -1.580 45.30 ~0.09 EACMY) LOGA ATOT(MN) DATOT
3.600 248.60  «1.650 41,72 0.1 -42.30 -6.387 -33.08 =0.26
7.680 242,40 “1.760 37.09 =0.03 -38.30 ~6.320 «29.09 =0.868
99060 235.10 =1.890 32450 0.48 *34.50 60209 =23.39 =0.86
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Table la. Continued.

24320 =25.10

-21.55 -0.76 30,460 7,80
3.508  -17.90 -16.94 =0.3% 537
$.060  -9.30 -11.32 =0.32 3,45
60250 ~2.30 27.35 0404 i
7.41¢ 7.00 ~3.73  0.40 0,74
8.330  17.80 -1.02 049 «0,34
9.140 29.70 1,27 0434 1,26
9.820  39.70 3.11 0.20 e2.12
10,50 48,80 4,92 0.1% 322
11,320 .57.20 8,97 0,12 26,40
12.690  60.80 10.26  0.15 3,66
14,080 78.20 13.38  0.20 5,84% 27,08
15,680 87,00 16,75  0.12 “5.938 20072
21,59 0.28 -6,058 01091
27,23 0.33 6,160 12,89
32.50 0,34
~2.840 38.92 0.2 ATOT(MV) DATY
75,70 -N.91
-2.402 43.08  0.03 531161 -M.22
~2.083 47,86 =0.01 41,91 ~Ne39
-1.737 58,11 0,04 37,46 -0.%4
“1.474 73.56 =0.06 32,95 -NeAl
-1.333 86.45 ~0.07 -fa79
~1.203 102.30 0.01 TS
-1.111 117,10 0.29 0, T4
-1.018 135,40 0.4 -0.60
-0, 2%
ATOT(MM) DAY feld
202.22 ~0.84 0u12
.19
(%))
~na28
-n.26
L34
1.7
1.12
Ned?
nesl
ce18
«13,80 N7
519,10 ce23
321,60 .47
=26 -6,520 40,75 1.0
A 1Y
LOGA ATOT(MM) DATIT
-1,283 71,82 r.2%
1,316 -N,23
Nale
1A
~0.13
N4
004
-48,8%  1.17 RSP
~56.93  0.04 IS
624350 =0.34 5819
«07.73 ~0.80 nYT
-72.59 =0.38 aly
“77.45  0.29 am
~81.46  1.30 -aty2
. “n,25
ATOT(MH) DAMW PN
0,32 -1.08% Thona
-1,6% o~
=ne? -n.03
AN <A
-font RS
-CeM o
~any TS
Nl -ran3
fenl nenY
0.1 218
oent fo2n
ety ads
Plin 0e06
I -2.02
L ) 2
nan2
AgN?
naAL 823.06
Ny N1 ATOT(MM)
=ren 370,83 oA
<henl 566,46 =n,65
=0l 262,10 -n.19
="en2 356,03 r.Te
~hel 547,68 N.5Y
fenl $39,30 1413
=011 331,36 1.3
9,92 223,34 110
“NeM

IYOY§NH) DAYer
60,39 rein
43,38 G
44,22

28,160 120,60

38,000 279,70 114,84
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Table 1a. Continued.

40,300 283,10 =1,398 120,02 -r.39 . . R
43,600 286150 1,330 125175 “el2n R S S S HE
47,100 .289,70 1,283 131,93 -r,c8 22,830 200,60 -z'au 74':.7 Z1l6a
30,100 291,80 .1,247 136,77 -0i28 Jie e au Wi
[ T 142,84 .2 27,960 165,70 -3,407 54,72 ~C.76
58,820 296,70 »1,160 148,98 r.ne 32,960 153129 “31618 44l87 -c.md
64,120 298,70 -1,125 155,29 -c.34 Joioes i35 o3tens S0ty Thier
s":" ‘s'f(m L06A ATOT(MM) DATOT 40,560 118,80 -4,200 18,98 -0,537
0,000 317,70 0,791 241,33 0.3 43,090 10,70 .4,489 9,04 -0.65
. i h . ae 69,550 84,70 a4.776 2,30 -f.30
1,530 314,70 .0,347 222:36  -n. 5 FAE I O B Jidr e
T BT B it
350 309,20 a0 192035 oo 02,120 57110 .5.243 95 1l
’ ¢ shids 192,35 -n.00 $8,120 8110 o5.344 27,25 2.4
3,400 307,10 0,527 162,33 .53 EEL N T T I LD A 27,25 241
7,020 303,20  .1,058 167,98 -0.%6 AR AL ' 831, 233
0,250 300,20 1,111 157,90 -r.s8 Tiesd 43,70 5,489 36,48 Boan
9,450 297,10 -1,368 148,67 -0.69 6,750 37,10 -clsmy 4304 2u4
10,950 292,90 -11240 137,90 -0ues sy lane dan B30t 2es
13,500 284,20 1,392 121,29 1013 $0:000  d5tne  a.e 3.6 0.2
26,830 266,90 -1,656 102,31 -0.9% ' ' 83, 1.49

'able 1 b. For each titration are given: the total concentrations, K, estimated from a few acid points, the final
alue of E; and JH obtained in the refinement of the equilibrium model (from LETAGROP). Concentrations
are in M and emf values in mV.

itration E(from acid E,+ 30 103(0H + 30)

No. B C H, Hy points) (refined)
1 0.4  0.002 0.00797  —0.00801  342.9 2342.9+0.2 © —0.01+0.01 ® —0.01+0.02
2 0.4  0.002 0.00023 0.01088  342.4 342.64+0.3  —0.024+0.02 —0.03+0.02
3 0.4  0.010 0.03032  —0.01800  348.7 348.6+ 0.2 0.02+0.04 —0.01+0.07
4 0.4 . 0.020 0.05736  —0.0423 347.2 347.140.2 400 +0.1  —0.1 +0.2
5 0.4 0.020 —0.01579 0.1033 350.7 350.8+ 0.8 0.2 +0.3  +0.0 +0.2
6 0.4  0.040 0.1195 —0.0898 354.7 354.6+ 0.2 0.2 +0.2 —0.1 +0.3
7 0.4 0.040 —0.0317 0.1094 335.6 335.6+03 —0.3 +04 —0.2 +0.5
8 0.4  0.080 0.2345 —0.2186 354.8 355.0404 —0.1 +06 —0.5 +0.5
9 0.7  0.002 0.00025 0.01210 348.4 %348.4+03 ? 0.05+0.02

10 0.7 0.020 0.06040  —0.04400  353.5 353.44+0.2 —0.1 +0.1

1 0.7  0.040 0.0755 —0.1006 358.7 359.56+ 1.5 0.2 +0.7

12 1.2 0.020 0.07185  —0.056812  368.4 368.4+0.2 +0.0 +0.2

13 1.2 0.080 —0.0709 0.2611 366.5 366.4+04 —0.1 +0.6

14 14 0.080 0.2406 —0.1463 367.4 367.24 0.4 0.7 +1.0

% Values obtained, using data with B=0.4 M and the constants in Table 5.

® Values from caloulations, using all data giving also log S, =4.34, log f,,,=0.37, log B, = —5.48, log
w= —17.19,log Bis,= —23.35, log B3,,= — 13.91, and log f;;,= — 21.02. For B= 0.4 M, E, differed only <0.1
1V from those given under a.

from the two ranges were then treated together by the least squares program
LETAGROP,1,? using the primary data (V,E)pc directly, minimizing
2(Zeare— Z)? (cf. eqns. (2) - (5)).

Graphical treatment of datain therange
—4.5<logh <-1.0

Z*(log h)pc for different C-values coincide, as long as. B is constant.
The shape of Z*(log h)sc is the same as for a monobasic acid. Curves for
different B-values are approximately parallel for log h<< — 3.5 (Fig. 1).

Acta Chem. Scand. 25 (1971) No. 3
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1. The values of r indicated by the curves Z*(log h)pc. We make use of the
self medium and consider first each B-value separately, writing the complexes
formally H,C,. From eqn. (6) in this article and eqns. (4), (5 a), (7 a), (7 ¢)
and (8 a) in part I 2 we obtain

Z*= ’gopﬂpq'h?ch'/ (c+ ’zo'rﬂﬂ,hf’ch') (8 a)

Z* is independent of C only if r =1 (if ¢ cannot be neglected). As seen in Fig. 1,
Z*(log h)pc for different C-values gives a single curve indicating that r=1
for the main complexes.

2. The values of q. Normalized curves fitted to Z*(log h)sc. Determination of
By, If We assume cadmium complexes of the form B,C, (p=0) and use the
information that r=1 we get

Z* =[H,Asc]/([(HzAsc] + [HAsc™] + CdHAsc™ + Cd,HAsc3* +...) (8b)
Eqn. (8 b) can be written

Z* = B13,h/(1 + B F(B) + pyyh); F(B)= %ﬂwlBrl (8¢)
Eqn. (8 ¢) can be normalized to
Z*=V|[(1+ V), where V=[8,5/(1 +B F(B))]h (8d)

The normalized function [V/(1+ V)](log V) could be fitted to the experi-
mental curves Z*(log k)sc (Fig. 1). From the translation log V —log h=log
[Biny/(1+ B F(B)] of each curve in Fig. 1 to the “best” fit we calculated
F(B) using log B4, =4.360:

F(B)=0.41 + 0.05 independent of B, thus ¢g=1 (cf. (8 ¢)). The predominat-
ing complex is CdHAsct with

log By =0.41 £ 0.05 (8e)
L2 BM CM :
o8l " aa 04 0002
a 0.4 0010 :
vo 04 0020 of®
eo 04 0040 g
x 04 0080 . o
' ° 07 0002 @ of
0.01 - o 07 0020 Jo
® 07 0040 on}
+ 12 0020 4
= 12 0080 40
o 14 0.080 i
n \
;. .0.00
L i

-40 -30 log [HAs¢)
Fig. 3. Zq,g (=the average number of C bound per B) as a function of ¢=[HAsc™].
The full curve is the normalized function [z/(1 + z)](log «) corresponding to log §,,, = 0.40.
. - Filled symbols represent back titrations.
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3. The value of q, r and B, obtained using Zcip (log ¢)p,c. It is possible to
calculate Zcz and c¢=[HAsc™] if we assume B,C, complexes only, i.e. p=0.
The average number of H* bound per C in the complexes = Z'yc is then zero.
From eqns. (12) and (9a) in part II? we can calculate Z,, and Cpy
(ByyoZpoo=0). Zcip can then be obtained from eqn. (9 ¢), and ¢ from eqn.
(6 a).

In Fig. 3 can be seen that Zc; (log[HAsc ])pc coincide for different
values of B indicating that ¢=1.

If we assume that CdHAsc* is the only complex, then:

Zcip= Po1s¢/(1 + Bonsc), ¢ =[HAsc™] (81)

The experimental points could be fitted with the normalized function
[#/(1+=)](log %), x= B¢ (Fig. 3) giving:

log fp11=0.40+0.05 (8g)

Graphical treatment of dataintherange
—6.6<logh <—4.5

In Fig. 2 are shown the data for B=0.4 M. The complexes can formally
be written H,C, (B in the medium).2 The curves for different C-values coincide
for log h> —5.2. This indicates r=1. ’

We applied the MESAK 90 method (Figs. 4 a and b). This indicated that
complexes with p= —1, and r=1 predominate for log 2> —5.4, that is
Cd,Asc. For log A < —5.4 complexes with higher ¢- and r-values also seem
to be present.

For log h> —5.4 we assumed one complex with p=—1, and r=1, thus
(0d,Asc. The value of Q can be determined from a comparison between different
media (¢f. part II 2).

1. Use of normalized functions to determine @ and Big1 for CdyAsc (Fig. 5).
Assuming one basic complex Cd,Asc, we obtain:

4 O B-=040M L
B C=002M ;
O B=040M
3t - 3k O B=0.40M
C=004M C=002M
og 0 B=040M
2 2k C-004M
88g
Lol ] | 1 10y |
-65 -60 -55 logh -65 -60 -65 log h

Fig. 4 a. p (=the average number of H*
bound per complex excluding CdHAsc™)
as a function of log h. Experimental values
obtained by the MESAK °® method are
marked with O and []. Theoretical values,
calculated by HALTAFALL,* are repre-
sented by solid curves (equilibrium con-
stants from Table 5).
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Fig. 4 b. 7 (=the average number of HAsc™
bound per complex excluding CdHAsc™)
as a function of log k. Experimental values
obtained by the MESAK ®* method are
marked with O and []. Theoretical values,
calculated by HALTAFALL,* are re-
presented by solid curves (equilibrium
constants from Table 5).
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| o]
o N : 00° 940
-5 00055= Fl ooooeeitp.
3+ 3+
°.B O B=0.0M
O B=040M O Iy
2} c-002M 2| o g g%::
O B-0.40M by
C-004M C-00iM
1+ | L 1_J 1 |
-65 -60 55 logh -6S ) 55 logh

Fig. 4 c. 7’ (=the average number of H

Fig. 4d.7 (=the average number of HAsc™
bound per complex, excluding CdHAsc*

bound d[mr complex, excluding CdHAsct
and Cd,Asc’’) as a function of log A. and Cd,Asc*’) as a function of log h.
Experimental values obtained by the Experimental values obtained by the
MESAK® method are marked with O MESAK?® method are marked with O

and []. Theoretical values, calculated
by HALTAFALL,* are represented by
solid lines (equilibrium constants from

and [7]. Theoretical values, calculated by
HALTAFALL," are represented by solid
lines (equilibrium constants from Table 5).

Table 5).

Z* = ([HyAsc] — [Cd,Asc])/([(HgAsc] + [HAsc ] + [CdHAsct] + [Cd,Asc]) (9 a)
which can be written

Z* = (Bynh — BirxB? K7)[(1+ Bk + PounB + PicnB® B7) (9b)
Eqn. (9 b) can be normalized to

Z*=(V-RV)[1+V+RV); V=[i/(1+B Bon,) ]k

R = B0 i1 B/ (1 + Bfyy, )? (9¢)

The normalized function [(V—-RVY)/(1+ V +RVY)](log V) was fitted to the
curves in Fig. 5. From the “best” fit we got values of R, using log f,,,=0.41,

»*
z BM CM
44 04 0002
0.4 0010
04 wv 0.4 0020
€0 0.4 0040

X 0.4 0080

e 0.7 0002
© 0.7 0020
@ 0.7 0040
+ 1.2 0020

s 12 0080

- o 1.4 0080

0.2}

(J

! | 1 | 4
-5.0 =40 log h

Fig. 5. Z* (=the average number of H bound per C) as a function of log k. The solid
curves are normalized functions [(V—-RV7)/(1+V+RV™)] (log V), corresponding
to log fin= —5.44.
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and log f,4 = 4.36. From R, log Bij; or log fiz were calculated, thus assuming
@ =1 or 2 (Table 2). Since iz, 1s independent of B, the data are best described
by (121) with the formation constant

log Bizn= —5.44+0.10 (94d)

2. Average composition of complexes H B,C, with higher values of p, ¢ and r.
The average values of p and  in Figs. 4 a and b, obtained by the MESAK 9,10

Table 2. Values of the shape parameter R and the formation constants f;,, and S,
calculated assuming one complex CdyAsc with p <0 to be present, using log 8,,=0.41,
and log B,,=4.36.

B R log fin log fia
04 M 0.003 -5.8, —b4,
0.7M 0.005 —5.64 —5.4,
1.2M 0.007 -5.3, — 5.4,
14 M 0.008 —-6.2, ~5.3¢

method, indicate that at least one more complex with > 1 is present in the
solution. This is also indicated by the fact that the curves in Fig. 2 do not
coincide.

We calculated new values of 7 and 7, now with Cd,Asc** subtracted. As
seen in Figs. 4 ¢ and d, these values indicate complexes with r=3 or 4 and,
roughly, —p=r.

Selection of a set of complexes, giving the best fit
with the data by LETAGROP calculations

The data for B=0.4 M were used to select a set of complexes giving ‘‘best’’
fit with these data, choosing ¢=r, since ¢ cannot be determined, while B is
kept constant (¢f. note on the Self medium method in part II2%). We tried
various combinations, starting with (101)+ (011)+ (121)+ (333). Low values
of U and ¢(Z) were obtained for combinations:

(101) + (011) + (121) + (4Q,4) + a more basic complex (P,Q,R;) (10 a)
We determined Q,, P,, @, and R, by calculations on each medium separately,
combined with comparisons of log f,,-values obtained from the different

media. As seen in Table 3, the lowest U- and ¢(Z)-values and the best constancy
of log fig,4 and log Bp,,z, Were obtained by (10 b):

(101) + (011) + (121) + (244) + (554) (10 b)

We added (333) and (433) as given in part ITI 3 of this series. U and ¢(Z) came
out slightly lower than for (10 b). The same values of fz4 and f554 were obtained
within 3¢ (Tables 3 and 5). Thus by adding (333) and (433) we get:

(101) + (011) + (121) + (333) + (433) + (344) + (554) (10 ¢)

From the medium with B=0.4 M we have chosen 121 points and used the
“SPECIES SELECTOR” in LETAGROP  to systematically try adding new

Acta Chem. Scand. 25 (1971) No. 3
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Table 3. LETAGROP!!? calculations minimizing U,=3 (Z .~ Z):. Log B,,,=4.37, log B,,=0.41, log

Bisi= — 6.46, log Bi,(= —10.2, log Bi,,= — 9.1, and log B;,,= — 31.8 were not varied. For the last two columns

we use log ﬁpQR—log Bprrt— Q log B. See Ref. 2, note on the Self medium method. For example, log B;;,=log
ﬂuu"‘ (6—4) log B.

Number
B of points Ux10* (6Z) log fu,t30 (log Bport3a) (PQR) log Bpgr+log B log Bpgr—1log B

0.4 239 307 00114 —17.14+0.07 —16.54+0.00 (322) —16.14 —16.94
222 0.0097 —17.04+0.05 —23.26+0.07 (422) —22.86 —23.66
228 0.0099 —17.16+0.07 —20.16+0.09 (433) —19.76 —20.56
206  0.0093 —17.02%+0.05 —26.93+0.07 (533) —26.53 —27.33
203 0.0093 —17.12+0.07 —23.78+0.08 (544) —23.38 —24.18
214 0.0095 —17.01+0.05 —30.61+0.08 (644) —30.21 —31.01
216 0.0096 —17.13+0.09 —27.48+0.09 (855) —27.08 —27.88
231  0.0099 —17.00+0.05 —34.30+0.09 (755) —33.90 —34.70
0.7 84 87  0.0108 —16.75+0.09 —22.81+0.09 (422) —22.66 —22.96
83  0.0101 —16.75+0.09 —26.38%0.08 (533) —26.23 —26.53
86 0103 —16.96+0.14 —23.25+0.00 (544) —23.10 —23.38
77 0.0097 —16.75+0.08 —29.9410.00 (644) —29.79 —30.09
99  0.0117 —17.11+0.18 —26.93+0.08 (855) —26.78 —27.08
1.2 66 59  0.0097 —16.80+0.07 —23.19+0.14 (422) —28.27 —23.11
52 0.0091 —16.81+0.07 —26.60+0.15 (533) —26.68 —26.52
21 0.0066 —17.00+0.07 —23.3010.07 (544) —23.38 —23.22
41  0.0080 —16.84+0.07 —30.00+0.12 (844) —30.08 —29.92
36 0.0075 —17.01+0.11 —26.90+0.10 (855) —26.98 —26.82
1.4 31 74 0.0203 —18.91+0.14 —2271+0.3 (422 —22.9 —22.6
12 0.0071 —16.83+0.06 —25.95+0.09 (533) —26.10 —25.80
11 0.0069 —16.96+0.06 —23.01+0.09 (544) —23.16 —22.86
12 0.0071 —16.83%0.06 —29.59+0.10 (644) —29.74 —29.44
18  0.0079 —16.96+0.12 —26.65+0.13 (655) —26.79 —26.50

complexes to the model (10 b). None of these could significantly improve
the fit* (Fig. 6).

-p

7 o o

6 o0o0o0oO

5 o X oo

4 o x xo

3]0 0 x ©

2lo0 o © Fig. 6. Complexes tested, using 121 points

11x o for B=0.4 M. (p,r) for complexes found
T T 3 5 in the final model are marked with x.

One may notice that the average values of p and r for H,B,C, with p>1
in the final model (10 b) agree well with those found by gra.phlcal mtegratxon

* Those with By, <30(Bp,,) were rejected.
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Table 4. LETAGROP calculations minimizing U,=>(Z. .~ Z)% log B,,,=4.372, log B,,=0.41, log
Bssz= —13.70, log fzs,= —21.00, log Bi o= —10.2, log B;,0= —9.1, and log B;,,= —31.8 were not varied.
0E,=0, and dH=0. (Comparison between different media).

Number
B ofpoints U,x 10* o(Z)  log (Bpg,t30) (pgr)

0.4 239 201 0.0093 —5.51+0.04 (I21) —17.13+0.15 (444) —23.34+0.09 (554)
0.7 84 86 0.0103 —5.484+0.05 (I21) —16.95+0.19 (444) —23.06+0.09 (554)
1.2 66 18 0.0054 —5.47+0.02 (I21) —17.03+0.06 (444) —23.32+0.06 (554)
1.4 31 11 0.0069 —5.43+0.06 (I21) —17.04+0.17 (444) —23.11+0.11 (554)

Table 5. Results of LETAGROP calculations, using 239 points with B=0.4 M, minimizing U,=3(Zy.— Z)*.
The corresponding reactions are given in eqn. (12), log fy,,= —10.2, log Bj,y= —9.1, and log 8;,,= — 31.8 were
not varied. (Refinement).

U,x10* o(Z) (101) (011) (121) (444) (554) (333) (433)

201 0.0093 4.374+0.02 0.41+0.03 —5.524+0.04 —17.16+0.12 —23.36+0.03 —13.71+0.01 —21.02+ 0.10
0Ey=0and 6H=0
169 0.0085 4.37+0.02 0.41+0.04 —5.52+0.04 —17.16+0.08 —23.39+ 0.16 — 13.75+0.12 — 21.01+0.02
O0E, and 6H varied (Table 1 b)

using the MESAK method (Fig. 4). The consistency of the equilibrium constants
was checked by calculations on each medium separately (Table 4). The agree-
ment of log f,,, was within 0.15.

Refinement of the equilibrium model by least
squares treatment, using LETAGROP

All 239 points from the medium with B=0.4 M were used to refine the
equilibrium model (10 ¢) minimizing U,= (Z_,.—Z)? (Table 5). Systematic
errors were treated as parameters. We assumed analytical errors in H=JH,
and also small errors in E,= 0K

Final H = H (calculated from analyses, c¢f. part II 2) + §H
Final B = E, (calculated from a few acid points, ¢f. part I1 %)+ 6E, (11)

As seen in Table 1 b, §H and JE, are small. The corresponding errors
d(log k) and 6(Z) have no trends. They correspond to very small shifts of the
curves Z (log h)pc in Figs. 1 and 2. The value of ¢(Z)=0.0085 is very good.

We also refined the final equilibrium model, using all 420 experimental
points from all B-values, treating the systematic errors as parameters. The
values of the equilibrium constants were the same (within 30) as obtained
from the refinement with data for B=0.4 M, but ¢(Z)=0.0098 was somewhat
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higher. A small variation in the activity coefficients may cause the higher
d(Z) when all data were used. Analytical errors in H, B or C, or small amounts
of another complex could also give a higher a(Z).

To estimate the systematic errors we practised the same strategy as in
parts I1 and IIL3

RESULT AND DISCUSSION

As the final result we propose the following reactions and constants valid
in 3 M(Na,Cd)ClO, medium and at 25°C.

pqr Reaction log (Bpq, + 30)
1. 101 HAsc™+H™* & H,Asc 4.37 £ 0.02
2. 011 Cd?t + HAsc™ = CdHAsc* 0.42 +0.04
3. 121 2 Cd** +HAsc™ = Cd,Asc?t +H™* — 5.52+0.04 (12)
4. 744 402" +4 HAsc™ = Cd,Asc,+4 H* —17.16+0.08
5. 554 5Cd**+4 HAsc™ = Cd;Asc,OH*+5 H* —23.39+0.16
We have also found evidence for CdgAscg and CdzAsc,OH™ (¢f. part III 3):
6. 333 3 Cd®* +8 HAsc™ = CdgAsc,+3 Ht —13.75+0.12
7. 433 3 Cd?t +3 HAsc™ = CdjAsc;OH +4 H —21.01 +0.02

In acid solutions, where —4.5 <log 2 < — 1.0, the main species are H,Asc,
HAsc™, and CdHAsc™. In neutral solutions, where —6.5 < log b < —4.5, the
predominating species are HAsc™, CdHAsc™, Cd,Asc?t, and Cd,Asc,. At the
lowest values of log A studied, Cd;Asc,OH* seems to be important. Complexes
with 3 Cd(II), found in part IIL? are also present, but in small amounts. In
this investigation, where the total concentration of Cd(II) was much higher
than in part IIT3 Cd,Asc, predominates over CdjAsc,. Since in this study
B|C =5, the complexes CdgAsce?™, Cd;Asc,H™, or CdzAsc,H™ (c¢f. part III3)

Spar

08

Fig. 7 a. The distribution of ascorbic acid
on different species as a function of log h.
B=0.4 and (=0.02 M. HALTAFALL **
was used for the calculations, taking the
constants from Table 5. At a given value
of log h, the fraction of ascorbic acid present
as H,B,C, is presented by the segment
of a vertical line falling within the corre-
sponding ares.

0.4

0.0
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Lpgr
08
.
HAsc™ HzAsc -
0.4
Cd3Asc;
Cd3Asc30H™
CdiAscy
CdsAscg?”
CdHAsc*
.0 <t ——— .
-8.0 -6.0 =40 log h

Fig. 7 b. The distribution of ascorbic acid on different species as a function of log k.
B=0.01 M and C=0.02 M. HALTAFALL ' was used for the calculation taking the
constants from Table 5 and Ref. 3 (B5;s)-

are certainly not important here. This has been checked by HALTAFALL 14
calculations, using the formation constants determined by us. Distribution
diagrams of ascorbic acid on different species is shown in Fig. 7. Veselinovié
and Sugié *® have also found that CdHAsc' predominates in acid solutions

(log By =1.3).
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