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A simple precipitation-titration method for the determination of the coordination
number of a metal complex ion is described. The experimental data for eight complex
jons are presented along with graphical figures for four complex ions which show close
approximations to the theoretical coordination numbers. This method may prove useful
for student laboratories in both advanced quantitative analysis and physical chemistry.

Introduction.

The concentration of a free metal ion in a solution containing a complexing agent
is governed by the stability of the complex formed! If a precipitating agent for this
free ion is now added to the solution, no precipitate will form unless the solubility
product is exceeded. The relationship between these reactions has been discussed . in
many analytical texts,»®* and various experiments concerning the dissolution of preci-
pitate through complex formation are also suggested to help students understand the
principle of the equilibria established®s: No simple experiments, however, concerning
the structure or the coordination number of the metal complex ion are available. This
paper describes a simple titration method and its application for determining the

coordination number of a metal complex ion.
Theory.

When a metal jon M?* reacts with a complexing agent, either a coordination
molecule (Y==0) or an anion (Y=small number) A, a complex metal ion will form
according to the following reaction:

‘ Mz+ 4 AY™ = [M(A)n]xt
and its instability constant can be expressed as:
[M(A)aJ*t == M?#+ + nAv-
and

(M*+] [AJ _
[MA)s**

If a precipitating agent for this metal ion is added to the solution, a precipitate will
not form until its solubility product is exceeded.

c M#+ + d B™ = M.Bq
and

[Mz+]e [Bm~}d = Klgap. seevesenrereomsuimniiiiiaiiiiui. teesestenene Cereriins @)
As long as the solution is in contact with the first particle of precipitate formed and
the metal complex ion is present, metal ion M?t must have the same value in both
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equations (1) and (2. The equilibritm now may be expressed by dividing equation (2)

by equation (1), and simplifying gives
[MCADRI=E (Bm=] K.

[A]n Kins G
and after rearrangement, :
(A = Kinse nse-KEM (A0 OIS ®
Ksep-
Letting
Koinse DMCADI® )
Ks.p- ’
then, equation (8) can be simplified as: .
[AJE = [BIJE 5 K/ ceernrseresseisemsis s ettt b @
Taking the logarithm on both sides, then
n log [AJ =d log [Bm—] + log K'(5)

Letting X = log [A) and Y == log [B™ ], then equation (5) can be written as
nX=dY + C"~
Plotting log [A] vs. log [B®™"], a straight line is expected and the slope of the
equation will be the number of n, ie. the co-ordination' number of the metal complex

ion.
Application.

I. Diamminesilver (T ) complex ion.
when Ag* is added to a solution containing NIH,, silver ammonia complex will be
formed as the following reaction shows:
Agt + nNHz=Ag {(NH)a"
If this solution is titrated with bromide as well as chloride or iodide ion, a turbidity
end point will be reached after a certain amount of bromide solution is added. The

reaction may be expressed as:
Agt + Br~ = AgBr

The instability constant K inss. of this complex will be
Ag (NHyu+ == Agt + n NH;

-+ . n
and _E%(_%T B U VU OO UUURUU PP PRI PSRN R (A)
The solubility product constant of silver bromide will be
AgBr = Ag* + Br~

and FAGH] [BI™] 52K gupareeerersessemsessessmssinsonsstsin ittt et (B)

As long as equilibrium is maintained and the Ag(NHpn™ ion is present, [Ag"] must
have the same value in both equations. . '

Dividing eq. (B) by eq. (A) and simplifying gives

CAgINH o) [Brod o Kosipe e (C)
[NI—I-‘JJH K inste
After rearrangement, equation (C) can bhe expressed as
K jnst. [AgCNH3>1l+] [Br—]
B K Sep-

ENHQAH ==
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Keeping the final volume of each determination nearly the same to make the con-

centration of [Ag(NH;)»*] almost constant, the above equation becomes

[(NHJ» — S tnse LABNHOT] gy

K s.p.
= K’ x {Br~]
'Taking logarithm on both sides of the equation,
n log[NHgl= log [BrJ+log K’, with the varied concentrations of [NH;) and [Br~],
and plotting log [NH;3] vs. log [Br™), the slope of the equa‘tion’will be the number of n,
i.e. the coordination number of the silver ammonia (diamminesilver(I)) complex.

li. Tetramminezinc () complex ijon

Applying the preceeding derivation to a case such as tetramminezinc (L) complex
when potassium ferrocyanate, K,Fe(CN); is used as its precipitating agent, the related

equilibria may proceed as follows:
Zn(NHgnt == Znt+t + n NH,

and L2 INHGIR e et '

EZIl CN}I?,)n'HT]“ =K tnsp, mrmmmmmm——m————— CE)
According to the reaction,

3 Zntt + 2Kt + 2Fe(CN)¢* = KoZny[Fe(CN)gls
the solubility product constant of KyZns[Fe(CN)sls can be expressed as

[K+)2 [Znt+)8 [Fe(CNDE 12 mm K gupeeerereeeserrcerinnniriiii, (F)
From equation (F), )

Z Y e K s.p-

N A T
substituting into equation (E),

K .p. /8 NH, 3 co K yag. seeeeerseaerireennenens

(Zo(NIT, 3] (KPP Re(CNyFJi7s = o tnsee e (G

and rearranging,
[NH ]xl . K inst.

TRFFERFe(CN)F PR = K oot * (Zn(NH)u ]
Considering the concentration of [Zn(NHwt+] as constant. then

K inss. | [Z0(NH )t =2 K77 evverveereiieeniiimneiiese s (H)

K g.p.1/3
Taking logarithm on both sides of the above equation, and rearranging,

n log [NH;l == 2/3 log [K*+] + 2/3 log [Fe(CN)s* ] + log K”.
The concentration of Kt is four times the concentraticn of Fe(CN)s*, assuming
the salt KFe(CN)g is completely ionized, then -
[(K*] = 4 [Fe(CN)#] and
n log [NH} == 2/3 log 4[Fe(CN)s* 1 + log K"
Plot log [NIH,] vs. log 4[Fe(CN)&#)® and
2/3 x slope == n (coordination numbe of zinc ammonia complex)

Experimental

I. Reagants. .
All chemicals used in this experiment were analytical grade, purchased from the
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Baker Chemical Co., Philpsburg, N. J.,, U.S.A.

{ 1)8Silver Nitrate Solution
0.1 M AgNO; solution by dissolving 17 grams of crystals of AgNO; rin distilled
water and making up to one liter. Q

{ 2 J)Ammonium Hydroxide Solution
2 M NH, OH aqueous solution by adding 13.5 ml of concentrated NH;OH to one
liter volumetric flask and making up to one liter with distilled water.

{3 )Sodium Bromide Solution
0.01 M NaBr solution by dissolving 1.03 grams of NaBr in water and making up
to one liter. o

{4 )Potassium Ferrocyanate Solution

" 0.0025N KJFe(CN), solution, by dissolving 1.06 grams of KFe(CN)s+3H;O and
making up to cne liter. :

{5 )Lead Nitrate Solution
0.01 M Pb(NOy), solution, by dissolving 3.31 grams of Pb(NO;); in water and mak-
ing up to one liter,

( 6 )Sodium Thiosulfate solution
0.0705 M Na,S,0; solution, by dissolving 17.4 grams of NayS;0; « 51,0 in water and
making up to one liter. '

(7 )Zinc Sulfate Solution .
0.05 MnSO; solution, by dissolving 8.1 grams of ZnSOs in water and making up to

7 one liter. :

{ 8 )Sodium Chloride Solution
1 M NaCl solution, by dissolving 58.45 grams of NaCl in water and making up to
one liter. '

{ 9 )Potassium [odide Solution
0.01 M KI solution, by dissolving 1.66 grams of KI in water and making up to one
liter. }

{10)Ferric Nitrate Solution . )
0.01 M Fe(NQO,), solution, by dissolving 3.5 grams of Fe(NOj),-6H,0 in” water and
making up to one liter. : '

{11)Sodium Fluoride Solution ,
1 M NaF solution, by dissolving 41.99 grams of NaF in water and making up to
one liter. ‘

(12)Cadmium Acetate Solution
0.01 Cd(C,H0,), solution, by dissolving 2.3 grams of Cd(CyH30s2)s in water and
making up to one liter.

(13)Sodium Hydroxide Solution
0.03 M NaOR solution, by dissolving 1.2 grams of NaOH in water and making up
to one liter, then standardizing against standard HCI solution.

(14)Sodium phosphate Solution
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0.01 M Na;PO, . solution, by dissclving 3.8 grams of NazP0,-12H,0 in water and
making up to one liter.
" Il. Procedure.

Pipet 2.0 ml of 0.01 M AgNO; solution into each of three Erlenmeyer flasks. Then
add 10, 20, and 30 ml of 2 M ammonium hydroxide solution, respectively, to the silver
nitrate solutions and dilute each solution to 100 ml with distilled water. Fill the buret
with 0.01 M sodium bromide solution and determine the volume of the titrant which
produces a faint but permanent turbidity of silver bromide. Repeat the experiments
just performed but dilute each solution by adding only the amount of distilled water
calculated from the first titration, which will make a total volume of 100 ml at the
end of the titration. This will insure that the concentration of Ag(NH).* is always
virtually the same when the AgBr starts to form.

From the data obtained in each determination, calculate the concentration of NHOII
and NaBr sclutions at the end point and plot the log NH; vs. log Br~. The slope of
the resulting straight line equals the number n of the silver ammonia complex,
Ag(NHn*. Following the same procedure using the concentrations and volumes of
the complexing and precipitating agents listed in Table II, the ccordination numbers
of metal corhplex ions such as Ag(S8$:0,),72% Zn(NHatt and Pb($;0,0.72"* may be
determined.

Results and Discussion

Eight metal complex ions were investigated. The results are listed in Table L
For those having good response, the concentrations and volumes of complexing and
A precipitating agents are also presented both in Table II and graphically in Fig. I-IV
from -which it can be seen that the coordination numbers of the metal complex ions
determined by the proposed procedure agree closely with those stated in many texts.’®

Table I. Coordination Numbers of Metal Complex Ions Tesled.

Coordination Number
Complex ion Kinst. Precipitate Ks.p.
Theorecticall Experimental

Ag(NHz),* 5.9%1078 AgCl 2.88x 1010 2 1 2.30
Ag(NH)n* 5.9x 1078 AgBr 5 x10-18 2 1.93
Ag(NH,),* 5.9 10-8  Agl 8.5x 10717 2 2.21
Ag(8;05)u™2" % | 6.0x 1071 | Agl 8.5x10-17 2 2.10
Pb(S;0)u~2"+ Pby(PO4), 1 x10°% 2 1.97
Zn(NHy)u*+ 3.4%1070  |K,Zn,(Fe(CN)Jel 1 x10-9% 4 4.02
CA(NHgu* 7.5%107¢ CA(OH): |2.0x10-4 4 4.68
FeF,~"+3 5 x1071 Fe(OH); 6 x107% 6 6.30
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Table 11 Concentrations and Volumes of Solutions of Metal ions, Complexing
Agents, and Precipitating Agents.

Complex» ion Concentration Volume
{ (M) (ml)
“‘“"M‘”*T““‘“"“””A"V”*WA” B R 2 A B
Ag(NH,* AgNO;  0.01 ‘ 2.00 2.00 2.00
L NH,0H  2.00 | 10.00 120,00 30.00
NaBr 0.01 | 1.54 6.2 13.60
o - _ b SN
Ag(S;0)n74Y AgNC,;  0.01 | . 2.00 2.00 ' 2.00
Na;$,0:  0.07 , 30.00 40.00 50.00
KI 0.20 1 3.02 6.33 9.45
N A D )
{
Zn(NHy),++ ZnsS0,  0.06 ’ 2.00 2.00 2.00
NH,OH 2.00 25.00 40.00 50.00
K Fe(CN)s0.0025 . 2.04 7.94 14.42
Pb(S:05),~21+2 | Pb (NOs);0.01 A 1.00 1.00 1.00
Na;S;0s  0.40 10.00 . 20.00 30.00
NasPO,  0.01 2.50 7.92 25.50
|

To obtain a distinct and sharp end-point of the titration a suitable precipitating
agent must be selected. From the data listed .in Table I it can be seen that the solu-
bility product constant of the precipitate must be smaller than the instability cons-
tant of the metal complex ion. In the case of the complex ion Ag(NH;),*, it appears
that the solubility product constant of the precipitate should be of the order of 10~
times the instability constant of the complex ion for an approximation of the theo-
retical coordination number. Thus, the use of bromide gives the best ‘approxima-
tion, i. e, an experimental coordination number of 1.93 compared with the theore-
tical number of 2. The use of Cl~ with a much higher solubility product constant or
the use of ijodide with a much lower K:.,. gives significantly greater deviations from
the theoretical, 2.830 and 2.21, respectively. With Cl- too much titrant is needed to
reach the end point, and on the other hand the K s.p. of I is so small that a few
drops of the titrant will produce turbidity no matter how much complexing agent is
used.

Another factor to be considered in selecting a suitable precipitatinng agent is that
there must be no reaction effecting a shift of the equilibrium between the complex-
ing and precipitating agents. For the metal complex ion Cd (NH,),™", OH™ is used as
a precipitant to determine its coordination number. The K s.p. of Cd(OH), is of the
order of: 107¢ times the instability constant of this complex ion, suggesting that it
might be a good choice, but a poor approximation of 4.68 for the coordination num-
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ber is obtained. This error is partly due to the reaction between OH™ and NI, in the
equilibrium NH,; + H;O = NH,* + OH".

The concentration of the complexing agent is not appreciably diminished by
formation of the complex ion and therefore is assumed to remain unchanged through
out the determination. The fact that the close approximations to the theoretical

coordination numbers were obtained for four complex ions supports this assumption.
References

(1) M.B. Johnston and A.J. Barnard, Jr. H.A. Flaschka, “EDTA and Complex Formation”
J. Chem. Educ. Vol. 35, No. 12, Dec. 601, (1958)

(2) Ba_ilar,‘J. C., Jr. “The Chemistry of Coordination Compounds” Reinhold Publishing "
Corporation, New York, 1956,

(3) Martell, A. E,, “The Behavior of Metai Complexes in Aqueocus Solutions,” J. Chem.
Educ., 29, 270—80, (1952)

(4 ) F.J. Wilcher and R. S. Hahn, “Semimicro Qualitative Analysis,” D. Van Nostrand
Company, Inc., London.

{5) AF. Clifford, “Inorganic Chemistry of Qualitative Analysis,” Prentice- Hall, Inc.,
Englwood Cliffs, N.J. 1961,

(6 ) Therald Moeller, “Qualitative Analysis,” McGraw-Hill Book Company, Inc. 1950
New York

(7) Martell and Calvin, “Chemistry of the Metal Chelate Compounds,” Prentice-Hall
Inc., Englewood Cliffs, N. J. 1956.

(8) Laitinen, “Chemical Analysis,” McGraw-Hill Book Company, Inc. New York, 1960

(9) Karl H. Gayer, Anita Demmler, and Michael J. Elkind, “Investigation of Complex
Metal Ions by the Polarographic Method,” J. Chem.Educ. Vol. 30, July, 557, (1953)

(10) Paul Kruger and Jack Schubert, “The Stability of A Complex Ton,” J. Chem. Eduec.
Vol. 30, April, 196, (1953)

B A KA A AR T A A TR

*F &
i 2

g SCHE G RS e B S T RO A DRI R o IR AR I HE PR PR R S DL VRN 2
ST R RV, v PRI TR BRAG SRR 2 B SR R A TR 2 AR SRS LAl 2
FoZo VLR HE S G T REAL IR 2 RS TR T 4 R RO T e B LR BRE LR F o




HINMW Jo1 °sa ﬁmmzu o1 Jo POH&...<. I *S1d

mmmzu Fo

ke

¥re-

Ge=

Log [Br—]

(1) %ot °saf mommu SoT Jo 30Td ¥ II °*8td

[ %%] o1
gt T- Le1- 91— G~ yo- Corm 2o pm
1 7 T T T m . .m.l
i 9° 1=
| L1~

I°¢ =1

0°¢

= edo1g
Lot

g 1~

6°1~

Qe

T*¢c=

e~

1A

Log (17)



(o]

Titration Method

ipitation-

Investigation of A Metal Compjex Ion by
Simple Prec

i

&

2 ..mssvm&v Sol ‘*sa Ammi 80T Jo 3014 ¥ III *BTd

Hmmi So

0~

§
<

1°0~

' T

mmz sot

5 = 2%0/0*¢ % ado1g
2 = (Mo)ed ¥ Sot

c0t =

sdols m\w =u

Hpro-

AN

(A

-l Ocml

"Log 4EFe(CN)64" 2

[ %) ot vsa {_ Toa) g0t 30 014 ¥

AR

3
( AJ& go1
o*g~ g°e~ g*c- Yee-

*AT °BTd

a2

e

v T ¥ T | H L T

16*T = adoTs m\m = U
g6z =
o'y

ado1g
81T

A

o0~
10

cto=

y0-
coom
9*0-
Leo-
g0~
60~
ot
L 0 o
g1~

[ Ot

Log (5,0, ]



