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Joh's method of continuous variations is a commonly used 
nrocedure for determining the composition of complexes in 
iolution. The popularity of this method is i n d i ~ a t ~ d  by the 
frequency of its inclusion in a wide variety of analytical 
chemistry (1-6), instrumental analysis (7-9) and advanced 
chemical equilibrium (10-13) texts as well as its application 
in many research articles (14-20). Theuse of Job's method in 
the undergraduate laboratory has also been the subject of a 
numher of ouhlications (21-25). - - ~ ~  ---- ~- ~ .~~~ ~~ 

The principle of continuous variations was employed by 
Ostromisslenskv in 1911 (26) to estahlish the 1:l stoichio- 
metry of the adduct formed between nitrobenzene and ani- 
line. The ~rinciole was used bv Denison in 1912 (27.28) in a 
study of various liquid mixtures. However, the method of 
continous variations is generally associated with the name of 
Job who in 1928 (29) published a detailed application of the 
method to the study of a wide range of coordination com- 
pounds. 

Job's method, as commonly practiced, is carried out in a 
hatch mode by mixing aliquotsof two equimolar stock solu- 
tions of metal and ligand (sometimes followed by dilution to 
a fixed volume). These solutions are nrenared in a manner 
such that the &a1 analytical conce&&ion of metal plus 
lieand is maintained constant while the liaandmetal ratio 
varies from flask to flask, that is: 

- 

C M + C , = k  (1) 

where CM and CL are the analytical concentrations of metal 
and ligand, respectively, and k is a constant. The absor- 
bance, or more strictly the corrected absorbance, is plotted 
as a function of mole fraction of ligand or metal in the flasks. 
The resultingcurves, called Joh's plots, yield a maximum (or 
minimum) the position of which indicates the 1igand:metal 
ratio of the complex in solution. For example, a maximum 
correspondingto 0.5 on the mole ratio fractionof ligand scale 
suggests a complex of 1:l composition, while maxima at  0.67 
and 0.75 indicate complexes of 21 and 3:l ligandmetal ra- 
tios. resoectivelv. (While absorbance is hv far the most com- , . 
monly employeud ;property of the solution for measuring 
Job's plots. other solution properties can also he used (10.11. 

Two ooints from the previous paragraph require explana- 
tion. F& the definition of cor;ecteb ibsorh&ce issome- 
what unusual: in words, it is defined as the measured absor- 
bance (at a given wavelength) minus the sum of the ahsor- 
hances which the metal and ligand would exhibit if no 
complexation had occurred. Mathematically, the corrected 
absorbance, Y, is defined as: 

where A is the measured absorbance, q,g and are the 
absorptivities of metal and ligand, respectively, and b is the 
optical path length (13, 31). Second, the term mole fraction 
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as used in this context is not the true mole fraction in th& 
the solvent is omitted from its calculation. The mole fraction 
of ligand XL, is defined as: 

and can evidently vary between zero and unity. Mole frac- 
tion of metal is similarly defined. 

There are a numher of requirements which must he satis- 
fied in order for Job's method to he applicable. The first two 
requirements relate to the chemical behavior of the system 
under investigation and the second two relate to how the 
experiment is actually carried out. These requirements are: 

1) the system must conform to Beer's law (11,31), 
2) one complex must predominate under the conditions of the 

experiment (10,11,29,32), 
3) the total concentration of metal plus ligand must he main- 

tained constant (eq. (I)), and 
4) pH and ionic strength must be maintained constant (11) 

I t  is surprising that Job's method is frequently employed 
without first checking requirement (1). 

For sake of completeness, it is worth pointing out that 
there are variations of Joh's method in which conditions (2) 
or (3) are not satisfied. Voshurgh and Cooper (31) described 
an extension of Joh's method which allows the compositions 
of a series of comnlexes. formed in a steowise fashion. to he 
established.   ow ever, this variation of job's method is very 
limited in that its applicability is conditional upon a fortu- 
itous combination of spectral differences and stepwise for- 
mation constants for the individual com~lexes. Conseauent- 
ly, the method of Voshurgh and cooper is not genmally 
applicahle. In the second modification of Job's method, con- 
dition (3) is not satisfied, that is, nonequimolar solutions are 
mixed and eqn. (1) is no longer satisfied. This modification is 
one of the techniques by which stability constants of com- 
plexes can he obtained from Job's plots (10). However, while 
Joh's plots are freuuentlv used for determinine comnosi- 
tions, their use for deternLiniug stability constank has been 
severelv criticized (32). Accordindv. the nresent paper will .. , . . . 
focuso~doh's methud as defined 1,ycondi;iuns (1)-(4) ahove 
and will not deal with the at'orementioned variations. 

In measuring Job's plots, two experimental crosschecks 
are often recommended, though not always carried out, in 
order to evaluate the reliability of the data: 

1) all readings should he carried out at more than one wavelength 
(10,11,13,29,32), and 

2) the complete experiment should he conducted at more than 
one metal-plus-ligand concentration, that is, at different val- 
ues of k in eqn. (1) (10). In order for the method to he applica- 
ble, the position of the maximum on the mole fraction axis 
must he invariant as a function of the changes recommended in 
crosschecks (1) and (2) above. 

These important crosschecks are frequently overlooked in 
the application of .lob's method. 

 
 

 



The modified Erlenmever flask can he nurchased from Bur- 

The objectives of this paper are fivefold and are: 

1) to demonstrate why and how data from a conventional photo- 
metric titration can he readily transformed into a Job's plot, 

2) to compare the advantages of this method to the conventional 
method for acquiring data for a Job's plot, 

3) to teach the similarities between photometric titrimetry and 
Job's method, a relationship which apparently has gone unno- 
ticed in the past, 

4) to develop a substantive undergraduate experiment (junior or 
senior level), based upon the above three objectives, that incor- 
porates the requirements and crosschecks that were outlined 
in the introductory section, and 

5) to present an overview of Joh's method in general and a guide 
to the literature on the subject. 

Clear presentations of the conventional method for imple- 
menting Job's method are found in the following references 
(1, 13) which are recommended for background reading on 
this subject. 

Theory of New Procedure for Measuring Job's Plots 

The series of solutions employed in Job's method pos- 
sesses a fixed total concentration of metal plus ligand (eqn. 
( 1 ) ) .  Consider now the titration of a metal solution with an 
equimolar ligand solution.The sumof theanalytical runcen- 
trations of metal and liaand in the reaction flask remains 
constant throughout t h e  titration, thus satisfying eqn. ( 1 ) .  
(It is assumed, of course, that no contraction or expansion 
occurs upon mixing the two solutions. This is a reasonable 
assumption for the dilute solutions normally employed in 
analytical chemistry (31). and is an implicit assumption in- 
variably made in the calculation of titration curves (e.g., (33, 
34).) Thus, the titration experiment and the Joh's experi- 
ment hear a fundamental relationship to one another in that  
both encompass solutions of the same comwositions. The 
methods difier only in how they are pbyiicall~~ implemented 
and in hou, the data ar? actuaIIs dotted. If the titratiun data 
were plotted on a mole fractibn scale, rather than on the 
conventional volume scale, the titration data would he trans- 
formed into a Joh's plot. This transformation can he readily 
accomplished via the equation 

where VM" is the initial volume of metal titrand and VL is 
the volume of titrant added a t  each ooint in the titration. I t  
is thus possible to transform titrimetric data into a Joh's 
plot, as pointed out recently (35). The determination of 
Job's plots hy a titrimetric procedure will now he illustrated 
by means of two examples, one involving a weak complex 
and the other involving a strong complex. The particular 
advantages of this alternative approach and its pedagogic 
significance will then he outlined. The same experimental 
setup is used for both experiments. 

Photometric Tltraflon Assembly 

A simple photometric titration apparatus, taken from the 
literature (36, 373 and illustrated in Figure 1 was used in 
these experiments. R is modified Erlenmeyer flask having a 
side tuhe attached normally (or tangentially) near its base 
and a second tuhe emerging from its base; these tubes are 
connected by means of Tygon tubing to twoother glass tubes 
which are inserted through a tightly fitting rubber stopper 
into the cylindrical cuvette, C, of a Bausch and Lomh Spec- 
tronic 20 spectrometer. The optical path length was 1 cm. 
Aluminum foil is nlaced over the ton of the ontical cell and 
the adjacent tubing to prevent extraneous light from reach- 
ing the detector. A stir bar. S. in flask R is rotated hv means . . 
of a magneticstirrer and forces the sulution to flow from the 
flask into the cuvette and return, as indicated by the arrows. 

rell Corporation ( ~ i t t s b u r ~ h ,  PA). ~ i t i a n d  is placed in the 
Erlenmeyer flask and titrant is added from a buret through a 
single-hole stopper. The magnetic stir bar causes effective 
mixing of the solution in the Erlenmever flask and circula- 
tion tirough the optical cell. The effec<veuess of the circula- 
tion is auite dependent on the combination of magnetic stir 
bar and-flask used. If a wrong combination is chosen, circula- 
tion may he very poor. For our experiments we used a 125 
ml. modified ~ r l e h n e y e r  flask niih a base diameter of 6.5 
cm, nnd a 2.5-rm long stir bar. The circulation rffiriency was 
checked hy titrating methyl orange into water and ohserving 
how lung it required for the spectrnphorometer readings at 
464 nm to stahilize. In all rases the readinrs had reached a 
steady value within 2 min of adding an a l i q k t  of titrant. 

The size of titration flask used in these experiments was 
chosen primarily on the basis of convenience; it would be a 
simple matter to scale down the ex~eriment considerablv so 
as to use less reagents. 

Experlment No. 1: Fe3+-SCN- System 
These experiments were carried out a t  two different wave- 

lengths, 155 nm and 395 nm (blue-sensiti\.e phorotuhe: no 
optical filter). The analytical wavrlengths were established 
hv rccordine snertra of the FeSCN2- cumolex (5.0 X 1 W M  
*CN; 0.050 M Fe (NO3I3; 0.15 M H N O ~ )  on a Cary 219 
spectrophotometer; a maximum occurs a t  455 nm and a 
minimum at 395 nm. The wavelength scale of the spectro- 
photometer was checked in advance by running the spec- 
trum of a NdCl3 solution and comparison with a standard 
spectrum. 

Beer's Law 
Adherence of this system t o  Beer's law a t  455 nm was 

confirmed hv measurine the absorbances. A. of six solutions 
all with an Fk3+ concenLation of 0.05 M and with the SCN- 
concentrations varying from zero to 5 X 10-4M; a straight 
line was obtained which covered the absorbance range for 
the remainder of the experiments. 

Solutions for Job's Plots 
Solution A: 0.001 M Fe(NO&; 0.010M HNO, Ionic strength: 0.016. 
Solution B: 0.001 M KSCN; 0.015 M HCI. Ionic strength: 0.016. 

4 

- -41- C 

u 
SPECTROPHOTOMETER 

Figure 1. Apparatus for photometric tiirimehy: the diagram is explained in the 
text. 
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Figure 2. (a) Photometric titration (455 nm) of 30 mLof 0.001 MFe(NOs)s/O.O1 
MHNOs with0.001 MKSCNlO.015 MHCI: (b)Job's plotobtained by transform- 
ing WNe (a) according to eqn. (4); (c) Job's plot (455 nm) obtained by 
Conventional batchwise method using same stock solutions as in (a). 

HN03 is used in solution A to minimize hydrolysis of the 
Fe3+ ion without introducing complexing ligands (38); HCI is 
used in place of HN03 in solution B to avoid oxidation of 
SCN-. 

Results of Experlrnent 1 
Figure 2a shows the photometric titration curve obtained 

at  455 nm bv titrating 30 mL of solution A with solution B. w 

The x axis ln Figure l a  represents vuhlmt, of titrant added. 
This axis can be tmnsf'(~rmed into mole fraction of tirmnt, 

u 
'0 20 40 60 80 100 

mL KSCN 

Figure 3. (a) Same as Figure 2a except that 395 nm is Vle analytical wave- 
length; (b) curve (a) transform4 according to eqn. (4); (c) Job's plot obtained 
by subtracting PO ham curve in part (b). 

XL. through eqn. (4). Figure 2h, showing the transformed 
data, constitutes aplot of A455 versus XSCN-; since both stock 
solutions have zero absorbance at  this wavelength, Y455 = 
A455 (see eqn. (2)). Figure 2c shows a Job's plot obtained by 
hatchwise mixing of solutions A and B in the conventional 
manner. 

Figure 3a illustrates the same photometric titration moni- 
tored a t  395 nm. Figure 3b shows the titration data from 
Figure 3a transformed according to eqn. (4); this yields an 
A395 versus X S C N -  plot. Since Fe3+ absorbs at  this wave- 
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length, Y3s5 z A395 (see eqn. (2)). Figure 3c shows the Y395 
versus XSCN- plot; this is ohtained graphically, simply by 
subtracting the area beneath the line PQ in Figure 3h from 
the total area beneath the experimental curve, consistent 
with eqn. (2). 

Dlscusslon of Experiment 1 

Figure 2a is a typical photometric titration curve for a 
weak complex where the absorptivities of the free metal and 
ligand are zero and the absorptivity of the complex has a 
finite value. On transformine the x axis accordine to ean. (4) " . . .  
the data are plotted as a function of XSCN-; and since eqn. (1) 
is satisfied for all data ooints. Fieure 2b is actuallv a Joh's 
plot for the Fe3+-~C~:system. This plot is in close agree- 
ment with the Joh's olot measured in the conventional 
hatchwise manner from the same stock solutions (Fig. 2c). 
Both plots exhibit a broad maximum at XSCN- = 0.5 indicat- 
ing formation of a 1:l complex under these experimental 
conditions: the broadness of the maxima is consistent with a 
weak complex (Kr = 1.4 X 102). There are a numher of 
noteworthy points of comparison between Figures 2b and 2c: 

1) The data points in Figure 2h are more closely spaced-the 
numher of datamints is determined hvthe freauencvatwhich ~ ~ . . . 
titrimrtrir rmdingsnre taken indetermining Figure 2a. In the 
ronvmricmnl method (Fig. L'r) 3 completely new solution must 
he pwpnred for each additional datum pvinr rrquired. 

2) In order to measure 44 data points for Figure 2h, 30 mL of 
solution A and 80 mL of solution B were required; 30 mL of 
titrand was used in these exoeriments due to the size of the 
modified flask and in order to maintain the level of solution in 
the flask above the top of the side tube to prevent air bubhles 
from entering the circulation system. To determine the eleven 
points for Figure 2c, where all solutions were 30 mL, required 
165 mL of each solution. Consequently, the new method for 
determining Job's plots is more efficient in the use of reagents. 

3) The curve in Figure 2b is truncated at XSCN- = 0.73. This is 
because i t  requires progressively larger volumes of ti- 
trant to introduce a unit increase in the mole fraction of 
ligand as the titration proceeds. This is not a problem in 
that  most compositions determined by Job's method 
are 1:1 (xL = 0.5) or 1:2 (XL = 0.67) with occasional 1:3 
complexes being found. Furthermore, the right-hand 
side of the curve is readily accessible by reversing the 
direction of the titration, i.e., by titrating ligand with 
metal. 

A close examination of Figures 2h and 2c, shows that the 
maximum in Figure 2h, and in fact all of Figure 2b, lies 
slightly below Figure 2c. This was shown to be due to the 
photosensitivity of the FeSCN2+ complex (38), where the 
absorbances of the solutions diminished steadily in the pres- 
ence of light. For example, the absorbance of asample stored 
in darkness remained constant a t  0.20 over a two-hour peri- 
od, whereas the ahsorbance of a sample left exposed to sun- 
light decreased from 0.19 to 0.10 during that period. This 
change due to the influence of lieht was visuallv evident. The " " 

photometric titration required one to two hours for comple- 
tion. thus allowine sienificant exoosure of the samole in the 
flask to sunlight. i n  the batchwiie experiment (~i 'g .  2c) the 
ahsorhances were measured immediately uoon oreoaring 
each solution. This accounts for the slight discrr&niy 01;: 
served. The abuvc: prublem could he a\wided hy -blacken- 
ing" the titration flask and tubing hut that  is not necessary 
for the purpose of these experiments. 

~ i g u r e  3a illustrates the photometric titration curve moni- 
tored at  395 nm, and Figure 3h shows the curve with the x 
axis transformed according to eqn. (4). In order to obtain the 
Joh's plot (Fig. 3c) the data in Figure 3h have to he corrected 
as described above, by subtracting the area beneath the 
straight line PQ from the experimental data in accordance 
with ean. (2). 

I.:xprriment 1 demonstrates hou'a Joh's plot can besimply 
obtained from titrimtwic data \Figs. 2a and 211; nnd Figs. 3a 

and 3c). The equivalence of Job's plots ohtained by the new 
method and the conventional technique is illustrated (Fig. 
2b and Zc), ignoring the slight discrepancy due to the photo- 
sensitivity of the FeSCN2+ complex, unique to this example. 
Once the photometric assembly (Fig. 1) is set up, many more 
data points can he ohtained in a shorter time by the titrimet- 
ric method. The new technique is also more conservative in 
the use of rengmri and glass&e. Another advantage to the 
new method is that the optical cell remains undisturbed in 
the spectrophotometer rhroughwt the complete experiment 
rsthrr than bring constantly removed and reinserted as in 
the con\.entimal hatchwise mode. This minimires the oo- 
portunity for experimental errors. 

In carrying out these experiments the ionic strength was 
maintained fixed at  0.016, and the pH was essentially con- 
stant. One of the crosschecks which should always he carried 
out with Job's method is illustrated here (Figs. 2 and 3), 
namely, measuring Job's plots at  two distinct wavelengths; 
the maxima occurred at  the same value of X S C N - ~ ~  eachcase, 
indicating the validity of applying Job's method to this sys- 
temunder these conditions. I t  should he pointed outthat  the 
Fe3+-SCN- system can display a quite complicated chemis- -~ - 

try with the formation of many complexes other than the 1:l 
species indicated in this experiment (11,38,39). The present 
results simply indicate that under these particular condi- 
tions the 1:l complex is dominant; a t  higher reagent concen- 
trations where other snecies mav come into vrominence. 
Job's method may he inapplicahle:~ne should b i  cautious in 
extravolatina conclusions arrived a t  from Job's olots for one 
set ofexperimental conditions to that  of another set of con- 
dition.;, such its differences in pH or concentration. 

Theapplication of.lob's mrthod tothe FeJ7-SCW system 
has beendvscribrd 11). Curmodv (2.7); the present experiment 
utilized the same reagents and concentrations as employed 
by Carmody. However, Carmody doesnot specify the analyt- 
ical wavelength that he used, and he employed a l-inch 
optical path length; our results are in agreement with his. 
For higher concentration of Fe3+ and SCN- the position of 
the maximum of the Job's plots varies, indicating the forma- 
tion of different complex species (11). 

Experlment No. 2: Cu2+-EDTA System 
These experiments were performed a t  one wavelength, 

745 nm, and at  two total metal-plus-ligand concentrations 
(red-sensitive phototuhe with red filter). The analytical 
wavelength was cited in a numher of references (1,7), and its 
suitability was further confirmed by recording the spectrum 
of the Cu2+-EDTA complex on a Cary 219 spectrophotome- 
ter, showing a maximum a t  745 nm. 

Beer's Law 
Conformance of this svstem to Beer's law a t  745 um was 

established by mmsuring the ahsorbances of eight sohttions 
with thr concentration of the C U ~ ~ - K I Y ~ ' , \  romolex varvinp 
from zero to 0.0125 M, a straight line was obtained which 
covered the absorbance range for the remainder of the ex- 
periments. 

SoluIlons for Job's Plots 

Solution C: 0.005 MEDTA (ethylenediaminetetraaeetie acid disodi- 
um salt). 

Solution D: 0.005 M CUSOI. 
Solution E: 0.0025 M EDTA. 
Solution F: 0.025 M CuS04. 

Solutions C, D, E, and F were buffered with 0.025 M 
HOAc10.025 M NaOAc (pH=4.7); the solutions used in pre- 
paring the Beer's law plot were similarly buffered. 
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Figure 4. (a) Photometric titrations (745 nm)of 30 mLof EDTA in 0.025 MHOAcf0.025 MNaOAc buHer wiIhCuS01 solutlon in 0.025 MHOAclO.025 MNaOAc buffer: 
upper curve, 0.005 M EDTA and 0.005 M Cu2+: lower curve. 0.0025 M EDTA and 0.0025 M Cu2+: (b) curves from (a) Wansformed according to eqn. (4) and 
extrapolated to XC.?+ = 1; (c) Job's plots obtained by correcting curves in (b): (d) Job's plot (745 nm)obtained by conventional batchwise method us- 
ing 0.005 MEDTA and 0.005 MCu2+ buffered stock solutions. 

Results of Experlment 2 

Figure 4a shows the photometric titration curves obtained 
at  745 nm bv titratine 30 mL of solution C with solution D 
and by titrating 30 m i  of solution E with solution F. Figure 
4h shows the corres~ondine  lots after transformation of the -. 
x axis according to eqn. (41, extrapolated to XC,~+ = 1. C U ~ +  
absorbs a t  745 nm and in order to obtain the Job's plots (Y  
versus xcUz+) the areas beneath the two straight lines (ex- 
tending from x = 0 to x = 1) in Figure 4h are subtracted from 
the respective curves, giving the plots of Figure 4c. Figure 4d 
shows a Job's plot measured for this system by the conven- 
tional batchwise method using solutions C and D. 

Dlscusslon of Experiment 2 

The plots in Figure 4a are typical photometric titration 
curves for a strong complex. The linearity of the segments in 
the Job's plots of Figure 4b also indicates the formation of a 
strong complex, thus justifying the linear extrapolation of 
the curves to xcua+ = 1. The sharp maxima a t  XC,~+ = 0.5 are 
consistent with the presence of a strong complex of 1:l com- 
position as expected (Keond. = 2.2 X 1012 at  pH 5.0). 

Points (1)-(3) under "Discussion of Experiment No. 1" 
and many of the other comments made in that section are 
also applicable to this example. The Job's plots obtained by 
the titrimetric method (Fig. 4c) and by the conventional 
hatchwise mode (Fig. 4d) are essentially identical. 

In carrying out these experiments the ionic strength was 
maintained essentially constant a t  0.025 by swamping with 

the acetic acidlacetate buffer and the pH was maintained 
constant a t  4.7. The second major crosscheck that should he 
carried out with Job's method is illustrated in Figure 4c; the 
maxima in the two plots a t  different total metal-plus-ligand 
concentrations occur a t  the same value of XC,,r+, indicating 
the applicability of Job's method to this system. 

General Dlscusslon 
A method for obtaining Job's plots from titrimetric data 

rather than by the conventional batch method has been 
described. The new method has a number of advantages 
such as the acquisition of many more data points with the 
use of less reagents. The validitv of the method has been 
rkmonstrated by comparing Joh'.i plots obtained by this 
technique with those obtained h\, the conventimnl method. 

A recent paper (40) subtitled "A titrimetric continuous 
variations experiment" is unrelated to the content of the 
present paper and in fact does not pertain to the continuous 
variations procedure in the normal connotation of Job's 
method. 

The new method has been illustrated by means of two 
systems which readily lend themselves to undergraduate 
laboratory experiments. The examples demonstrate the con- 
trol of important parameters, pH and ionic strength, during 
the course of the experiment. These experiments also illus- 
trate two important crosschecks which should be employed 
when using Job's method, that is, carrying out the measure- 
ments a t  more than one wavelength, and also a t  more than 
one total metal-plus-ligand concentration. The thorough- 
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plotting data, that is, a plot of Y as a function of mole 
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Job's method or indirectly from titrimetric data using the 
transformation described in eqn. (4 ) .  
Note Added in Proof 

In a recent issue of THIS JOURNAL. 1985.62.680. Clare et  . . 
al. pointed out a specific case where equiiateral triangular 
representation of ternary liquid data, superimposed on Car- 
tesian coordinates, appears to he superior for fitting the 
data to ~olvnomials using a least sauares method. Neverthe- 
less, this author conside& the right triangular representa- 
tion to he more advantageous in general, and particularly for 
pedagogic purposes, for the reasons illustrated here and in a 
previous paper ( 1  ). 
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