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An attempt has been made to elucidate the stoichiometry of the coordination 

polymers formed by trithiocyanuric acid with some metals in both dimethyl forma- 

mide and aqueous solution. It is possible, using the technique of thermometric 

titrimetry, to assign stoichiometries to a number of these complexes_ In some cases, 
however, the solid phases that separate are non-stoichiometric. Comparison is made 

with the stoichiometries of metal complexes of the related ligands, cyanuric acid 

and melamine as determined via thermometric titrimetry. This technique is shown 

to be successful and rapid, in contrast with the conventional procedure_ 

mlRODUcTioN 

Compounds in which both metal ions and coordinating groups occur as 

regularly repeating units have been termed “coordination polymers“ ’ _ The properties, 
both chemical and physical, of such polymers have been reviewed, e.g. ref. 2_ There 

has, however, been no mention of the use of thermometric titrimetry3 in the elucida- 
tion of the stoichiometries of such compounds_ This, in spite of the apparent simplicity 

and rapidity of the technique. The presence of complex species is indicated by discon- 

tinuities in a thermogram3, the experimental yield, wL.ich is a plot of volume versus 

temperature_ 

In the case of successive formation of two or more complexes, and, where the 

formation constants differ by at least two orders of ma_gnitude all species will be 
detected, provided that there is a large enough difference in their heats of reaction. 

In order to detect all possible species, titrations should be performed in both direc- 

tions, i.e. metal into ligand and twice versa. It is possible that, where one complex is 

formed in the presence of excess @and and another is formed in the presence of 

excess metal, that interconversion between the two may be kinetically slow, and thus 
not observable during the course of the titration. The application of thermometric 

titrimety to the elucidation of metal complex stoichiometry has been extensiveIF 

reviewed. 
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The principal method adopted hitherto to determine the stoichiometry of such 
coordination polymers has been elemental analysis of the compiexes. Such a procedure 
is often Ien_gthy. It requires the preparation of a large number of samples, obtained 
from solutions of differing molar ratios of Iigand to metal, to cover the range of 
possible stoichiometric compositions_ An additional probIem occurring in the 
synthesis of coordination polymers is the presence, in the complexes, of soIvent 
either as end-groups or occluded in the precipitated material. Such end-groups or 
occluded solvent are detected in any eIementa1 analysis. Solvents which have strong 
coordinating properties e-g_ dimethylformamide are usuahy _good soivents not only 
for the Iigands but alsc for the polymeric species initially formed. UnforcunateIy 
these soIvents tend to be strongIy retained in the precipitated materials either occluded 
or themselves coordinated to the metai cations. 

Fig. I. Trithiocymuric acid_ In the solid state this materiai exists in the trithione fcmnz6. 

Trithiocyanuric acid (TCA), Fig I, and its derivatives have received attention 
almost excIusiveIy in industrial applications, being used, for exampIe, in ehzctroplating 
bathsi-’ 4, as a cross-linking agent for synthetic rubbers”~‘6 and in some photo- 
graphic processes * ‘-‘O_ There has been Iittle other interest in TCA and its metal 
complexes since they were first reported’ ’ in 1850. This is surprisin_g in view of its 
(current) industrial use and additionally the potential semiconducting properties2’ 
that TCA-transition metal polymers may possess. In the only reports2**23 on 
metaI-TCA compiexes formed in aqueous soIution onIy the physicai appezance of 
the compIexes \-as noted. In most cases further detai1, notabIy analytica data, were 
omitted. SmoIin and RapaportZS reviewing, amongst other material, meta?-CA 
complexes assigned the complexes a I:1 stoichiometry e.g. C,HN& - M where 
M = Mn, Fe, Co, Xi, Pt, Cu, Au, Zn, Sn, Pb, Bi; the silver complex was designated 
C,H‘N,S, -As2 _ Preliminary elemental analysis, conducted at the commencsment 
of this work, although unsatisfactory for the reasons outiined above, indicated that 
these ass@nments were incorrect. For this reason thermometric titrimetry was 
adopted as a possible technique for the elucidation of the stoichiometries of these 
complexes_ 

Apparatus 

The calorimeter and associated apparatus has been described previousIy’5. 
The only aiteration is that the 50 ml beaker has been repfaced by a 50 ml capacity 
siivered dewar vessel. 
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Solutio_~s of TCA (0.01, 0.5 and 1.0 M) were prepared in dimethylformamide. 
Similar strength metal acetate solutions were prepared in the same solvent (in some 
cases 2-3 drops of glacial acetic acid was added to prevent slow precipitation of 
oxides or basic acetates). 

For aqueous solutions the tripotassium salt of ?%A was prepared at 0.01, OS 
and 1.0 M concentrations_ Similar strength metal solutions were prepared from the 
respective Analar grade salts. In most cases the maximum concentration of salt 
attainable was 0.5 AI. 

Cyanuric acid (0.01 M) was prepared by dissolution of solid in the minimum 
of NaOH solution and dilution to the required concentration_ Melamine solutions 
u-ere made by dissolution in water. Both these materials are only sparingly soluble in 
organic solvents and were therefore not investigated in dimethylformamide solution. 

Procedure 
Charge the calorimeter with 20 ml of the appropriate solution (molar ratios 

of titrant to titrand were varied from 1.25 to 5.00). Commence stirring. Fil: the Agla 
all glass syringe (capacity in use 0.50 ml discharged by a synchroncus motor in 
80 set) with W-ant. Switch on the recorder and obtain a suitable base linezs, switch 
on the burette. Recorder trace yields3 plot of time (which is equivalent to volume) 
versus temperature. 

RESUL-I-!S AND DISCUSSIOS 

Prior to all investigations the contribution of the heats of dilution of the various 
titrants to the thermo_mm were recorded. In all cases, except that of the dilution of 
the tripotassium salt of TCA, these heats of dilution were approximately thermo- 
neutral. The dilution of tripotassium TCA was strongly endothermic, with most 
metals, however, the heats of reaction were sufficiently large to exceed this dilution 
effect and the formation of complexes was overall exothermeric. 

Table I illustrates the results obtained for titrations performed in dimethyl- 
formamide and water. 

From Table 1 it can be seen that the metakligand ratio in the species detected 
from the thermograms varies considerably. The ideal, fully coordinated polymer 
structure, shown in Fig. 2a, requires an empirical formula IM~_~~L~ where M is a 
divalent metal cation. The table indicates that, in most cases, this structure is not 
attained during the course of the titration. 

In the cases where “irregular” species are indicated the poiymensation process 
is incomplete; the degree to which it is incomplete is dependent upon the experimental 
conditions. If the metal is titrated into TCA solution it is to be expected that the 
species initially precipitated will be deficient in metal, i.e. of empirical formula 
M,_OL, (as in Fig. 2b)_ It is also clear that the metahiigand ratio Mo_5L, can be 
envisaged if the species shown in Fig. 2c is precipitated. 



234 

TABLE I 

STOICHIOMEXRY OF COMPLEXES FORMED IN SOLUTION AS INDICATED BY 
BREAKS IN THE THERMOGRAMS= 

Comment Observed in DMP 

mefai info TCA info 

I-CA mcral 

Mefai Observed Comment 

in scaler 

no visuai change 

dark green ppte 

light green ppte 

dark brown soIn. 
Orange ppte after 
24 h. 
yellow ppte 
no ppte, SoIn. 
remains clear 
white ppte 

white ppte 

yeIIow ppte 

not studied 

none 

- 
Nil_5L 

CULSL 

cud- CUL3L 

AH-z 
Zn2.2L Zn2_6L I 
Znl_Lz Znl_&t 
Cd&-, Cdl.,--f.& 
Cd,.TL1 
Hg,_sLx HELLI 
Hgs.&x Hg,_esL, 
Pbx_sLx Pba_sL 

not studied 

iY+ 

Sfn2* 

Co’* 

Ni’+ 

CU’+ 

Ag+ 
ZoZ+ 

Cd’+ 

Hg2C 

Pb2* 

Hi 

Cr3L 

Cr2Ls 

Cr2L3 

CrIL3 
Mn*Lz 

COIL, 

NilLl 

CUI.SLI 

blue-green rather 
gelatinous ppte, and 
possibly some discon- 
tinuities are due to 
the hydrolysis of the 
chromic ion in the alkaline 
tripotassinm salt soln. 
orange-red ppte very 
small LIH, 

intense dark brown soIn. 
On standing, dark green ppte 
intense dark brown soln. 
On standing, olive green ppte. 
red-brown ppte. 

AsllL, 
Zn.LI 

(=dl.ZLI 

not studied 

yeIiow ppte 
pale cream ppte forms 
after about 0.5 hour 
Cream ppte forms after 
about 0.5 hour 

Pbl.sLx yeIIow ppte 

HZLI 
H3L1 

TCA itseIf ppte 

“The TCA molecxde less some or aI1 of its protons is represented in the tabIe by L. “DMF is an 
abbreviation for dimethylformamide. 

(cl 
Fig. 2. MetaI-TCA strucwrcs showing stoichiometria of a) Ml_5L, b) Ml_oL and c) Mo_rL. 
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In the reverse situation, i.e. TCA titrated into metal, the species expected 
could be represented as in Figs. 3a and 3b. The ultimate in species deficient in TCA is 
the dimer shown in Fig. 3b where the metakligand ratio is M2_5L, (Fig. 3a is equi- 
vaient to a metal:ligand ratio of 2:l). 

(b) 

Fig_ 3. Metal-T<A structures showing stoichiometries of a) MzmoL and b) MZ_sL. “a” in the 
figures represents coordinated solvent moiecules. 

All the species described by Figs. 2 and 3 have been observed as have several 
that are intermediate in stoichiometry. All of these structures rearrange towards that 
shown in Fig. 2a, slowly at room temperature2’, more rapidly on heating but this 
rearrangement, is, of course, not observeabIe in the course of a titration. Some 
thermograms do not have cIearly defined discontinuities which points to a whoIe 
range of species being formed simultaneously. 

Where the discontinuity occurs at, or near to, MI_50LI the fully polymer&d 
species is formed rapidly, with few of the imperfections mentioned above. 

““~~~” HZnYn3r- 
x N Y 

HHt 
(a) (b) 

Fig_ 4_ a, cyanuric acid and 6, melamine. 

The resuhs of simihu investigations into the oxygen and nitrogen (amino) 
analogues of TCA, respectively cyanuric acid (Ca) (Fig. 4a) and melamine (Fig. 4b) 
are shown in Table 2. 

TABLE 2 

&feral Species indicateds Comment 

CO- a2.9cA 

Ni2+ NiJZA 
cuz+ CuaCA 
Ag+ AgzCA 
zn= &2_6cA 

Pb’+ Pbx,CA 

pink ppte 
white ppte 
light blue ppte 
white ppte 
white ppte 
white pptc 

m Where CA means cyanuric acid. 
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Some metal compIexes of cyanuric acid have been reported previousIy (reviewed 
in ref. 24) but most of the extant work dates from the nineteenth century and would 
merit reexamination_ No di_~ntinuities were obser\red in titrations with melamine- 
In the case of both cyanuric acid and melamine titrations were possible in only one 
direction, Le. meta into Iigand because of ihe Iow solubility of both Iigands in 
aqueous soiution. From the thermograms complexes of the type M&a-xH,O are 
indicated under the conditions of the titrations. Heats of reaction are much smalIer 
than those observed with TCA making ?he thermograms rather flat and discontinuities 
not cIearIy defined_ This points to weak complexes of the type shown in Fig. 5, 
further coordination and polymerisation in the manner of TCA does not take place. 

fig. 5. Metakyanuric acid structure showing stoichiometry of M3_Ocyanuric acid. 

The work described here has indicated the stoichiometrics of polymeric species 
precipitated from oIutions of metaIs and ttithiocyanuric acid and cyanuric acid. 
The conditions defined by these titrations have been used to prepare several of the 
polymers and investigations on their properties have been carried out. In many cases 
elementai analysis has confirmed the stoichiometry assigned on the basis of thermo- 
metric titrimetry alone_ A further paper will describe the preparation and properties 
of these polymers. MeanwhiIe thermometric titrimetry has demonstrated its utility 
in the rapid assignment of stoichiometry and the definition of experimental conditions 
for the preparation of a range of coordination polymers. 

We thank Dr. J. A. W. DaIzieI for helpful discussion. One of us (J.C.C.) thanks 
the Science Research Council for a maintainance grant_ 
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