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ABSTRACT

Log K;, 4H?, and 4S” (i= 1, 2) values have been determined calorimetrically
at 25°C for the consecutive reaction of thiourea (Tu) with Hg(CN), to form
Hg(CN),Tu, in formamide-water solvents. The log K;, 4H?, and 45 values
determined in 20, 40, 60, 80, and 100% (w/w) formamide show little deviation from
those which were determined previously in aqueous solution. The leveling nature of
the formamide-water solvents is discussed and the results are compared with those
obtained earlier in water and ethanol-water solvents.

INTRODUCTION

This paper is part of a continuing study dealing with the effects of solvent
structure and dielectric constant (D) upon weak electrostatic interactions (i.e., dipole—
dipole and induced dipole-dipole). The Hg(CN),—-thiourea (Tu) system is ideal for
the investigation of these weak interactions since all interacting species are uncharged.
In the earlier study® log K;, AH?® and 4S° (i = 1, 2) values were reported for reactions
(1) and (2) in cthanol-water solvents.

Hg(CN), + Tu==Hg(CN),Tu 4))
Hg(CN),Tu + Tu==Hg(CN).Tu, (2)

In that study significant changes were found in the 4H? and A4S values as the mole
fraction of the non-aqueous solvent component was increased indicating the probable
formation of solvent-solvent or solvent-solute complexes.

In the present investigation reactions (1) and (2) were studied calorimetrically
in formamide—water mixtures. Because formamide (D = 109.5 (Ref. 2) at 25°C) has
solvent properties which are similar®=> to those of water and because formamide-
water solvents have a high solvation nature electrostatic effects are much less pro-
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nounced® than in media of lower dielectric constant such as the ethanol-water
mixtures studied previously.

Very few calorimetric or other thermodynamic data have been reported for
metal-ligand reactions in solvents having dielectric constants greater than that of
water. Heats of solution® specific heats?, and densities’ of aqueous formamide solu-
tions have been determined as have heats of solution and solvation for selected
electrolytes in HF®, anhydrous formamide®-°, N-methyiformamide®®, and N-methyl-
acetamide'!. In addition, standard cell potentials, entropies, and activity coefficients
have been calculated*-**-* 3 from electromotive force and conductance data. However,
in none of these studies have AG, 4H, or 45 values been reported for metal-ligand

1 1 or 1 1 K AKX d AC valuiac £ 1 a
interaction. Changes occurring in the log X, 4. and 45 values for metal! ligand

interaction as the solvent composition 1s varied reflect changes in solvent—solute
behavior and the determination of these values as a function of solvent composition
skould result in useful information regarding the nature of the solvent medium.

Log K;.AHP, and AS?® (i = 1, 2) values are reported here for reactions (1) and
(2) in 20, 60, 80, and 100% (w/w) formamide. Comparison is also made with the
thermodynamic values valid in ethanol-water solvents which were reported pre-
viously!.

ENPERIMENTAL

Materials

Reagent grade Tu (Baker * Analyzed’) and Hg(CN), (Mallinckrodt) were used
in the preparation of solutions. Reagent grade formamide (Baker) was decolorized
with activated charcoal and purified just prior to use by 5 successive freezings using a
procedure similar to that suggested by Dawson et al.'*. Each freezing was carried
out such that about 80% of a 1500-2000 mi portion was crystailized, and the remain-
ing liquid was poured off. The purified formamide and formamide—water solvents
and solutions were stored and used under an atmosphere of dry nitrogen. Boiled,
doubly distilled water was used in the preparation of the formamide—water solvents.

Procedures and calculations

The calorimetric titration technique'* and calorimetric equipment'® have been
described.

The calorimetric data were obtained by titrating 1.3/ Tu into 0.025 and 0.04m
Hg(TM), solutions and were analyzed for log K; and 4H° values using procedures
developed by us'”.

Values for the heat capacities and densities at 25° of 20, 40, 60, 80, and 100%
(w/w) formamide were taken from the literature’.

*F.ef. 5 contains a compilation of clectromotive force, conductance, polarographic and cryoscopic
studies carried out in amine solvents.



Hg(CN), —THIOUGREA: INTERACTION IN WATER-HCONH,; 315

RESULTS

In Table I are given calorimetric heat of dilution data for thiourea (Tu) in
water—-formamide solvents. Sample calorimetric titration data for the Hg(CN),-
thiourea system are given in Table II. In Table III are given additional data which can
be combined with the data in Tables I and II to calculate for each solvent system
log K, AH® and 45" values for the reaction

Hg(CN), +iTu=Hg(CN);Ty;

where i =1, 2.

TABLE I
HEAT OF DILUTION DATA FOR THIOUREA IN WATER-FORMAMIDE SOLVENTS

1 Qc

Run 1 Run 2 Run 3 Run 4 Run 5

I 0.089 0.044 0.009 —0.012 —0.020
2 0.166 0.083 0.014 —0.020 —0.038
2 0.245 0.133 0.034 ~-0.025 —0.058
4 0.320 0.180 0.055 —0.028 —0.086
5 0.396 0.22 0.077 —0.043 —0.115
6 0.472 0.272 0.058 —0.032 —0.139
7 0.549 0.317 0.117 —0.037 0.156
8 0.621 0.362 0.138 —0.038 —0.183
S 0.695 0.407 0.158 —0.039 —0.204
10 0.769 0.450 0.179 —0.042 —0.220
11 0.543 0.492 0.200 —0.045 —0.241
12 0914 0.532 0.222 —0.045 —0.261
13 0.994 0.575 0.243 —0.043 —0.280
14 1.068 0.619 0.266 —0.041 —0.300
15 1.141 0.662 0.289 —0.042 —0.319
16 1.214 0.705 0.311 —0.042 —0.335
17 1.287 0.746 0.333 —0.042 —0.352
18 1.362 0.787 0.356 —-0.043 —-0.376

0. (cal) values in Tables I and IT are corrected for ail heat effects (including
those due to dilution of the titrant) except those due to reactions occuring in the
calorimeter; 7 = 25.0°. The I value refers to the column heading “mmole of titrant
at point /™ in Table Il (i.e.. for run I, point 10, mmole of tritant=0.4437 x 10+9.0721
= 4.509). For all runs, initial volume = 99.95 ml.

The values of log K;, AH?, and 4S° (i=1, 2) for reactions (1) and (2) in
formamide-water solvents are given in Table IV.
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TABLE 111
SUPPLEMENTARY DATA USED IN CONVERSION OF DATA IN TABLES I AND 11 TO LOG K AND A H® VALUES
Run Titrant Solution in mumoles of titrant Solrent
Tu (m) calorimeter ar point I (et % formariide)
1 1.370 Solvent 0.4437 < I+0.0721 20.0
2 1.369 Solvent 0.4536 x I +0.0657 40.0
3 1.313 Solvent 0.4461 < 7+0.0568 60.0
4 1.287 Solvent 0.4469 < 1+ 0.0670 80.0
5 1.262 Solvent 0.4478 x 1+0.0559 100.0
6 1.370 0.02522 m Hg(CN). 0.2218 x /1 +0.0709 200
7 1.270 0.03888 m Hg(CN), 0.2218 x 7+0.0798 200
3 1.369 0.02476 m Hg(CN). 0.2268 x I+0.0748 40.¢
9 1.369 0.03826 m Hg(CN)- 0.2268 x I +0.0646 40.0
10 1.313 0.02435 m Hg(CN): 0.2231 x I+0.0591 60.0
11 1.313 0.03646 r1 Hg(CN). 0.2231 x 1+0.0684 60.0
12 1.286 0.02370 m Hg(CN), 0.2233 x 1+0.0670 80.0
i3 1.286 0.03648 m Hg(CN). 0.2233 x 1+ 0.0647 80.0
14 1.263 0.02298 m Hg(CN)- 0.2239 % I+ 0.0559 100.0
15 1.263 0.03572 m Hg(CN), .2239 < J+0.0618 100.0
TABLE IV

LOG K;, 1HP AND :1S.° VALUES FOR THE STEPWISE INTERACTION OF Tu WiITH Hg(CN); IN FORMAMIDE-
WATER SOLVENT MIXTURES AT 25°"C AND m=0®

Formamide Log K, Log K3 AH,° AH,° .15,° 1S,°
%o, /1) (kcaligmole) (kcaligmole) (cal-g=*'- (cal-g~ 1
-degree™ ') ~degree™ ')
0 1.97+0.06° 0.58-0.04* —1.5=20.1" —7.920.2% 4.0 —23.8%
20 208006 056+0.10 —14=0.1 —-9.1+04 438 —28
40 1.9510.05 0.57+0.11 —1.720.1 —-9.2-:04 3.2 —28
60 201=008 0602009 —1.720.1 —8.72-04 3.5 -26
80 2.022-0.08 0.64+:0.11 —1.6:-0.1 —-7.83+04 3.8 —23
100 2.02+008 0.64=0.11 —1.5=0.1 -74204 4.0 —-22

“The uncertaintics are cxpressed as standard deviations among 8-24 runs for each solvent composi-
tion; the thermodynamic values are expressed in molal units based on densities and heat capacities
taken from Ref. 8. °Ref. 1.

DISCUSSION

Examination of the thermodynamic values in Table IV reveals the striking fact
that the values do not vary significantly as the ratio of formamide to water in the
solvent is increased and in general ihe results show little deviation from those values
determined in pure water. This leveling nature of formamidce towards the thermo-
dynamic quantities for the interaction of Tu with Hg(CN), confirms previous
views>-*'¢ that formamide is a water-like solvent.

Thermochim. Acta, 2 (1971) 313-319
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Dawson and co-workers®>'* consider the properties of formamide to be of
interest because of their striking simnilarity to those of water. Somsen and Coops®
have taken anhydrous formamide as an ideal solvent for determining enthalpies of
solvation because (a) the use of other binary solvents may lead to a distorted picture
because of preferential solvation'3-2° and (b) there appears to be little or no ion
pairing in formamide soluticns. Support for the idea that little or no ion pairing
occurs in formamide solvents is found in the cryoscopic and conductometric measure-
ments by Dawson ef al.>-*. However, in a recent X-ray study of KI solutions in forma-
mide, DeSando and Brown®' present evidence for ion-pair formation at various
concentrations. The possibility of the non-elecirolyte, thiourea, dimerizing in forma-
mide-water solvents is unlikely and freezing-poirt depression measurements in this
laboratory indicate no Tu dimerization in 100% formamide.

In our earlier study! of Hg(CN),—Tu interaction in ethanol-water solvents the
marked change of 2-5 kcal/mole in the AH? and TA4S? values in the 0-50% (w/w)
ethanol region were taken to be indicative of changes in the solvent structure and for
solute-solvent interactions. To 1nvestigate the possibility of similar types of changes
for the formamide-water solvent system the thermodynamic data for reaction (1) were
first re-evaluated on the mole fractions scale®? and the recalculated values are given
in Table V. These values indicate there is a decrease in the stability of the complex

TABLE V

-3GO, (AH®, AND T-JS° VALUES BASED ON THE MOLE FRACTION SCALE FOR THE REACTION Hg(CN);+
Tu = Hg(CN)-Tu® IN FORMAMIDE-WATER SOLVENT MIXTURES AT 25°C

Formamide AG° AH® 7:15°
(%o, wir) (kcal!mole) (kcal/mole) (kcalimaole)
0 —097+0.08 —1.5+0.1 —0.520.1
20 —-0.97+0.07 —1.4:0.1 —0.4-=-0.1
40 —0.66=0.11 —1.720.1 ~1.0=0.1
60 —0.65=0.11 —1.7+0.1 —1.0+0.1
80 —0.57=0.11 —1.6=-0.1 —31.0x+0.1
100 —0.50-20.11 —1.5+0.1 —1.020.1

“The uncertaintics arc expressed as standard deviations among runs.

in comparing the 4G° values for pure water to those for pure formamide. The decrease
in — 4GP cannot be attributed solely to changes in the dipole interactions between
Hg(CN); and Tu as the dielectric constant decreases since the AH? values remain
essentially unchanged. The decrease is more probably due to changes in solvation of
the Hg(CN), and Tu species with changes in the solvent composition. If the change
in the 4G° and 74S° values are due to solvation changes the results given in Table V
would indicate that the solute species may be preferentially solvated by formamide
by the time the solvent is 40% in that component.



Hg(CN)> —-THIOUREA: INTERACTION IN WATER-HCONH, 319
ACKNOWLEDGMENTS

Financiai support for this work was received from the U. S. Atomic Energy
Commission. Contract No. AT (04-3)-299, and by the U. S. Public Health Service
through Research Career Development Award No. 1-K3-GM35250-02 (RMI) and
No. 1-K3-GM24361-02 (JJC).

REFERENCES

R. M. IzaT1T, D. EATOUGH AND J. J. CHRISTENSEN, J. Phys. Chem., 72 (1968) 2720.
. R. LEADER, J. Amer. Chem. Soc., 73 (1951) 856.
.. R. Dawson aND E. J. GRIFFITH, J. Phys. Chem., 56 (1952) 281.

. R. Dawson, T. M. NEWELL AND W. J. McCREARY, J. Amer. Chem. Soc., 76 (1934) 6024.

. J. Lacowskl, The Chemistry of Non-Aqueous Solrents, Vol. 11, Academic Press, New York,
N. Y., 1967, Chapter 5.

G. Somsex AND J. Coovrps, Rec. Trav. Chim. (Pays-Bas), 84 (1965) 985.

E. P. EgaN AND B. B. Lurr, J. Chem. Eng. Data, 11 (1966) 194.
T. L. HiGgGixs anp E. F. WESTRUM, IR., J. Phys. Chem., 65 (1961) 830.

K. P. MISHCHENKO AND A. M. SUkHOTIN, Dokl. Akad. Navk USSR, 98 (1954) 103.

10 R. P. HELp axDp C. M. CRriss, J. Phys. Cheni., 69 (1965) 2611.

i1 L. WEepA AND G. SOMSEN, Rec. Trar. Chim. (Pays-Bas), 86 (1967) 263.

12 R. K. AGARWAL AND B. NAYak, J. Phys. Cheri., 71 (1967) 2062.

13 E. LuksHA AnND C. M. Criss, J. Phys. Chem., 70 (1966) 1496.

i4 L. R. DawsoN, E. D. WiiHoiT AND P. G. SEARS, J. Amer. Chemi. Suc., 79 (1957) 5906.

i5 J. J. CuristenseN, R. M. 1zatTy, L. D. HANSEN AND J. A. PARTRIDGE, J. Phys. Cler., 70 (1966)

2003.

16 J. J. CHRISTENSEN, R. M. IzATT AND L. D. HANSEN, Rer. Sci. Instrum., 36 (1965) 779.

17 R. M. lzatT, D. EaTOUGH, R. L. Sxow axD J. J. CHRIiSTENSEN, J. Phys. Chem., 72 (1968) 1208.
18 K. SCHUG AND A. DADGAR, J. Phys. Chent., 68 (1964) 106.

19 M. E. EVERHARD, P. M. GRross, JR. AND J. W. TURNER, J. Phyvs. Chent., 66 (1962) 923.
20 1. B. HYNE, J. Amer. Chem. Soc., 85 (1963) 304.
21 R. J. DESANDO anD G. H. BrRowN, J. Phys. Chem., 72 (1968) 1088.
22 J. J. CHRISTENSEN AND R. M. IzaTT, in H. A. O. HiLL AxD P. DAY (Eds.}, Physical Methods in

Adcanced Inorganic Chemistry, Interscience, New York, 1968, Chapter 11.

)

~

i
2
3L
4L
53

Thermochim. Acta, 2 (1971) 313-319



