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Abstract The adducts [CdX2(L-L)], where X = Cl, Br,

I; L-L = 2,2’-bipyridine (bipy) or 2,20-bipyridine N,N0-
dioxide (bipyNO) have been synthesized and characterized

by melting points, elemental analysis, thermal analysis, and

IR spectroscopy. From calorimetric studies in solution, the

standard enthalpies of formation of the adducts and several

thermochemical parameters were determined. The mean

standard enthalpies of the cadmium-nitrogen and cad-

mium-oxygen bonds have been estimated.
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Introduction

The cadmium(II) halides have industrial or biological

importance. They are very toxic reagents that are using in

metal plating, battery industry, photography, dying, and

printing industries [1]. As well as, complexes of 2,20-
bipyridine and 2,20 bipyridine N,N0-dioxide with ions of

transition metals are reported in the literature [2–4]. The

coordination takes place through the two nitrogen atoms or

the two oxygen atoms, respectively, leading to the chela-

tion of the metal ions. Cadmium(II) halides have interest-

ing properties as their d10 configuration permits a wide

variety of geometries and coordination numbers. Com-

plexes of the type [CdX2(L-L)] where L-L is a bidentate

ligand are known [5]. In the last years, several studies on

the complexes formed by cadmium(II) halides have been

made [4–21]. These included some thermodynamic studies.

But relatively few researches have been made on the

energetic of the cadmium(II)-donor atom bonds. In this

article, it is described a study of the adducts formed by the

ligands 2,20-bipyridine and 2,20-bipyridine N,N0-dioxide

with cadmium(II) halides to determine several thermo-

chemical parameters, including, the mean strength of the

cadmium(II)-nitrogen and cadmium(II)-oxygen coordi-

nated bonds to fill the uncompleted data [4] and find

correlations between the thermochemical parameters. The

thermodynamic characterization of the adducts is important

to understand their properties and determine new potential

applications.

Experimental

2,20-bipyridine (Aldrich Chemical Co Inc. 99 ? %) was

purified by recrystallization from ethanol according to the

method described by Gallagher et al. [22]. 2,20-bipyridine

N,N-dioxide was synthesized as described in the literature

[2]. Cadmium(II) chloride and bromide were synthesized

as described in the literature [23]. Cadmium(II) iodide

(Aldrich Chemical Co Inc., 99%) was purified according

Queiroz et al. [12].

Carbon, hydrogen, and nitrogen were determined by

microanalytical procedures [24]. Halide analysis was made

by gravimetry using standard N/10 AgNO3 solution, after

the adducts were dissolved in water [25]. Cadmium content

was determined by spectrophotometric titration with ethy-

lenediaminetetraacetate (EDTA) [26].

Infrared spectra were obtained using samples of the

adducts in a KBr matrix in the region 4000–400 cm-1

using a Perkin Elmer 1600 series FTIR spectrophotometer.
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The TG/DTG and DSC measurements were obtained in

an argon atmosphere in a Du Pont 951 analyzer with

samples varying in mass from (7.16 to 13.92) mg (TG/

DTG) and from (2.91 to 8.45) mg (DSC) and a heating rate

of 10 K min-1 in the 298–678 K (DSC) and 298–1248 K

(TG/DTG) temperature ranges.

All the solution calorimetric measurements were carried

out in a LKB 8700-1 precision calorimeter as described

previously [27]. The accuracy of the calorimeter was car-

ried out by determining the heat of dissolution of tris(hy-

droxymethylamino)methane in 0.1 mol dm-3 hydrochloric

acid. The result (-29.78 ± 0.03 kJ mol-1) is in agreement

with the value recommended by I.U.P.A.C. (-29.763 ±

0.003 kJ mol-1) [28]. The uncertainty intervals are twice

the standard deviations of the means of about 3–6 replicate

measurements on each compound.

Results and discussion

All the adducts were solids. The yields range from (28 to

99%). The analytical data of the adducts are summarized in

Table 1.

The more important IR bands are reported in Table 2.

The IR spectra of the adducts of bipy show dislocation

and splitting of some bands and the appearance of new

bands when compared with the spectra of free bipy.

These are absent in the free bipy and are indicative of

adduct formation [3]. The IR spectra of adducts of

bipyNO show shifts in frequencies with respect to free

bipyNO, of characteristic bands due to the stretching and

bending vibration of the N–O bond (1265–1200 and

860–830 cm-1), respectively. The observed average shift

of the mid-point of the first vibration to lower frequencies

after coordination is about 34–47 cm-1. The second

vibration is slightly dislocated to lower frequencies after

complexation. These facts indicate the decrease of the N–

O order after coordination of bipyNO [29]. Table 2 shows

the main IR frequencies observed for the free ligands and

the adducts.

The thermogravimetry of the adducts shows the loss of

the ligand in two or three steps of mass loss followed by

the loss of the salt, together in the last step of ligand loss

or in another step of mass loss. The bipyNO adduct of

CdI2 left a residue that is part of the metal content. The

DSC curves are consistent with the TG data. They

present exothermic peaks due to the decomposition of the

adduct. Table 3 presents the thermoanalytical data of the

adducts.

The standard enthalpies of dissolution of cadmium(II)

halides, ligands, and adducts were obtained as previously

reported [27]. The standard enthalpies of dissolution were

obtained according to the standard enthalpies of the

following reactions in solution:

Table 1 Analytical data (in mass/%) for the compounds (observed (calculated))

Compound C H N X Cd

[CdCl2(bipy)] 35.38 (35.47) 2.38 (2.35) 8.25 (8.13) 20.89 (20.80) 33.11 (33.01)

[CdBr2(bipy)] 28.04 (28.24) 1.88 (1.93) 6.54 (6.45) 37.31 (37.19) 26.24 (26.14)

[CdI2(bipy)] 22.99 (22.78) 1.54 (1.50) 5.36 (5.26) 48.59 (48.70) 21.52 (21.55)

[CdCl2(bipyNO)] 32.33 (32.18) 2.17 (2.27) 8.25 (8.15) 19.09 (19.21) 30.26 (30.32)

[CdBr2(bipyNO)] 26.09 (25.99) 1.75 (1.70) 6.08 (5.99) 34.71 (34.80) 24.41 (24.50)

[CdI2(bipyNO)] 21.67 (21.79) 1.45 (1.40) 5.05 (4.98) 45.78 (45.69) 20.27 (20.19)

Table 2 Main IR spectral data of compounds/cm-1

Compound mNO cNO m(C–C) Ring / C�Cð Þ New bands

bipy 1578 s 993 m 757vs

[CdCl2(bipy)] 1577 m 1016 m 773vs 1317 m, 735 m

[CdBr2(bipy)] 1571 m 1015 m 772vs 1313 m, 736 m

[CdI2(bipy)] 1561 m 1015 m 770vs 1315 m, 734 m

bipyNO 1262vs, 1255vs 852 s, 840 s 1479 s 1022 m 769vs

[CdCl2(bipyNO)] 1224vs 831 s 1478 m 1029 m 767vs

[CdBr2(bipyNO)] 1222vs 838 s 1476 s 1033 m 774vs

[CdI2(bipyNO)] 1220vs, 1204vs 833 s 1475 s 1032 m 769vs

m stretching, c bending out of the plane, Ring ring breathing / ring deformation out of the plane. Intensity of bands: vs very strong, s strong,

m medium
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CdX2ðsÞ þ calorimetric solvent! solution A; D1Hh

ð1Þ

L-Lð Þ sð Þ + solution A! solution B; D2Hh ð2Þ

CdX2 L-Lð Þ½ �ðsÞ + calorimetric solvent! solution C;

D3Hh ð3Þ

solution B! solution C; D4Hh ð4Þ

The application of the Hess’ law to the series of reactions

(1)–(4) gives the standard enthalpies of acid/base reaction

(DrH
h) according to the reaction:

CdX2ðsÞþ L-Lð ÞðsÞ! CdX2 L-Lð Þ½ �ðsÞ; DrH
h ð5Þ

where DrH
h = D1Hh ? D2Hh-D3Hh. Table 4 gives the

values obtained for the enthalpies of dissolution of CdX2

(D1Hh), (L-L) into the solution of CdX2 (D2Hh) and of the

Table 4 Enthalpies of dissolution at 25.00 �C

Compound Calorimetric solvent Number of experiments DiH
h/kJ mol-1

CdCl2(s) 4.2 M HCl 6 3.82 ± 0.13

bipy(s) 1:1 CdCl2-4.2 M HCl 4 -21.04 ± 0.19

[CdCl2(bipy)](s) 4.2 M HCl 3 39.31 ± 2.35

CdBr2(s) 4.2 M HCl 7 14.07 ± 0.52

bipy(s) 1:1 CdBr2-4.2 M HCl 4 -19.61 ± 0.68

[CdBr2(bipy)](s) 4.2 M HCl 5 28.61 ± 1.53

CdI2(s) 4.2 M HCl 5 30.81 ± 0.22

bipy(s) 1:1 CdI2-4.2 M HCl 6 -19.07 ± 0.69

[CdI2(bipy)](s) 4.2 M HCl 5 34.17 ± 0.46

bipyNO(s) 1:1 CdCl2-4.2 M HCl 4 0.98 ± 0.07

[CdCl2(bipyNO)](s) 4.2 M HCl 5 7.71 ± 0.68

bipyNO(s) 1:1 CdBr2-4.2 M HCl 6 0.61 ± 0.06

[CdBr2(bipyNO)](s) 4.2 M HCl 5 22.12 ± 1.57

bipyNO(s) 1:1 CdI2-4.2 M HCl 5 2.54 ± 0.06

[CdI2(bipyNO)](s) 4.2 M HCl 4 47.27 ± 2.42

Table 3 Thermoanalytical data of the compounds

Compound Mass loss/% TG temperature range/�C Species lost DSC peak temperature/ �C DHh/kJ mol-1

Calcd. Obs.

[CdCl2(bipy)] 23.1 23.0 245–384 -0.5L 155 -270.30

23.1 20.1 384–529 -0.5L

54.0 55.0 529–741 -CdCl2

[CdBr2(bipy)] 18.2 19.0 176–381 -0.5L 156 -251.05

18.2 20.1 381–481 -0.5L

63.5 60.2 481–634 -CdBr2

[CdI2(bipy)] 23.9 24.2 293–329 -0.8L 299 0.84

76.1 76.6 329–473 -0.2L–CdI2

[CdCl2(bipyNO)] 8.7 8.8 332–329 -0.17L 155 -186.60

19.0 18.6 329–445 -0.37L

73.0 71.2 445–970 -0.46L -CdCl2

[CdBr2(bipyNO)] 16.4 16.4 94–310 -0.40L 155 -447.24

18.4 18.2 310–418 -0.45L

65.3 65.6 418–970 -0.15L–CdBr2

[CdI2(bipyNO)] 23.8 23.7 285–305 -0.7L

71.2 71.0 305–507 -0.3L–I2–0.75Cd

5.3a

a Residue at 970 �C
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adducts (D3Hh). Uncertainty intervals given in this table are

twice the standard deviation of the means of 3–6 replicate

measurements.

From the values obtained for the standard enthalpies of

the reaction (5) and by using appropriate thermochemical

cycles [27], the following thermochemical parameters for

the adducts were determined: the standard enthalpies of

formation (DfH
h), the standard enthalpies of decomposition

(DDHh), the standard lattice enthalpies (DMHh) and the

standard enthalpies of the reaction in the gaseous phase

(DrH
h(g)). The standard enthalpies of the Cd(II)-N or

Cd(II)-O bonds are equal to �D Cd�N=Oð Þ ¼ ð�DrH
h gð Þ=2Þ

[27]. Table 5 lists the values obtained for these enthalpies.

The enthalpies for the process of adduct formation in the

gaseous phase, from cadmium(II), halide ions and ligand

molecules can be evaluated:

Cd2þ
ðgÞ þ 2 X�ðgÞ þ L-Lð ÞðgÞ! CdX2 L-Lð Þ½ � gð Þ;DfIH

h ð6Þ

where DfIH
h = DfH

h(adduct(g))-DfH
h(Cd(g)

2?)-2 DfH
h

(Br(g)
- )-DfH

h((L-L)(g))

Table 6 lists the values obtained for these enthalpy

values.

The correlation between the formation enthalpies of X-

gaseous ions with the formation enthalpies of the respec-

Table 5 Summary of the thermochemical results for the compounds/kJ mol-1

Compound DrH
h DfH

h Ds
gHh DMHh DDHh DrH

h/g �D Cd�N=Oð Þ

CdCl2(s) -391.5a 181.2b

CdBr2(s) -316.2a 151.2c

CdI2(s) -203.3a 137.7c

Bipy(s) 216.4 ± 7.4d 81.93 ± 0.33d

BipyNO(s) 16.6 ± 5.2e 80 ± 10e

[CdCl2(bipy)](s) -56.53 ± 2.36 -231.6 ± 8.0 81.93 ± 8.19f -319.7 ± 2.6 138.26 ± 2.38 -237.7 ± 8.6 128.9 ± 4.3

[CdBr2(bipy)](s) -34.15 ± 1.75 -134.0 ± 7.7 81.93 ± 8.19f -267.3 ± 2.0 116.08 ± 1.78 -185.4 ± 8.4 92.7 ± 4.2

[CdI2(bipy)](s) -22.43 ± 0.86 -9.33 ± 7.52 81.93 ± 8.19f -242.1 ± 2.2 104.36 ± 0.92 -160.1 ± 8.5 80.1 ± 4.3

[CdCl2(bipyNO)] -2.91 ± 0.70 -377.8 ± 5.6 180 ± 28f -364 ± 10 183 ± 10 -184 ± 30 92 ± 15

[CdBr2(bipyNO)] -7.44 ± 1.65 -307.0 ± 5.5 180 ± 28f -339 ± 10 187 ± 10 159 ± 30 80 ± 15

[CdI2(bipyNO)] -13.92 ± 2.43 -200.6 ± 5.8 180 ± 28f -332 ± 11 194 ± 10 -152 ± 30 76 ± 15

a [30], b [31], c [32], d [33], e [4], f [34]

Table 6 Auxiliary data and enthalpy changes of the ionic complex

formation process in the gaseous phase/kJ mol-1

Compound DfH
h DrH

h/g DfIH
h

Cl(g)
- -233.13a

Br(g)
- -219.07a

I(g)
- -197a

Cd(g)
2? 2623.54a

[CdCl2(bipy)](g) -

149.7 ± 11.4

-237.7 ± 8.6 -2605.3 ± 13.9

[CdBr2(bipy)](g) -52 ± 11 -185.4 ± 8.4 -2536 ± 14

[CdI2(bipy)](g) 72.6 ± 11.4 160.1 ± 8.5 -2455 ± 34

CdCl2(bipyNO)](g) -197 ± 33 -184 ± 30 -2551 ± 34

[CdBr2(bipyNO)](g) -127 ± 32 -159 ± 30 -2509 ± 34

[CdI2(bipyNO)](g) -21 ± 32 -152 ± 30 -2448 ± 34

a [30]

300

200

100

2400 2500 2600 2700

Δf H  of adduct (g) / KJ mol –1

–Δ
f H

 o
fX

– (g
) /

K
J 

m
ol

–1

Fig. 1 Plot of the enthalpy changes of the halide gaseous formation

against the enthalpy changes of the respective adduct formation in the

gaseous phase (D = bipyNO; O = bipy)
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tive adduct (bipy or bipyNO) in the gaseous phase is linear.

It is showed in Fig. 1.

Conclusions

Based on the DrH
h values for the adducts, the acidity order

of the salts can be obtained: CdCl2 [ CdBr2 [ CdI2 (for

bipy) and CdI2 [ CdBr2 [ CdCl2 (for bipyNO). Using the
�D Cd�N=Oð Þ values, the order is CdCl2 [ CdBr2 [ CdI2 (for

bipy) and CdCl2 [ CdBr2 [ CdI2 (for bipyNO). The

expected order on the basis of an inductive effect of the

electronegative values of the halogen atoms would be:

CdCl2 [ CdBr2 [ CdI2. Comparing the DrH
h or �D Cd�N=Oð Þ

values for adducts with the same halide, the basicity order

of the ligands can be obtained: bipy [ bipyNO.
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