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Abstract

The compounds [MBxan)] (where Mis Mn(ll), Fe(Il), Co(ll), Ni(Il), Cu(ll) or Zn(ll); an = aniline) were synthesized and characterized by melt-
ing points, elemental analysis, thermal studies, and electronic and IR spectroscopy. The enthalpies of dissolution of the adducts, metal(ll) brom
and aniline in methanol, aqueous 1.2 M HCI or 25% (v/v) aqueous 1.2 M HCI in methanol were measured. The following thermochemical paran
ters for the adducts have been determined by thermochemical cycles: the standard enthalpies for the Lewis acid/basargajtibestandard
enthalpies of formation (£°), the standard enthalpies of decompositiog £8), the lattice standard enthalpiesA°) and the standard enthalpies
of the Lewis acid/base reactions in the gaseous phag#(@)). The mean bond dissociation enthalpies of the M(ll)-nitrogen babgs (,) and
the enthalpies of formation of the adducts from the ions in the gaseous phigg:HBr~ g + ang — [MBr2(ank]), (AqH*) have been estimated.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction by metal halides or pseudo-halides with aniline are not found in

_ N the literature. In earlier papef$—10], the preparation and the
~ Thermochemical parameters related to transition metalspectroscopy in the UV, visible and IR spectra of these com-
nitrogen coordinated bonds in coordination compounds formed,nds are described. Also, dielectric measurements have been

made on thenf6].
* Tel.: +55 19 37883023: fax: +55 19 37883088. The present paper is a calorimetric study of adducts of some
E-mail address: dunstan@igm.unicamp.br. divalent transition metal bromides and aniline, with the pur-
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Table 1
Yields in %, appearance and analytical data on the compounds

Compound Yield mp(K) Appearance C H N Br M

Calculated Found Calculated Found Calculated Found Calculated Found Calculated Found

[MnBra(any], 82 558 wh. pw. 35.94 35.87 3.52 3.47  6.99 6.94  39.85 39.75 13.70 13.65
[FeBr(ank], 8 448 l.br.pw.  35.86 3575 3.51 363 697 6.89  39.76 39.70 13.89 13.85
[CoBra(anp] 27 532 I. bl. cr. 35.59 35.48 3.48 336  6.92 6.88  39.46 39.40 14.55 14.60
[NiBra(anp], 54 552 l.gre.cr.  35.61 35.48 3.49 356  6.92 6.81  39.48 39.47 14.50 14.49
[CuBra(an] 73 443 d.br.pw. 3519 35.16 3.45 332 684 6.80  39.02 39.00 1551 15.43
[ZnBrp(any] 66 531 wh. cr. 35.03 35.08 3.43 3.40 681 6.81 38.84 38.85 15.89 15.90

I., light; d., dark; wh., white; br., brown; bl., blue; gre., green; pw. powder; cr., crystals.
@ Melting with decomposition.

pose of determining the energy involved in the formation ofdesiccator over calcium chloride. In all cases a molar ratio of
the coordinated metal—-nitrogen bonds and to determine seversélt/ligand of 1/2 was used.

thermochemical parameters for the adducts. The knowledge of

the thermodynamic properties of these compounds is impo2.4. Infrared spectra

tant to help the understanding of the coordinated metal—nitrogen

bonds, and to characterize and understand the properties of theseSpectra were obtained with samples in KBr. For the liquid

coordination compounds, which eventually could be useful idigand, a film sandwiched between NaCl plates was used. A
determining their potential applications in catalysis or in thePerkin-Elmer 1600 series FT-IR spectrophotometer in the region
chromatographic separation of metal ions. 4000-400 cm? region was used.

2. Experimental 2.5. Thermal studies
2.1. Chemicals TG/DTG and DSC measurements were obtained in argon
atmosphere in a Du Pont 951TG analyzer with the samples
Aniline (+99.5% Qumica Fina Ltd.) was purified by distil- Varying in mass from 3.02 to 6.84mg (TG/DTG) a;‘%‘?'_ffom
lation through an efficient column. All the anhydrous metal(Il) 2-24 10 4.25mg (DSC), and a heating rate of 10Kmtirin
bromides used in the synthesis of the adducts were of reagefite 293-513K (DSC) and 298-1243K (TG/DTG) tempera-
grade. Solvents used in the synthesis of the compounds and i€ ranges. TG calibration for temperatures was made with

the calorimetric measurements were purified by distillation andﬂe“"”'C al_umlnum asa sFand_ard (mp =660:87. The.equ—
stored over Linde & molecular sieves. ment carried out the calibration for mass automatically. The

DSC calibration was made with metallic indium as a standard
; (Mp=165.73C, Ad H° =28.4Jg").
2.2. Analytical

. . 2.6. Calorimetric measurements
Carbon, hydrogen and nitrogen contents were determined

by microanalytical procedures. The metal contents were deter- A the solution calorimetric measurements were carried
mined by complexometric.titration with 0.01 M EDTA solution out in an LKB 8700-1 precision calorimeter as previously
[11] of the aqueous solution of the adducts. Bromide analysigescrined13]. The solution calorimetric measurements were
was obtained by gravimetry with standard 0.1 M AgNSDIU- e rformed by dissolving samples of 5.5-110.3 mg of the adducts
tion, after the adducts have been dissolved in WHIBl. The o meta|(il) bromides in 100 mL of methanol, agueous 1.2 M

capillary melting points of the adducts were determined in a4c| or 25% (v/v) aqueous 1.2 M HCI in methanol and the ligand

UNIMELT equipment from Thomas Hover. aniline in this latter solution maintaining the molar relation of
1/2, equal to the stoichiometry of the adduct. The accuracy of the
2.3. Adducts synthesis calorimeter was verified by determining the heat of dissolution of

tris[(hydroxymethyl)amino]methane in 0.1 mol dfHCI. The

The adducts were prepared by the reaction of the anhyresult29.78+ 0.03 kJ mot?, is in agreement with the value rec-
drous metal(ll) bromides dissolved in hot ethanol (acetonemmended by IUPAC (—29.7680.003 kJ mot?) [14].
for Fe(Il) bromide) with aniline. A typical procedure is given
bellow. 2.7. Electronic spectra

To a solution of 1.5 g of MnBr (6.98 mmol) in 40 mL of hot
ethanol, 1.3 mL of aniline (13.96 mmol) was added, slowly and Spectra in the 350-2000 nm region were obtained with a
drop-wise with stirring. The white solid that formed was filtered UV—vis—NIR Varian-Cary 5G spectrophotometer, with a stan-
and washed with tree portions of 10 mL of petroleum ether. Thelard reflectance attachment for obtaining the spectra of the solid
product was dried for several hours in vacuum and stored in adducts.
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Table 2 data for N-H stretching and bending frequencies of adducts and
Infrared data for aniline and complexes Iigand.
Compound N_Hstretching(cm_l) N—Hgeformation
(cm™) 3.2. Thermal studies

an 3433s,3355s 1617s
[MnBra(an)] 3302m,3241m 1607m Thermogravimetry and derivative thermogravimetry of the
{E‘?:fzga“);} ggg‘l‘ m, 2521259 m, b iggg m adducts showed that the associated thermal dissociation process

1Bra2(an m, m S . . .
[CoBra(any] 3257m 3211 m 16045 were of different types, WI'Fh the lost of mass in three step_s.
[CuBry(an] 3296m.3230m 1601m Some of these steps consist of two successive decomposition
[ZnBra(an)] 3263m,3219m 1604m processes. They lose part of the ligand in the first two steps (Cu

adduct), or all the ligand and part of the bromine (Mn, Fe and Ni
adducts) or all the ligand, all the bromine and part of the metal
(Zn adduct). In the third step, the adducts of Mn, Co and Ni lose
part of the bromine. The adduct of Fe lost the rest of the bromine
3. Results and discussion and part of the metal in the third step. The adduct of Cu lose the
rest of the ligand, all the bromine and part of the metal in the third
All adducts obtained were solids. The yields ranged fromstep. The adduct of Zn lost part of the metal in the third step. In all
27 to 82%. The yields, melting points, colors, appearance angases a residue is observed that s part of the metal or a mixture of
analytical data are summarizedTiable 1. All of the compounds  metal and metal bromide. For the heating of metal(ll) bromides

2 Intensity of bands: s, strong; m, medium; b, broad.

melted with decomposition. the loss of all the bromide and part of the metal or part of the
bromine has been observed, leading to a residue of the respective
3.1. Infrared spectra metal or a mixture of the metal and metal bromjaa].

The DSC curves of the adducts are consistent with the
The infrared spectra of the adducts is similar to that of freeTG/DTG data and show endothermic peaks due to melting with
aniline. There is a shift of the-NH stretching and bending modes the partial elimination of the ligand, partial elimination of lig-
of the adducts to lower frequencies, indicating a weakening o&nd or partial elimination of the ligand together with the partial
this bond after coordination of the nitrogen atom to the metaklimination of bromineTable 3presents the thermoanalytical
ion[10, 15-21].Table 2presents the extracted infrared spectraldata on the adducts.

Table 3
Thermal analysis of the compounds
Compound Mass lost (%) TG temperature range (K) Species lost DSC peak temperature ~ AH° (kJ mot1)
Calculated Observed
[MnBry(an)] 6.97 7.8 331-342 -0.3L 368 57.83
41.48 41.48 416-450 —0.7L-0.1 Br
36.86 36.19 858-976 —1.85Br
15.28
[FeBr(an)] 48.33 48.35 421-477 —21-0.1Br 449 98.51
9.96 10.80 477-574 —0.58Br
29.21 29.21 590-787 —1.4Br-0.1 Fe
11.44
[CoBry(an)] 43.70 44.20 451-487 -19L 307 0.37
37.81 37.74 827-931 —0.11L-1.8Br 330 0.56
0.58 0.62 1067-1102 —0.03 Br 452 0.06
17.44
[NiBra(an)] 17.26 17.73 360-328 —-0.75L 335 9.68
36.66 36.53 328-484 —1.25L-0.4Br 397 96.78
29.61 29.95 820-918 —1.5Br
15.79
[CuBrz(an)] 12.51 12.40 369-389 —-0.55L 370 23.14
14.78 14.80 389-552 —0.65L 423 12.40
61.09 61.24 389-961 —0.8 L-2 Br-0.25 Cu
11.56
[ZnBrz(an)] 33.95 33.97 455-497 -15L 335 20.01
58.89 58.73 497-724 —0.5L-2 Br-0.55 Zn
2.38 2.30 724-908 —0.152Zn
5.00

2 Residue at 1243 K.
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3.3. Electronic spectra observed in pseudo-tetrahedral Cu(ll) compoufads28], the
Cu(ll) ion being surrounded by two nitrogen atoms from two

The ligand field parameters for the Co(ll) adduct were caldigand molecules and by two bromide ioffable 4contains the

culated according to LevgR3]. According to the number and band maxima assignments and calculated ligand field parame-

position of the bandf4,25]and considering the magnitude of ters for the adducts.

the crystal field parameters as compared with that of BdB&3r

it is concluded that the Co(ll) ion is pseudo-tetrahedrally sur3.4. Calorimetric measurements

rounded[8] by two nitrogen atoms from two ligand molecules

and by two bromide ions. The ligand field parameters for the The standard enthalpies of dissolution of metal(ll) bromides,

NI(Il) adduct were calculated according to Reedijk et[al] aniline and adducts were obtained as previously repdited

and Lever[23]. According to the number and position of the The standard enthalpies of dissolution were obtained according

observed bands, and considering the magnitude of the cryss the standard enthalpies of the following reactions in solution:

tal field parameters as compared with that of Bol$&§], it

is concluded that the Ni(ll) ion is pseudo-octahedrgjy sur-

rounded by two nitrogen atoms from two ligand molecules a”dZam) + solution A — solution B, A H®° )

by four bromide ions. For the adduct of Mn(ll) since only

spin-forbidden bands can be observed in the electronic spec-

tra of high-spin(ll) complexes, it is impossible to determine . . . o
with accuracy the ligand field parameters. It is however, pOS[MBrz(anh](S)+calor|metr|c solvent solutionC, /gH

MBr(s)+ calorimetric solvent— solution A A1H® Q)

sible to deduce the local symmetry, which is pseudo-octahedral 3)
[8,24,26]with two nitrogen atoms from two ligand molecules
and four bromide ions surrounding the Mn(ll) ion. The ligand Sp|ution B — solution C, AH°® (4)

field parameters for the Fe(ll) adduct were calculated according

to Bolster[26]. It is concluded by the position of the absorp- The application of Hess’ law to the series of reacti¢hs-(4)
tion band and considering the magnitude of Dq that the Fe(lIpives the standard enthalpies of the acid/base reactioff’jA
is pseudo-tetrahedrally surrounded by two nitrogen atoms frorgccording to the reaction:

two ligand molecules and by two bromide ions. For the Cu(ll) o

adduct, the electronic spectrum showed a rather broad band withBre@+2an — [MBra(ankle. ArH ®)
two maxima. The intensity and position correspond with thosavhere A H® = A1H° + AoH° — A3H°

EZ?E riaxima and calculated ligand field parameters for the compounds
Compound Band maxima 10° cm1)
d-d Intra-ligand + charge transfer
[MnBra(ank], 18.5,23.5 28.4,29.2
[CuBrz(an)] 10.5,12.4

Band maxima (x 1®9cm™1)

d—d Intra-ligand + charge transfer
v1 Dg (cm™)
[FeBr(ank], 12.38 1238 28.0
Band maxima (x18cm 1) Dq (cm 1) B(cm™1) Dq/B Bt
d—d Intra-ligand + charge transfer
V1 V2 V4 V3
[CoBry(an)] 7.07 15.9 28.4 275 983 0.28 1.01
[NiBra(ank], 8.34 12.¢ 14.1 23.9 27.5,28.6 834 535 1.56 0.52

B* =BIBy; Bo=971cnt! (CA?*); Bo=1030 cnm! (Ni2*); referencd26].
2y =5Eg . 5ng.

V2 = 4T1(F) <~ 4A2.

vz = 4T1(P) <~ 4A,.

V1= 3T29 <« 3A29.

vy = 3Tlg(F) <~ 3Azg.

va = 1Eg <« aAzg.

b
c
d
e
f
9 3= 3Tlg(P) <~ 3Azg.
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Table 5
Enthalpies of dissolution at 298.15K

Compound Calorimetric solverit Number of experiments i AiH° (kI mol1)
MnBry(s) Methanol 9 1 —76.58+ 1.78
ary) 2:1 MBro—methanol 4 2 —-4.62+ 0.10
[MnBra(ank](s) Methanol 4 3 —17.97+ 0.90
FeBrys) Methanol 7 1 —79.214+ 2.10
ary) 2:1 FeBp—methanol 6 2 —11.424 0.45
[FeBr(ank]s) Methanol 4 3 25.63+ 1.14
CoBrys) Methanol 9 1 —105.99+ 1.22
ary) 2:1 CoBp—methanol 4 2 —-4.73+ 0.15
[CoBry(ank](s) Methanol 4 3 —13.16+ 0.36
NiBro(s) 1.2M HCP 9 1 —58.75+ 1.05
ary) 2:1 NiBr,—-1.2 M HCP 4 2 —58.88+ 1.53
[NiBra(ank]s) 1.2M HCP 4 3 —24.184+ 1.16
CuBry) 25% 1.2 M HCl-methanél 5 1 —25.414+ 0.23
ary) 2:1 CuBp—25% 1.2 M HCl-methanBl 5 2 —45.624 0.88
[CuBra(any(s) 25% 1.2 M HCl-methanél 5 3 9.30+ 0.50
ZnBry(s) Methanol 12 1 —48.394+ 0.54
ary) 2:1 ZnBr—methanol 4 2 —4.93+ 0.09
[ZnBry(ank]s) Methanol 4 3 43.90+ 0.49

a8 1.2M HCL=aqueous 1.2M HCI.
b 25% 1.2 M HCl-methanol = 25% (v/v) aqueous 1.2 M HCI in methanol.

Since the final thermodynamic state of reacti@)and(3)is  tice enthalpies (fH°) and the standard enthalpies of the Lewis
the same and 4H° = 0. Table 5gives the values obtained for the acid/base reactions in the gaseous phasé/{(g)). These lat-
enthalpies of dissolution of MBI(A1H®), aniline into the solu-  ter values can be used to calculate the standard enthalpies of
tion of MBr, (A2H°) and of the adducts (£%°). Uncertainty  the M—N bonds[30], being equal taDp-n) = —A,H°(g)/2.
intervals given in this table are twice the standard deviation offable 6lists the values obtained for all these thermochem-
the means of 4-12 replicate measurements. Electronic specii@l parameters. Combined errors showed in this table were
revealed that the adducts of Mn(ll), Fe(ll) and Ni(ll) in the solid calculated from the square root of the sum of the component
state are polymeric structures with chains formed by bridges oérrors.
bromide ions linking the metallic ior{8]. The thermochemical For the determination ok H°(g) it was necessary to assume
parameters were calculated for monomeric hypothetical adductkat the molar standard enthalpies of sublimation of the adducts
of Mn(ll), Fe(ll) and Ni(ll) adducts in the solid phase. From were equal to the enthalpy of vaporization of one mol of the lig-
the values obtained for the standard acid/base reactigi®JA and[30,34]as the melting points and/or thermal studies showed
and by using appropriate thermochemical cyd#3,29,30], that the adducts decomposed on heating and were not found in
the following thermochemical parameters for the adducts weréhe liquid phase, and probably not in the gaseous phase.
determined: the standard enthalpies of formatiopH?%, the Based on theAH° values for the adducts, the acidity
standard enthalpies of decompositionyX), the standard lat- order of the salts can be obtained: FeBICoBRL = ZnBr; >

Table 6

Summary of the thermochemical results (kJ gl

Compound AHP AfH° ASSH® AmH® ApH® AHO(9) Doi—n)
MnBry(s) -384.9 206

FeBrys) —249.8 204

CoBry) -220.9' 18P

NiBra) —212.7 170P

CuBrys) -141.8 182.4

ZnBrys) —328.68 159.P

ary) 31.3£0.7 55.8+1.1°

[MnBra(ankls) —63.234 2.00 —384.5+3.2 —379.7+ 3.6 49.4+ 3.0 —324.9+ 3.7 162.5+ 1.9
[FeBr(ank(s) —116.26+ 2.43 —303.5+3.4 —432+ 4 227.9+ 3.3 -376+ 4 188+ 2
[CoBra(any]s) —97.56+ 1.28 —255.9+2.8 —-392+ 3 209.2+ 2.5 —336+ 3 168+ 2
[NiBra(ankl(s) —-93.45+ 2.19 —243.0+2.8 375+ 4 18.2+ 3.1 -319+ 4 160+ 2
[CuBra(any]s) —80.33+ 1.04 —238.6+2.6 —3743+ 3.1 31.3+ 24 —318.5+ 3.3 159.3+ 1.7
[ZnBra(ank](s) -97.22+ 0.73 —-363.3£2.5 —49.1+ 3.1 208.8+ 2.3 —-312.7+ 3.3 156.4+ 1.7

a See referencf81].
b See referencs?].
¢ See referencf3].
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Table 7

Auxiliary data and enthalpy changes of the ionic complex formation in the gaseous phase () mol

Compound A¢H° A H° AqH®

Br=(g —219.072

Mn?* ) 2522.0+0.1°

Fe?*(g) 2751.6+2.F

Co**(g) 2841.7+ 3.4

Ni%* ) 2930.5+ 1.9

C (g 3054.5+2.1°

Zn**(g) 2781.0£ 0.4

[MnBr2(ank](g) —330+5 —324.9+ 3.7 —2588+ 6
[FeBr(ank](q) —248+5 —376+ 4 —2736+ 6
[CoBra(ank](g) —200+4 —336+ 3 —2778+ 6
[NiBr2(ank](q) —187+5 —319+ 4 —2854+ 6
[CuBra(any](g) —103.7+4.4 —318.5+ 3.3 —2894.3+ 5.7
[ZnBra(ank](g) —307.5+4.1 —312.7+ 3.3 —2824.6+ 5.1

2 See referencf81].
b See referencig2].

NiBr, > CuBr, > MnBr,. Using theB(M—N) values, the orderis; assumption thatthe course of the variation of the enthalpy values

FeBpr > CoBr > MnBr, > NiBrs > CuBr, > ZnBry. is linear in a hypothetical state without the influence of the ligand
The enthalpies for the process of an hypothetical complefield. The stabilization energies are the difference between the

formation in the gaseous phase from metal(ll) ions, bromideeal and the interpolated values. Thus, it is found that the stabi-

ions and aniline molecules can be evaluated: lization energies in the ligand field formed by two bromide ions

and two nitrogen atoms (from two ligand molecules) decreases

M2*(g)+ 2Brg) + 2ang — [MBra(anyl(). AnH° (6) inthe order: Ni(ll) 125 kJ moi! > Cu(ll) 110 kI mot > Fe(ll)

. I S _ 100kJImot>Co(ll) 90 kI moft. The adducts of Cu(ll) bro-

W'trl Af'HO = AtH° (adduclg) — AtH°(M™(g)) — 2A1H mide, of the same stoichiometry, formed with pyN&2], a-

(Br” g) — 2A¢H° (ang))- _ picoNO [35] and B-picoNO[36] have stabilization energies of
Table 7lists the values obtained for these enthalpy valueslo7_5, 115 and 129 kJ o}, respectively. This means that the

The environment around the M(ll) ions is pseudo—tetrahedrag)rder of stabilization energies of the ligands is: pyNO < an <
(two Br ions and two N atoms). The correlation of thg H° picoNO <B-picoNO.

values with the metal atomic number is presente#ig 1. It
shows part of the double periodic variation profile. ThgH® Ref,
. . erences
values obtained depends on the electronic structure of the centrale
ion. The course of that relation allows determining graphically [1] A.V. Ablov, L.V. Nazarova, Russ. J. Chem. 5 (8) (1960) 842.
the thermodynamic stabilization energy in the ligand field, onthe[2] A.v. Ablov, Z.P. Burnashava, Russ. J. Inorg. Chem. 5 (3) (1960) 289.
[3] A.V. Ablov, V.Y. Ivanova, Z. Neorg. Khim. 6 (1961) 883.
[4] S.R. Jain, S. Soundararajan, Curr. Sci. (India) 31 (1962) 458.
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