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Abstract

The compounds [MBXL),] (where M is Mn(ll), Fe(ll), Co(ll), Ni(ll), Cu(ll) or Zn(ll); L = B-picoline N-oxide 3-picoNO)) were
synthesized and characterized by melting points, elemental analysis, thermal analysis and electronic and IR spectroscopy. The enthalpies of
dissolution of the adducts, metal(ll) bromides @igicoNO in methanol or agueous 1.2 M HCl were measured and by using thermochemical
cycles, the following thermochemical parameters for the adducts, have been determined: the standard enthalpies for the Lewis acid/base
reactions (AH°), the standard enthalpies of formation{#8), the standard enthalpies of decompositiogK8), the lattice standard enthalpies
(AmH°®) and the standard enthalpies of the Lewis acid/base reactions in the gaseous\pHa&p). The mean bond dissociation enthalpies
of the metal(ll)-oxygen bondd)y—oc)) have been estimated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction elements, with several substituted pyridine N-oxiffe<l 4].
But, no information about the enthalpies of the transition
The standard enthalpies of formation of coordination com- element—oxygen coordinated bonds formed in these com-
pounds are important to characterize them and to understangounds is given. No any thermochemical study is made on
their propertied1]. Thermochemical parameters related to them. The complexes of metal(ll) bromides wiikpicoline
transition metal-oxygen coordinated bonds are limited. The- N-oxide were synthesized with the purpose of obtaining sev-
oretical and practical aspects of complexes formed by tran- eral thermochemical parameters for these complexes and
sition metal ions are used for determining their potential to establish correlations among these parameters. Correla-
applications in catalysis or in the chromatographic separa-tions between the bond energies observed in these com-
tion of metals. Then, the knowledge of the thermodynamic plexes with the bond energies observed for the adducts of the
properties of the complexes is important. On the other hand, same metal(ll) bromides with pyridine N-oxifiE5] are also
B-picoline N-oxide has been used as a ligand due to its in- studied.
trinsic ability to coordinate metal cations through its oxygen
atom. This chemical property is attributed to its particular
electronic configuratioff2]. 2. Experimental
In this paper it is reported the synthesis of complexes
of some bromides of divalent 3d electrons elements with 2.1. Chemicals
B-picoline N-oxide. In the literature it is found the synthe-
sis, characterization by elemental analysis, infrared and elec-  g-picoline N-oxide was prepared according with the
tronic spectroscopy and in some cases, by thermal analysisnethod of Boekelheide and Linfi6]. All the anhydrous
(TG/DTG) of complexes of metal(ll) bromides of transition  salts used in the preparation of the complexes were of
reagent grade. Solvents used in the synthesis of the adducts
* Tel.: +55-19-37883088; fax:-55-19-37883023. were purified by distillation and stored over Linde 4A
E-mail addressdunstan@igm.unicamp.br (P.O. Dunstan). molecular sieves.
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2.2. Analytical were performed by dissolving samples of 3.0-66.1 mg of
the adducts or metal(ll) bromides in 100 ml of methanol

Carbon, hydrogen and nitrogen were determined by or aqueous 1.2M HCI and thg-picoNO in this latter
microanalytical procedures. The metal contents were solution, maintaining a molar relation equal to the stoi-
determined by complexometric titration with 0.01L M EDTA chiometry of the adduct. The accuracy of the calorimeter
solution[17] of the aqueous solution of adduct samples. Bro- was carried out by determining the heat of dissolution of
mide analysis was obtained by gravimetry using standard 0.1tris[(hydroxymethyl)amino] methane in 0.1 mol dfHCI.
AgNO;s solution, after the adducts had been dissolved in wa- The result (—29.78:0.03 kJ mot1) is in agreement with the
ter[18]. The capillary melting points of the adducts were de- value recommended by IUPAC (—29.76%.003 kJ mot 1)
termined using a UNIMELT equipment from Thomas Hover. [20].

2.3. Adduct synthesis

) 3. Results and discussion
The adducts were prepared by the reaction of Mdis-
solved in dry ethanol (CoB}, or dry methanol (FeBror All the adducts obtained were solids. The yields ranged

NiBrz) or dry acetone (MnBror ZnBrp) with a solution of  ,m 30 10 97%. The yields, melting points, color appearance
B-picoline N-oxide in the same solvent used for dissolving 4 analytical data are summarizedTable 1.
the metal(ll) bromide. In all preparations were used a molar

ratio salt/ligand of 1/2 with the exception of CgBadduct
in which, a relation of 1/3 was used. A typical procedure is

given bellow. , . -
To a solution of 2.0g of MnBr (9.3mmol) in 30 ml of The infrared spectra g3-picoNO adducts are similar to

dry acetone, 2.0 g g-picoNO (18.6 mmol) in 15 ml of dry that of free ligand except for small shifts and decrease in
acetone was added, slowly and dropwise with stirring. The the intensity of some absorption bands when compared with

solid formed was filtered and washed with petroleum ether. the spectrum of fregs-picoNO. Shifts toward lower fre-

The product was dried for several hours in vacuum and storegduencies are observed after coordination for the absorption
in a desiccator over calcium chloride. band attributed to the NO stretching vibration in the free

ligand. The band attributed to the angular deformation of
the group NO (Ro) is usually unchanged after coordination
[2,3,7,21-23]. It is observed here, small shifting to higher
Spectra were obtained with samples in KBr matrix for frequencies after coordination, probably due to intermolec-
the adducts and ligand. A Perkin-Elmer 1600 series FT-IR Ular steric effects caused by the methyl group on the ring of
spectrophotometer in the 4000—400chregion was used. the I|gand[7].. AII.these fac_:ts can be mterpreted as evidence
Spectra in the 400100 crth region was obtained by using of the coordination oB-plcoNO'through its oxygen atom
a Bomem FT DAS8 spectrophotometer, with sample mulls [19]- The viu—o) bands are assigned in the low frequency

of the adducts in nujol sandwiched between polyethylene 'R région, at 422-280 cmt [5,7] for all the adducts, con-
plates. sistent with the range proposed fofu—o) frequencies of

aromatic N-oxide$7] (Table 2).

3.1. Infrared spectra

2.4. Infrared spectra

2.5. Thermal studies
3.2. Thermal studies

TG/DTG and DSC measurements were obtained in an ar-
gon atmosphere in a Du Pont 951 TG analyzer with samples Thermogravimetry and derivative thermogravimetry of
varying in mass from 3.82 to 8.80 mg (TG/DTG) and from the adducts showed that the associated thermal dissociation
2.13 to 2.92mg (DSC) and a heating rate of 10K™in  processes were of different types, with the lost of mass in
in 293-673K (DSC) and 298-1173K (TG/DTG) tempera- two (Cu and Zn adducts), three (Fe adduct), four (Co and
ture ranges. TG calibration for temperature was made usingMn adducts) or five (Ni adduct) steps. Some of these steps
metallic aluminum as a standard (rap660.37°C) and the consist of two successive decomposition processes. They
equipment carried out the calibration for mass automatically. loss part or all the ligand in the first or the first two steps
The DSC calibration was made using metallic indium as a following by the losing of the rest of the ligand, bromine

standard (mp= 165.73°C, A%HO =28.4Jg"Y). and metal in the next steps. In most cases it is observed a
residue, which is probably the respective metal.
2.6. Calorimetric measurements The DSC curves of the adducts are consistent with the

TG/DTG data and show endothermic peaks due to melting,
All the solution calorimetric determinations were carried elimination of part of the ligand with melting or partial elim-
out in an LKB 8700-1 precision calorimeter as described ination of the ligandTable 3presents the thermoanalytical
elsewhere[19]. The solution calorimetric measurements data of the adducts.
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Table 1 o
Yields in % on preparation, melting points, appearance and analytical data of the compounds E
Q
Compound Yield mp (K)? Appearancg C H N M Br 3

Calculated Found Calculated Found Calculated Found Calculated Found Calculated Foghd
[MnBr2(B-picoNO)] 97 439-440 ye. pw. 33.29 32.98 3.26 3.25 6.47 6.45 12.69 12.74 36.91 36.9§
[FeBr(B-picoNO)] 35 337-338 br. pw. 33.22 32.98 3.25 3.23 6.46 6.43 12.87 12.95 36.83 36.92
[CoBry(B-picoNO)] 73 349-350 bl. pw. 32.98 33.03 3.23 3.24 6.41 6.43 13.49 13.51 36.57 36.62-
[NiBr (B-picoNO)] 30 387-389 ye. pw. 33.00 32.99 3.23 3.23 6.41 6.37 13.44 13.42 36.59 36.6§
[CuBr2(B-picoNO)] 46 390-391 d. gr. pw. 32.64 32.70 3.20 3.26 6.34 6.41 14.39 14.29 36.19 36.02
[ZnBr(B-picoNO)] 81 384-385  wh. pw. 32.50 32.38 3.18 3.05 6.32 6.29 14.74 14.74 36.04 35.9§
a Melting with decomposition. ,g
b Key: ye., yellow; br., brown; bl., blue; gr., green; wh., white; d., dark; pw., powder. 8
N
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Table 2
Infrared data forg-picoNO and its complexes
B-picoNO [MnBr, [FeBr, [CoBr2 [NiBr [CuBr, [ZnBr; Assignment
(B-picoNO)] (B-picoNO)] (B-picoNO)] (B-picoNOY] (B-picoNO)] (B-picoNO)]
3073 m n.o. 3067 m n.o. n.o. 3021 m 3057 m CH str.j
1605 m 1611 m 1609 m 1609 m 1615 m 1609 m 1609 m CC and CNujtr. (
1485 m 1492 m 1491 s 1491 s 1491 m 1492 s 1492 s CC and CN str. i)
1455 m 1455 m 1458 m 1459 m 1458 m 1459 s 1424 m CC and CN str.uf
1280 s 1262 s 1261 s 1262 s 1262 s 1252 s 1258 s NO str. ()
1270 sh
1163 s 1155 s 1160 s 1161 s 1161 s 1158 s 1166 s CH in-plane def. §)
1017 s 1018 m 1018 m 1019 m 1020 m 1014 m 1012 m Ring breathing
948 m 944 m 945 m 944 m 945 m 944 m 941 s CH out-of-plane def. )
907 w 910 w 911 w 911 w 910 w 900 w n.o. CH out-of-plane def. %)
794 s 805 s 800 s 801 m 808 s 804 s 798 s NO bend. §)
748 s 749 s 751 s 750 s 750 s 749 s 751 s CH out-of-plane def. )
678 s 676 s 673 m 674 m n.o. 676 s 674 s
- 368 s 380 m 384 s 378 sh 381 sh 376 sh MO str. §)
- 331ls 358 m 346 s 358 s 359 s 350 s
- 213 s 239 m 215s 222 s 235s 220 m MBr str. )
- 197 s 232 m 198 s 203 m 225 sh 207 m

Key: intensity of bands: w, weak; m, medium; s, strong; sh, shoulder. n.o., not observed.

3.3. Electronic spectra parameters for the Co(ll) adduct were calculated accord-
ing to Lever[24]. According to the number and position
Table 4contains the band maxima assignments and calcu-of the bands4,7] and considering the magnitude of the
lated ligand field parameters for the adducts. The ligand field crystal field parameters as compared with that of Bol-

Table 3
Thermal analysis data of the compounds [M@&)>]
Compound Mass lost (%) TG temperature range (K) Species lost DSC peak temperatureAH°® (kJ mol1)
Calculated Observed
[MnBr(B-picoNQO)] 3.47 3.50 342-377 —CHs 390 4.36
35.14 34.91 377-564 —CH-NO-L 439 1.91
11.79 11.63 564-632 —C4H3
43.26 43.14 802-881 —Br—0.5Mn
2.89
[FeBr(B-picoNOY] 25.15 27.19 408-449 -L
43.61 41.09 449-522 —L-Br
22.27 21.77 522-925 —Br-Fe/3
9.9%
[CoBr2(B-picoNOY] 3.44 3.43 332-356 —CHg 337 2.12
46.50 45.47 356-567 —L-EI4NO 362 0.06
31.08 29.99 567-807 —1.7Br
18.98 20.42 807-957 -0.3Br-Co
[NiBr2(B-picoNQO),] 12.38 12.73 381-475 —CHz—C3H3 380 0.59
37.59 38.48 475-578 —L-CHNO 428 4.76
41.03 41.19 807-884 —Br,—Ni/3
4.44 4.83 884-1050 —Ni/3
1.34 1.53 1050-1223 —Ni/10
1.29
[CuBr2(B-picoNO)] 58.47 58.95 448-516 —21L-0.5Br 341 0.12
41.53 41.05 516-1008 -1.5Br—Cu 387 2.45
[ZnBr,(B-picoNOY] 49.22 47.88 531-611 2L 381 2.32
49.31 51.11 611-755 —Br,—0.9Zn
1.77

a Two overlapping mass lost.
b Residue at 1258K.
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Table 4
Band maxima assignments and calculated ligand-field parameters for the compounds
Compound Band maxima (x1®cm1)

d—d Intraligand+ charge transfer

[MnBry(B-picoNOy]  18.7,245  39.1
[CuBry(B-picoNO)] 10.9-15.6 32.2, 23.9

Compound Band maxima (x¥em1)
d—d Intraligand+ charge transfer
viP Dq (cmY)
[FeBr(B-picoNOY] 7.62 762 37.0, 20.6
Compound Band maxima (x1®cm1) Dg cm) B(cm?l) DgB gt
d-d Intraligand + charge transfer
V2 V3
[COBr(B-picoNOp] 653 14.¢9 26.5 379 674 056  0.69
[NiBr2(B-picoNO)] 7.28 11.9 26.2 540 899 0.60 0.87

BT = B/Bo; By = 971cnt! (Co?t); By = 1030cnt! (Ni2t) [25].
@ Very broad band with no distinct maxima.
by =5T, « 5E.
C yp =T (F) < 4As.
4 v3 =4T1(P) < *A,.
€ vy =3A, <« 3Ty (P.
F 3 =3T; < 3Tu(P.

ster [25], it is concluded that the adduct of Co(ll) is 3.4. Calorimetric measurements

pseudo-tetrahedrally surrounded by two oxygen atoms from

two ligand molecules and by two bromide ions. The lig-  The standard enthalpies of dissolution of metal(ll) bro-
and field parameters for the Ni(ll) adduct were calculated mides,B-picoNO and adducts were obtained as previously
according to Reedijk et aJ26] and Lever[24]. According reported[19]. The standard enthalpies of dissolution were
to the number and positions of the observed bands andobtained according to the standard enthalpies of reactions
considering the magnitude of the crystal field parameters as(1)—(4) in solution:

compared with that of BolstdR5], it is concluded that the
adduct of Ni(ll) is pseudo-tetrahedrally surrounded by two
oxygen atoms from two ligand molecules and by two bro-
mide ions. The ligand field parameters for the Fe(ll) adduct
were calculated according to Bolstg&5]. It is concluded

by the position of the absorption band and considering the [MBr »(B-picoNOY,] s + calorimetric solvent

magnitude oDy that the Fe(ll) is pseudo-tetrahedrally sur- _ solutionC, AgH® 3)
rounded by two oxygen atoms from two ligand molecules ’
and by two bromide ions. For the adduct of Mn(ll) since splution B— solutionC, AH® (4)

only spin-forbidden bands can be observed in the elec-

tronic spectra of high-spin(ll) compounds, it is impossible The application of Hess’ law to the series of reactions
to determine with accuracy the ligand-field parameters. It is (1)—(4) gives the standard enthalpies of the acid/base reac-
however, possible to deduce the local symmetry, which is tions (AH°) according to reaction (5):
pseudo-tetrahedrg#,25]. For the Cu(ll) adduct, the elec-

tronic spectrum show a single, rather broad band. In prac- MBrs) + 2B3-picoNQ) — [MBr2(B-picoNO),]s),

tice, the powder reflectance_ spectra of tetrahedral COOPErA, H® = A H® + ApH® — AzH° (5)
complexes can be characterize by a more or less continuous

absorption band from.@ x 10° to 120 x 10°cm~1 [25], as since the final state of reactions (2) and (3) is the same
it is observed here. The intensity and its position correspondand A4H° = 0. Table 5gives the values obtained for the
with those observed for pseudo-tetrahedral Cu(ll) com- enthalpies of dissolution of MBr(A1H®), B-picoNO into
poundg]5,25], the Cu(ll) ion being surrounded by two oxy- the solution of MBp (A2H°) and of the adducts (2H°).

gen atoms from two ligand molecules and by two bromide  Uncertainty intervals given in this table are twice the stan-
ions. dard deviation of the means of 4—11 replicate measurements.

MBrys) + calorimetric solvent> solution A’ A1H® (1)

nLs)+ solution A— solutionB, XAH® (2)
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Table 5

Enthalpies of dissolution at 298.15K
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Compound Calorimetric solvent Number of experiments i AijH® (kI mol1)
MnBrys) Methanol 7 1 —77.96+ 1.52
B-picoNQs) 2:1 MnBr,—methanol 4 2 —0.48 4+ 0.04
[MnBr2(B-picoNO)]s) Methanol 4 3 —2.10+ 0.13
FeBrys) Methanol 5 1 —46.04+ 0.42
B-picoNQs) 2:1 FeBp—methanol 4 2 2.604 0.47

[FeBr(B-picoNO)]s) Methanol 5 3 26.29+ 1.15

CoBrys) Methanol 11 1 —107.30+ 2.74
B-picoNQs) 2:1 CoBp—methanol 5 2 —2.14+ 0.08
[CoBr>(B-picoNOY] s Methanol 5 3 —24.19+ 0.89
NiBras) 1.2M HCPR 6 1 —71.77+ 1.05
B-picoNQs) 2:1 NiBr,—1.2M HCP 4 2 —26.17+ 0.62
[NiBr2(B-picoNO)]s) 1.2M HCPR 6 3 —4.99+ 0.25
CuBrys) Methanol 8 1 —39.66+ 0.52
B-picoNQs) 2:1 CuBr—methanol 4 2 0.40+ 0.05

[CuBr>(B-picoNOY]s) Methanol 4 3 43.42+ 2.08

ZnBrys) Methanol 11 1 —48.26+ 0.75
B-picoNQs) 2:1 ZnBr—methanol 4 2 —2.17 4+ 0.08
[ZnBra(B-picoNOY](s) Methanol 4 3 28.56+ 0.49

a Agueous.

Combined errors were calculated from the square root of the equal to the enthalpy of sublimation of 1 mol of the ligand
sum of the square of the component errors. [31,32] as the melting points and/or thermal studies showed
From the values obtained for the standard enthalpies ofthat the adducts decomposed on heating and were not found
the acid/base reactions (A°) and by using appropriate in the liquid phase and probably not in the gaseous phase.
thermochemical cycle§l9,27,28], the following thermo- Based on the\H° values for the adducts, the acidity or-
chemical parameters for the adducts, were determined:der of the salts can be obtained: N}B# CuBr, > CoBr; >
the standard enthalpies of formation{£), the standard ~ ZnBr, > MnBr, > FeBr,. Using theDm—o) values, the or-
enthalpies of decomposition gK°), the standard lattice  der is: MnBr > FeBr, > CoBr, = NiBr, > ZnBrp. Com-
enthalpies (41H°) and the standard enthalpies of the Lewis paring the values oDw—o) for the adducts of3-picoNO
acid/base reactions in the gaseous phas#i{(g)). These and pyNOJ[15] with the same stoichiometry, it is observed
latter values can be used to calculate the standard en-the basicity orde3-picoNO > pyNO, as would be expected
thalpies of the M—O bondi 5], being equal toDv—o) = from the inductive effect of the substitution of one hydrogen
—ArH°(g)/2. Table 6lists the values obtained for all these atom of the pyridine ring in pyNO by the electron donator

thermochemical parameters.

For the determination oA;H°(g) it was necessary to as-

methyl group to obtairg-picoNO. This enhances the dis-

sume that the molar standard enthalpies of the adducts wergelative to non-substituted pyNO.

posal of electron density on the oxygen atonBipicoNO

Table 6
Summary of the thermochemical results (kJ gl
Compound ArH® AfH° AdHe AuH°® ApH° ArHO(g) Dm—o)
MnBrae) —384.9 208
FeBiys) —249.8 204
CoBrys) —220.9 183
NiBra(s) —212.F 170
CuBrys) —141.8 182.4
ZnBry) —328.6% 159.7
B-picoNQ) 7.7+ 08 819+ 1.5
[MnBry(B-picoNOY]s)  —76.34+ 1.53  —443.6+ 2.8 —454+ 5 2487+ 50 —369+ 4 185+ 2
[FeBr(B-picoNOY] s, —69.73+ 1.31  -301.9+ 2.8 —446+ 5 2421+ 46  -360+ 6 180+ 3
[COBry(B-picoNO)]sy ~ —80.97+ 2.88 2755+ 3.8 —436+ 6 2534+ 53 350+ 6 175+ 3
[NiBr 2(8-picoNOY] s, —92.95+ 1.24 2875+ 21 -435+ 5 2654+ 46 —349+5 175+ 3
[CuBr(B-picoNO)]sy ~ —82.68+ 2.14  —206.9+ 3.2 —437.5+ 53 2559+ 4.9 —3513+55 1757+ 2.8
[ZnBry(B-picoNOY] s, —72.99+ 090 —390.1+ 2.6 —411.1+ 49 2514+ 49  -3242+54 1621+ 27
2 29].
b [15].

¢ [30].
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Table 7
Auxiliary data and enthalpy changes of the ionic complex formation in the gaseous phase(®Jmol
Compound AsH° ArH°(9) AgH°
Br(‘%) —219.07
Mng) 2522.0+ 0.1°
Fe 27516+ 2.9
CO(%) 2841.7+ 3.4
Ni% 2930.5+ 1.9
CL% 3054.5+ 2.1°
zn’) 2781.0+ 0.4
[MnBr2(B-picoNOY] ) —357+ 6 —368+ 4 —2631+ 8
[FeBr(B-picoNO)](q) —216+ 8 —360+ 6 —2720+ 7
[CoBry(B-picoNOY](g) —198+ 8 —350+ 6 —2792+ 10
[NiBr(B-picoNO)]q) —201+ 7 —349+ 5 —2883+ 9
[CuBra(B-picoNOY] g —207+74 —351.3+ 5.54 —2927.1+ 9.2
[ZnBr,(B-picoNOY] q) —303.2+ 7.4 —3242+ 54 —2836.1+ 9.6

a29].

b [33].

The enthalpies for the process of hypothetical complex

odic variation profile of the first transition metal series. The

formation in the gaseous phase from metal(ll) ions, bromide AyH° values obtained depends on the electronic structure

ions andB-picoNO, can be evaluated:

M(ZJ) + 2Br g, +2B-picoNQg, — [MBr2(B-picoNOY] ),
An H® (6)
where

An H® = A¢H°(adduclg))— At H°(M21)

)
—2A¢ HO(Br@)) — ZAfHO(B—picoNO(g))

Table 7lists the values obtained for these enthalpy values.
Correlation of theAg H° values with the metal atomic num-
ber is present irig. 1. It shows part of the double peri-

3000
o
I
= 2750 -
<
2500
T T T ¥ T T
Mn Fe Co Ni Cu Zn
3d° 3d*® 3d7 3d® 3d® 3d™

of the central ion. The course of that relation allows to de-
termine graphically the thermodynamic stabilization energy
in the ligand field on the assumption that the course of vari-
ations of enthalpies of formation of the adducts is linear in a
hypothetical state without influence of ligand field. In such
a case the stabilization energies are the difference between
the real and the interpolated values. Thus, it is found that
the stabilization energies in the ligand field for two bromide
ions and two oxygen atoms (from two ligands) increases in
the order: Fe(ll) (45 kJ/molx Co(ll) (72 kJ/mol)< Ni(ll)
(2128 kd/mol) < Cu(ll) (2129 kJ/mol). The adduct of Cu(ll)
bromide formed with pyNO that has the same stoichiome-
try of that formed by Cu(ll) bromide witl-picoNO, has

an stabilization energy of 107.5kJ m8I[15]. This means
that the stabilization energy provided pypicoNO is higher
than pyNO.
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