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Infrared spectra of a few transition metal and rare 
earth formates have been studied. The separation 
between the v.~~,,, and vsyF,, frequencies of the car- 
boxylate ion is not very diagnostic in understanding 
the nature of metal-anion bonding in the formates. 
The metal-oxygen stretching frequencies, however, pro- 
vide some evidence for metal-formate coordination. 
Electronic spectra show that there is strong coordi- 
nation between the formate ion and transition me- 
tal ions. Thermal decompositions of transition 
metal and rare earth formates have been studied 
employing t.g.a. and d.t.a. Rare earth formates just 
as the acetates first decompose to oxycarbonates and 
then to the sesquioxides; the heavier rare earth for- 
mates decompose at lower temperatures. All the 
evidence seems to indicate greater covalency of the 
metal-anion bonds in the heavier rare earth formates. 

Introduction 

In this laboratory we have examined the infrared 
spectra and thermal decompositions of rare earth 
carbonates,’ nitrates,* nitrites? acetates3 and dicar- 
boxylates.3 Such studies have been useful in under- 
standing the thermal decomposition behaviour with 
the nature of metal-anion bonding in these com- 
pounds. In rare earth carbonates1,4 and nitrates2r5 
clear evidence has been found for the coordination 
of the metal by the anions on the basis of the split- 
ting of some of the anion bands arising out of the 
lower symmetry of the coordinated anions; in addi- 
tion, bands are seen (below 300 cm-‘) due to metal- 
oxygen stretching vibrations, particularly in the hea- 
vier rare earth derivatives. It appears that there is 
greater covalency in the metal-anion bonds of the 
heavier rare earth compounds. 

In metal acetates, the separation, AvCCOO-,, between 
the vJSym and vSvm frequencies of the carboxylate ion6 
is rather insensitive to the coordination of the ace- 
tate ion to the metal?!’ Edwards and Hayward4 
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have recently shown how 
gnostic in establishing the 
acetate ions to transition 

AvccoO-, fails to be dia- 
mode of coordination of 
metals, while electronic 

spectra clearly established strong coordination in 
these acetates; these workers have placed the ace- 
tate ion close to water in the spectrochemical and 
nephelauxetic series. In the literature, there are 
some reuorts on the thermal decomnosition of the 
formates- of transition metals’ as Gel1 as of rare 
earths?-14 However, there have been no spectro- 
scopic studies of the metal-formate bonding; thermal 
decomposition data are particularly lacking on the 
heavier rare earth formates where one would expect 
greater metal-anion covalency. As part of our pro- 
gramme in the study of the spectra and thermal de- 
composition of rare earth compounds, we have pre- 
sently examined the infrared spectra and decomposi- 
tion of a few typical rare earth formates. For pur- 
poses of comparison we have studied the infrared 
and electronic spectra and thermal decomposition 
of cobalt(H), nickel(II), and copper formates. 

Experimental Section 

A!1 the rare earth formates were prepared bv the 
reaction of rare earth nitrates with formic acid.14p’5 
The resulting formates were recrystallized from for- 
mic acid. Cobalt(II), nickel(II) and copper(I1) for- 
mates were prepared by the reaction of the corre- 
sponding carbonates with formic acid.16 

The infrared spectra of the formates were recorded 
on a Perkin-Elmer Model-521 double grating spectro- 
meter. Samples were prepared as KBr pellets or 
mulls in Nujol. The electronic spectra were ob- 
tained using the Beckman DU spectrophotometer 
(Model 2400) with the reflectance attachment; ma- 
gnesium carbonate was used as the reference for 
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Table I. Infrared frequencies and band assignments of rare earth and transition metal formates (cm-‘) (1 

Formate v(COO-),*,-, v(COO-)S,, Av(COO-) p(COO-) rc(COO--) or x(C-H) b v(OC0) VM-0’ 

Na 1567 1366 201 1377 1073 772 
Y 1578 1370 208 1430 1097 780 290 
La 1575 1356 219 1388 1137 773 290 

El!: 1575 1575 1370 1360 215 205 1410 1430 1095 1095 777 781 295 280, 300 
Yb 1570 1336 234 1386 1065 750 300, 365 
Lu 1580 1336 244 1388 1065 778 300, 370 

$1 II 1563 1569 1352 1361 211 208 1454 1406 1030 1030 737 776 337 347 
Cu” 1596 1385 231 1401 1028 720 345 

(1 Nomenclature of the bands is similar to that of Nakamoto.‘9b Very weak bands. c Tentatively assigned to metal-oxygen stret 
thing by analogy to nitrates and carbonates.‘.’ 

reflectance measurements. Thermogravimetric ana- 
lysis (t.g.a.) and differential thermal analysis (d.t.a.) 
were carried out in dry air (at atmospheric pressure) 
employing recording instruments described in ear- 
lier papers from this laboratory.2,3e’7 The heating 
rates in the t.g.a. and d.t.a. studies were 10” min-’ 
and 16” min-’ respectively. The enthalpies of reac- 
tions were estimated from d.t.a. peak areas by em- 
ploying external standards.” 

Results and Discussion 

Infrared spectra of rare earth and transition metal 
formates. The infrared frequencies and assignments 
of the formate ion (CZ, symmetry) have been reported 
by Itoh and Bernstein.ls The important characteri- 
stic frequencies of the formate ion in rare earth and 
transition metal formates presently studied are shown 
in Table I. Typical infrared spectra are shown in 
Figure 1. It can be seen that the Avccoc-1 in rare 
earth formates varies between 200 and 245 cm-‘, 
showing a slightly larger separation in the ytterbium 
and lutetium formates. The Avcccc-, in the lighter 
rare earth formates is comparable to that in sodium 
formate. Based on these Avccoo-, values in the rare 
earth formates one is tempted to conclude that me- 
tal-anion bonds are nearly of the same strength in 
rare earth formates with the exception of the ytter- 
bium and lutetium compounds. However, such a 
comparison may not be warranted since the Avccoo-, 
values in Co”, Ni” and Cu” formates are comparable 
to those in the lighter rare earth formates, even though 
the metal-anion bonds are likely to be appreciably 
covalent in these transition metal formates. Further, 
transition metal formates seem to show relatively 
high metal-oxygen stretching vibration frequencies 
(345 cm.-‘). Ytterbium and lutetium formates also 
show bands in the region 300-370 cm-‘, possibly 
due to the metal-oxygen stretching; the lighter rare 
earth formates, however, show these bands at lower 
frequencies (Table I, Figure 1). We, therefore, feel 
that there is likely to be greater metal-oxygen cova- 
lency in the heavier rare earth formates. 

The infrared data on formates do not give any 
clear indication regarding the nature of coordination. 
In the rare earth formates, the Avccoo~, values may 

(17) K. I. Rao and C. N. R. Rao, I. Moteriafs Sci., 1, 238 (1966). 
(18) K. Itoh and H. J. Bernstein, Canadian, J. Chem., 34, 170 (1956). 
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Figure 1. lnfrared spectra yttrium and ytterbium formates 
in the 1600-250 cm-’ region. 

be taken to indicate that the formate ion is present 
as a bidentate ligand. However, the high formal 
positive charges of the metal as well as the tendency 
to favour high coordination numbers by lanthanide 
elements suggest that it is likely that bridged for- 
mate groups are present in these systems. Similar 
observations have been made with regard to rare 
earth acetates.7 In order to ascertain the nature of 
coordination, we have examined the electronic spec- 
tra of three transition metal formates which may 
be somewhat akin to the heavier rare earth formates 
with regard to metal-anion bonding. 

Electronic spectra of transition metal formates. 
The data on the electronic spectra of cobalt(II), 
nickel(I1) and copper(I1) formates are shown in 
Table II; the spectra are closely comparable to those 
of the corresponding acetates.7 The spectra of the 
cobalt(I1) and nickel(I1) formates are typical of 
octahedral coordination.m In the case of the co- 
balt(I1) formate, the 19400 cm-’ band shows split- 
ting similar to that found in many other octahedral 
complexes. We have assigned the shoulder at 20,730 
cm-’ to the 4T&T~,(H), which probably borrows 
the intensity by mixing with the spin-allowed transi- 
tion. Employing the method of Underhill and Bil- 
ling;’ we have calculated the values of Dq and the 
Raccah parameter, B, to be 925 cm-’ and 833 cm-’ 
respectively. Using the value of B for the free ga- 

(19) K. Nakamoto. K Infrared Spectra of Inorganic and Coordination 
Compounds x, John Wiley, New York, 1963. 

(20) C. I. Ballhausen, ce Introduction to Ligand Field Theory *. 
McGraw Hill Book Co., New York, 1962. 
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noted that the decomposition temperatures of all the 
three transition metal formates are quite low and 
well below 350°C. This is what we would expect 
on the basis of the fairly covalent metal-anion bon- 
ding in these compounds. 

seous ion (972 cm-‘), the nephelauxetic ratio, &s, 
was found to be 0.86. In the case of Ni” formate, 
Dq, B and BS were found to be 921 cm-‘, 848 cm-’ 
and 0.82 respectively; the free ion value for B was 
taken as 1030 cm-‘. These results from the elec- 
tronic spectra show that the formate ion is close to 
water or acetate ion in the spectrochemical and ne- 
phelauxetic series. 

Table II. Electronic spectra of cobalt(H), nickel(D) and 
copper(I1) formates 

Formate vma., cm-’ Assignment 

Cobalt(H) 17,390 ‘T,.(F)+‘A>. . 

Nickel(D) 

Copper(I1) 

19,420 
20,730 

9,000 
13,790 
15,040 
25,320 
14,980 
26,320 

-_. I 

‘T,,(E)+‘T;;(E) 
‘T,,(FWT,,(H) 
‘A~,(F)+‘T~,(F) 
“A>.(F)+‘E.(D) ~_. 
‘Az,(F)-+‘T;;(Fj 
~~~Ai~+3T~#” 

CGargefLansfer 

Cupric formate shows a band around 14,980 cm-’ 
which may be assigned as due to the ‘E,&*TzB tran- 
sition;20*u the shoulder around 2600 cm-’ is probably 
the charge-transfer band:*rS The spectrum of Cu” 
formate is quite similar to that of Cu” acetate which 
is a distorted octahedral complex; the bonding (and 
structure) in these two compounds are also similar, 
both containing Cu-Cu bonds.24 

Thermal decomposition of cobalt(ZZ), nickel(ZZ) and 
copper formates. The Co” and Ni” formates 
show two stages of decomposition corresponding to 
the formation of anhydrous formate in the t.g.a. and 
d.t.a. curves (Figures 2 and 3). The t.g.a. results 
show that anhydrous Co” formate first decomposes 
to a mixture of Co and Co0 which is then oxidized 
to co304. In the case of Ni” formate, the final 
product is a mixture of Ni and NiO. Copper(H) for- 
mate does not show any stage corresponding to the 
dehydration in the t.g.a. curve (Figure 3) and decom- 
poses directly to CuO around 225°C; the d.t.a. curve 
also shows only one endothermic peak. The reac- 
tions corresponding to the initial decompositions of 
these transition metal formates are: 

2Co(HCO>), + Co + Co0 + 2C0 + 2COz-t Hz0 + Hz (1) 

2Ni(HCO&+ Ni+NiO+2CO+2CO~+H~Ot-H, (2) 

2Cu(HCO& + 2CuO + 3C0 + COz+ Hz0 + Hz (3) 

Reaction (2) for nickel(I1) formate differs from 
that proposed by Bircumshaw and other&l6 who 
did not find any evidence of NiO in the products 
of deccmposition. Reactions (1) and (3) are in ge- 
neral agreement with the literature? It may be 

(24) M. Bukowoska-Strzyzewska. Acfa Cryst., 19, 357 (1965). 
(22) L. L. Funck and T. R. Ortolano, Inorg. Chem., 7, 567 (1968). 
(23) A. Chakravorty and T. S. Kannan. J. Inor& Nucl. Chem., 29, 

1691 (1967) and the references cited therein. 

TEMPERATURE, “C 

Figure 2. d.t.a. curves for the decomposition of cobalt(I1) 
and nickel(I1) formates. Copper(I1) formate shows only 
one peak at 225°C. 

TEMPERATURE ,?I 

Figure 3. t.g.a. curves for the decomposition of hydrated 
cobalt (II), nickel (II) and copper (II) formates. 

Thermal decomposition of rare earth formates. 
We could prepare lanthanum, samarium, holmium 
and vttrium formates in the anhydrous state. The 
ytterbium and lutetium formates could only be ob- 
tained in the hydrated form and they could be readily 
dehydrated by heating to -200°C. The d.t.a. curve 
of lutetium and ytterbium formates showed two sta- 
ges of dehydration just as the corresponding aceta- 
tes.3 Typical t.g.a. and d.t.a. curves for the decom- 
position of anhydrous rare earth formates are given 
in Figures 4 and 5. The t.g.a. curves show that all 
the rare earth formates, Ln(HCO&, decompose first 
to the oxycarbonates, Ln203 . CO? and then to the 
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sesquioxides, LnzOj. The formation of the oxycar- 
bonate could be confirmed by infrared spectrosco- 
py*‘.3.4 There is no evidence for the formation of 
the normal carbonate, Lm(CO3)3, in the t.g.a. curves. 
The important t.g.a. results on the decomposition of 
anhydrous rare earth formates are shown in Ta- 
ble III. We may note that the formation of oxy- 
carbonates has been found to be the first stage in 
the decomposition of rare earth carbonates as well 
as acetates. 

TEMPERATURE, ‘C 

Figure 4. t.g.a. curves for the decomposition of samarium, 
holmium and ytterbium fcrmates. 

----_ Ho 

- Yb 

- 500 700 

TEMPERATURE.‘C 

Figure 5. d.t.a. curves for the decomposition of lanthanum, 
samarium, holmium and ytterbium formates. The peak cor- 
responding to lanthanum formate appears above 850°C. 

Table III. Important t.g.a. and d.t.a. results on the thermal 
decomposition of rare earth formates, Ln(HCO& 

Ln 

Oxycarbonare Minimum oxide 
formation formation 

temperature AHa 
LmO, CO2 (“C) 

temperature 
kcal/mole LmO, PC) 

La 375 127 825 
Sm 350 63 755 
Ho 335 43 745 
Yb 315 32 740 
Lu 255 - 706 
Y 304 - 715 

= From the areas of peaks corresponding to the formate oxy- 
carbonate decomposition. 

The d.t.a. curves of the anhydrous lanthanum, 
samarium, holmium and yttrium formates showed two 
peaks corresponding to the formation of oxycarbona- 
tes and the oxides (Figure 5). Ytterbium formate, 
however, showed two peaks between 230” and 29O”C, 
which may be ascribed to the formation of the nor- 
mal carbonate and the oxycarbonate. Lutetium for- 
mate similarly showed three peaks between 250” 
and 320°C possibly corresponding to the different 
stages of decomposition of the formate to the oxycar- 
bonate. Such stages in the decomposition of the for- 
mate to the oxycarbonate were not found in the t.g.a. 
curves; a similar observation has been made jn the 
decomposition of rare earth acetates3 Both lutetium 
and ytterbium formates did not show distinct d.t.a. 
peaks for the decomposition of the oxycarbonates to 
the oxides. In all the rare earth formates studied, 
the d.t.a. decomposition temperatures agree well with 
the temperatures indicated by the t.g.a. curves. Our 
t.g.a. and d.t.a. results on lanthanum, samarium and 
yttrium formates, however, differ slightly from the 
literature reports?-l3 

Estimates of the enthalpy changes, AH, associated 
with the decomposition of anhydrous formates to the 
oxycarbonates were made comparing the areas of the 
curves of d.t.a. by employing appropriate stan- 
dards?*” The results (Table III) show that AH 
varies in the order, La > Sm>Ho>Yb. The forma- 
tion temperature of the oxycarbonate (from the for- 
mate) also decreases progressively from lanthanum 
to lutetium; a similar trend is seen in the decompo- 
sitions of the oxycarbonates to the oxides. These 
trends may result from the greater covalency of the 
anion-metal bonds in the heavier rare earth salts, 
an observation which finds some support from our 
infrared studies. 
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