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Thermal decomposition of transition metal carboxylates 
1. Decomposition of anhydrous copper(n) formate. 

Morphology and regularities of gas evolution 
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Thermal solid-phase decomposition of anhydrous copper(n) formate has been studied at 
120--180 °C. The rate of gas evolution during the decomposition depends on the depth of 
conversion and can be presented as the sum of first-order reaction rates and the rate of the 
autocatalytic process (a second-order reaction). The evolution of the solid phase during 
thermolysis has been observed by optical microscopy. The decomposition of copper formate 
is a complex topochemical process, a combination of homogeneous and heterogeneous 
transtbrmations and dispersion of large crystals. 
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Transit ion metal  carboxylates,  especially formates 
and oxalates, attract at tention of researchers as sources 
of nanopart icles  of  metals and (or) their  oxides. ! In 
recent years, thermal  decomposi t ion of metal formates 
has been used for preparing high-temperature  supercon- 
ducting ceramics with improved parameters.  2,3 How- 
ever, regularities of  the formation of  ultradispersed par- 
ticles and their  stabil ization upon thermolysis of solid 
states have virtually not been studied until presently. 4-8 
These stt, dies would allow one to obtain detailed infor- 
mation about both kinetic regularities and the mecha-  
nism of  sol id-phase  transformations,  as well as their 
relationships with the evolution of  the solid state mor-  
phology, composi t ion  of  gaseous products,  surface size, 
size distr ibution of highly dispersed particles formed, 
and their  physicochemical  parameters.  This is necessary 
tbr the development  of  scientific approaches to control 
the p rocesses  o f  p r e p a r a t i o n  and s t ab i l i za t ion  of  
nanoparticles in the solid phase. 

Thermal  decomposi t ion  of  anhydrous copper(n) for- 
mate, C u ( H C O O )  2 (1), was described in several works. 
In particular,  it has been shown that the rate of  thermal 
decomposi t ion of  compound 1 depends substantially on 
the method of  its synthesis. 9-11 At the same time, 
presently available kinetic data obtained under isother- 
mal condit ions 9-11 and by thermal analysis t2-14 are 
very contradictory.  The dependence of both qualitative 
and quanti tat ive composi t ion of  gaseous products of  the 
t ranstbrmation of  formate 1 on the duration and tem- 
perature of  decomposi t ion,  especially at early stages of 
the process, seems even more tmcertain. 1°-!9 There-  
lore, the mechanism of  decomposi t ion of compound I 

as well as that of  other  3d-metal  formates is yet un- 
clear. 13,15,16,18 

In this work, we consider  the results of  studying the 
kinetic regularities of  the thermal  decomposi t ion  of  
compound 1 in a self-generated atmosphere,  morpho-  
logic changes in the solid phase upon thermolysis ,  and 
the relationships between the dispersity of  sol id-phase 
products of  the t ranslbrmat ion and kinetic parameters  of  
the decomposi t ion.  

Results and Discussion 

Topochemical peculiarities of decomposition of anhy- 
drous copper formate (1). Observation by optical micros-  
copy (OM) shows that initial sample 1 is a powder  with 
a specific surface (Ssp °) equal to 10.5 m 2 g-I  and 
consists of  lamellar  crystals occurring as both individual 
pa r t i c l es  and agg lomera t e s  with low m e c h a n i c a l  
strength. The mean size of  the individual crystals is 
( 1 .0 - -2 .0 )× (10 .0 - -15 .0 )× (30 .0 - -50 .0 )  ~tm3; they  are 
transparent,  blue in transmitted light, and have smoothed 
("filsed") edges and microrel ief  of  the facet surface, 
which testifies to desolvation. Comparison of  the results 
of  the OM studies with the Ssp ° values of  samples 1 
shows that the mean size of  the particles calculated 
under the assumption of  their  spherical shape from the 
S~p ° values for PCmHCOO)~ = 2.58 g c m  -3 (see Ref. 20) 
is ~0.2 Fro, i.e., the particles are smaller in fact than was 
expected from the data of  OM obse~'ations.  This allows 
one to draw the conclusion that the crystals 1 studied 
have a sufficiently high porosity. The agglomerates reach 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 1, pp. 72--76, January, 1996. 

1066-5285/96/4501-0064 $15.00 © 1996 Plenum Publishing Corporation 



Decomposit ion of  anhydrous copper01) formate Russ.Chem.Bull., VoL 45, No. 1, January, 1996 65 

100--300 gm in diameter .  The large crystals 
(>15x80 gm 2 in size) have fractures, chips, and intrin- 
sic heterogeneities. The crystals change their color in 
transmitted polarized light. 

The OM observations of  the decomposition of  com- 
pound 1 were carried out at Te× p = 160 °C (where Tex p 
is the temperature of  the experiment) at various stages of  
transformation corresponding to the following losses of  
mass by the sample: Am (wt. %) = 9.0 (0.164), 17.2 
(0.313), 32.9 (0.59), 37.8 (0.69), 49.5 (0.905), and 54.8 
(1.0) (the depth of  conversion is given in parentheses, 
qAm = Amt/Am~, where Am t and Amo, are the losses of  
mass at the t moment  and at the end of  transformation, 
respectively). It is noteworthy that  an increase in q~m 
also results in an increase in  ASsp(rlAm ) = Ssp(qAm) 
- Ssp °. For example, ASsp = 7.3, 7.l ,  8.2, 9.4, 10~2, and 
13.5 m 2 g- l  for Am presented above, respectively. 

The results o f  the OM observations make it possible 
to distinguish the following main processes occurring in 
the thermal transformation of  crystals 1: 

- -  the intensity of  the color (from blue to brown) of  
the crystal increases as qAm increases, and large crystals 
are colored more intensely, which testifies to the homo- 
geneous character of  the transformation in the bulk 
crystal; 

- -  the heterogeneous process occurs simultaneously 
and is manifested most distinctly in the regions of  
macrodefects (fractures, chips, etc.); it develops against 
the background of  the homogeneous process and results 
in the formation of  optically nontransparent golden- 
brown forms, whose shape is close to a sphere (appar- 
ently, this is copper metal); 

- -  the reactivities of  crystals 1 differs: both com- 
pletely decomposed and unchanged initial particles are 
present along with partially decomposed crystals in the 
samples studied at early stages of  transformation; 

- -  large crystals disperse at firm ) 0.3: the striped 
structure is manifested, followed by cracking of  crystals 
along the longest facet; the dispersion results in a de- 
crease in tile mean size of  particles to ~10 lam and is 
accompanied by an increase in Ssp at the depths of 
conversion mentioned (see above). 

At the end of  transformation, the decomposition 
products are optically nontransparent. They have the 
characteristic copper glance in transmitted light. The 
specific surface at qAm = 1.0 is more than twice as high 
as Ssp 0. 

It should be mentioned that the copper mirror ap- 
pears at Tex p > 160 °C on the surface of the reaction 
tube in the immediate vicinity of  the sample studied. 

Kine t i c  p e c u l i a r i t i e s  o f  g a s  e v o l u t i o n  upon d e c o m p o s i -  
t ion o f  c o m p o u n d  1. The morphologic changes in the 
solid phase upon thermolysis of  crystals 1 are accompa- 
nied by gas evolution. The gas evolution kinetics during 
decomposition of  the powder of  formate 1 in a self- 
generated atmosphere at Tex p = 120--180 °C has a 
complex character. At a fixed mo/V  ratio (where m 0 and 
V are the initial mass of  the substance studied and the 

volume of  the reaction vessel, respectively), three re- 
gions of  change in the transformation rate, w = drl/dt, 
call be distinguished, depending on the depth of  gas 
evolution rlA~ (q~a = c@/ct~ ~, where c@ and ( ~  are the 
number of  moles of  gaseous products yielded per mol 
of  initial substance at moment  t and at the end of  
transformation, respectively). These regions are mani- 
fested most distinctly at low temperatures (Fig. 1). At 
the initial stages of gas evolution (rlA,~ -< 0.2), the rate 
w(rl~) drops linearly to the minimum value Wmi n (re- 
gion 1). The w(rb~a) value increases from Wmi n t o  Wma x as 
rlA~ increases (0.2 ~< rlaa _< 0.5) (region 2). Then, after 
reaching Wm~ x, further increase in riga results in decrease 
in w(rl,aa) down to w(l.0) = 0 (region 3). The Wmi n and 
Wma x v a l u e s  i n c r e a s e  as Tex p increases, a n d  Aw = Wma x -- 
Wmi n decreases, while rlAct(Wmin) and qAa(Wmax) remain 
almost unchanged. At Tex p ~> 150 °C, w(qaa) drops in 
the whole range of  q,.~(~ values. 

In region 1, the w(rla~) value changes according to a 
first-order law. At mo/V = 1.3(+0.1)" 10 -3 g cm -3 

w(n) = kl(ql~ -- q), (1) 

where k l and qlo~ are constants, 
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Fig. 1. Dependence w(qac ,) at various Texp/°C: 1, 120; 2, 125; 
3, 130; 4, 135; 5, 140; 6, 150; Z 160; 8, |70; 9, 180 (mo/V = 
(1.31+0.01)'10-3 g cm-3); Te× p = 120--150 °C (a) and 
i 50- -  180 °C (b). 
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Fig. 2. Dependence q~a(t) at Tex p = 140 °C and various mo/V: 
I, 2.25" 10 -3 g cm-3i 2, 1.31 • 10 -3 g cm-3; 3, 0.675" 10 -3 
g cm -3. 

k I = 1.3" 1011 exp[-(33000+1500)/(RT)] s - i ,  and ql~ = 
0.42(+0.03) and is independent  of Tex p. 

In regions 2 and 3, the w(rl~a) value is described 
satisfactorily by the equation 

dto/dt = k2(1 - ~0)2(c0 + {0), (2) 

where 0) = {q - qio~[l - exp(-klt)]}/(l - q i J ;  k2 and 
¢0 are constants, k 2 = 3.5" 102 exp[-(12000+ 1000)/(RT)] 
s - i ,  and ¢0 = 1.2" 103 exp[-(8500+lOOO)/(RT)]. There- 
fore, w(m = 0) = k2~ 0 = 4.2" 105 exp[-20500/(RT)] s - l .  

At the constant  decomposit ion temperature, the 
change in the mo/V ratio within (0.675--2.25)" 10 -3 
g cm -3 (Fig. 2) exerts almost no effect on k I and rli~ 
values (7ex p = 140 °C: k I = 1.05(+0.06)" 10 -4 s - l ,  
rll~ = 0.42(+0.02)). An increase in mo/V results in an 
increase in k 2 and a decrease in ~,0:k2 = 2.32" 10 -4 s -1 
(~0 = 5.75- 10-2), 1.67- 10 -4 s -1 (6.5- 10-2), and 
0.95- 10 -4 s -1 (10.5" 10 -2) for (m0/V)" 103 = 2.2, 1.3, 
and 0.675 g cm -3, respectively. Thus, an increase in the 
mo/V ratio favors the acceleration of the process in 
region 2 and indicates the effect of gaseous decomposi- 
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Fig. 3. Dependences qA,~(t) (a) and w(q~a) (b) for a uniform 
polycrystalline powder of compound 1 with ~p0 = 0.8 m 2 g-I 
at Tex p = 140 °C and mo/V = 1.31 • 10 -3 g cm -3. The dotted 
line shows the dependence woo) for a powder of compound 1 
with Ssp ° = 10.5 m 2 g-i for regions 2 and 3. 

tion products on the rate of decomposit ion of com- 
pound 1. 

It should be ment ioned that Eq. (2) describes the 
dependence  of the transformation rate on the depth of 
gas evolution for the themaal decomposit ion of the 
uniform-in-s ize  large-crystalline sample with Ssp ° = 0.8 
m 2 g-I (Fig. 3). Comparison under  similar condit ions 
(Tex p = 140 °C, mo/V= 1 . 3 1 " 1 0 - 3 g  cm -3) of the 
decomposition rate of this sample with the correspond- 
ing dependence w(m) obtained for regions 2 and 3 of the 
thermolysis of the studied polycrystalline powder with 
Ssp ° = 10.5 m 2 g-I shows that the k 2 values are close 
(2.01 • 10 -4 and 1.67- 10 -4 s - i ,  respectively), while the 
{0 values for the large-crystalline powder are lower 
(4.1 • 10 -3 and 6.5- 10 -2, respectively), and, hence, large- 
crystalline samples are more thermally stable (see Fig. 3). 

The analysis of the results of OM observations and 
formal kinetic regularities of gas evolution shows that 
after reaching Wmi n the transformation rate w(qa~) in- 
creases simultaneously with the dispersion of large crys- 
tals of I (qAm -> 0.3 corresponds to q~a -> 0.2). It is likely 
that one of the reasons for increasing w(q,a~) can be the 
process of accumulat ion of intrinsic local strains in the 
decomposing crystal, which finally results in its dis- 
persion. However, this assumption should be specially 
studied. 

For the initial rate of gas evolution during the 
decomposition of compound 1, w 0 = kiql~ , the effec- 
tive ac t iva t ion  energy (Ea,eff) is 33.0 kcal tool - I  
(138.0 kJ tool - l )  and close to that observed previously 
for the  decomposition of anhydrous copper formate: 
Eax ff = 28.4+2.4 kcal tool -1 (119.0+10.0 kJ mo l - i )  li  
or 29.5 kcal mol - I  (123.0 kJ tool-l) .  9 For the initial 
decomposition rate of compound 1 in regions 2 and 3, 
w(m = 0) = k2{0, the Ea,er f value is 20.5 kcal tool - i  
(86 kJ mol - i )  and is comparable with that obtained 
previously for the decomposition of dehydrated copper 
formate: Eax ff = 21.3 kcal tool -I (89.0 kJ tool- i) ,  l° It 
is of interest to note in this connection that the heat 
effect (Q) of the decomposition of compound 1 to form 
two HO(O)C" radicals 

Cu(HCOO)2(s ) --> Cu(s) + 2 HO(O)C" - Q 

is 74.0 kcal mol - i  (320.0 kJ tool- l) ,  taking into ac- 
count that ArH°[Cu(HCOO)2(s)] = -179 .0  kcal tool -1 
( -750.0  kJ mol - i )  20 and AfH°[HO(O)C'(g)]  = -52 .5  
kcal mol -I  ( -219.5  kJ mol - l ) ,  21 or, calculating per 
HO(O)C"  radical formed,  it is 37.0 kcal tool - i  
(160.0 kJ tool-i) .  This value is close to the Ea,eff value 
presented above for the decomposition of compound 1 
in region 1. 

Overall gas evolution and loss of mass by the sample 
upon decomposition of compound 1. The decomposition 
of samples 1 under static nonisothermal conditions in a 
self-generated atmosphere restllts in the evolution of 
1.79--2.72 tool of gaseous products (eta) at the end of 
the transformation. This amount  is lower than the maxi- 
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mum possible gas evolut ion (ctr z = 3.0) expected for the 
reaction 

Cu(HCOO)2(s ) = Cu(s) + H 2 + 2 C02(g ). 

At the fixed Texp, an increase in the mo/V ratio 
results in a decrease ira a r  ~. For  example,  for ]rex p = 
140 °C = const ,  the following values of  c~f are found: 
2.61 ( m o / V =  0 .675 -10 -3  g cm-3) ,  2.41 (1.31" 10 -3 
g cm-3) ,  2.33 (2.20" 10 -3 g cm-3) .  An increase in Tex p 
at the fixed mo/V = 1.31 • 10 -3 g cm -3 favors an increase 
in c~f (Table 1): ctr z = 0.465" 102 exp[-2500/(RT)] .  The 
ratio of  condensing (c,> z) and noncondensing (c~< z) at 
77 K gaseous decompos i t ion  products  (c~f z = a> z + c~< z) 
at the end of  t ransformat ion depends on Tex p and mo/K 
However,  co> z > c~< z in the  whole region studied. An 
increase in T~x p at a fixed mo/V ratio results in an 
increase in c,> z and c~< z, while an increase ill mo/V at 
Tex p = 140 °C = const  decreases these values: c~>z and 
u<- are 1.85 and 0.76 (mo/V = 0.675" 10 -3 g cm-3),  
1.75 and 0.71 (1 .31"10 -3  g cm-3) ,  1.70 and 0.63 
(2.2" 10 -3 g cm-3) ,  respectively. 

The loss of  mass by the samples of  compound 1 at 
the end of  t ransformat ion also depends on Te× p (see 
Table 1) and mo/V. At T~x p = 140 °C = const, a de- 
crease ill mo/V results ill the increase in ,Sm/m o from 
0.532 to 0.553. At the  same t ime,  the Am/m o at the end 
of  decomposi t ion  of  compound  1 are somewhat lower 
than the loss of  mass expected for the decomposi t ion of  
copper  formate 1 to copper  metal  (0.588). 

Ira the course of  t ransformat ion,  the ratio between 
the gas evolution and the loss of  mass by the sample 
changes. For  example ,  at 160 °C at the beginning of  
thermolysis  (before rl6,~ ~ 0.5), rlAm increases linearly as 
rl6a increases (Fig. 4): 

qexmAm,.JTtO = Am/n O = 145qaa, 

where rt 0 is the number  of  moles  of  compound 1 ill the 
sample s tudied before decomposi t ion.  At rlaa -< 0.5, the 
ratio rl.am/q<~c, = 1.73 > 1, which allows one to suppose 

Table 1. Effect of Texp at mo/V = const on the Level of gas 
evolution and loss of mass of the sample of compound 1 at the 
end of transformation 

Texp/°C cq 2: c~> z ct< z Am/m 0 (%) 

120 1.79 1.37 0.42 49.5 
125 1.97 1.47 0.50 52.0 
130 2.03 1.50 0.53 51.9 
135 2.19 1.57 0.61 53.7 
140 2.33 1.64 0.61 53.1 

2.35 1.66 0.71 54.2 
2.41 1.74 54.4 

150 2.44 1.76 0.68 55.5 
160 2.43 1.71 0.72 54.8 
170 2.54 1.82 0.72 55.7 
180 2.67 1.92 0.74 55.3 

2.71 1.97 0.75 56.2 

that the products  formed are condensed at room tem-  
perature. In fact, at the beginning of  decomposi t ion of  
formate 1, the liquid phase is formed on "cool" parts of  
the reaction vessel, which is retained up to the end of  
t ransformation and disappears upon evacuation. 

At r16~ > 0.5 and its further increase, the rate of  the 
change in rlA m becomes lower than the rate of  the 
change in riga- 

The specific surface changes rather distinctively in 
the course of  t ransformation (see Fig. 4). It increases as 
rl6a increases, but  in the range of 0.2 < rLxo. < 0.5 the 
rate of  increase in Ssp decreases and then at qL~ = 0.5 
again increases, which, according to the data of  the OM 
observations, could be caused by dispersion. An increase 
in Ssp at the early stages of  decomposi t ion of  compound 
1 without visible (by OM) change ira the habitus of  
crystals can probably be associated with the develop- 
ment  of  heterogeneous transformation in tile regions of  
macrodefects.  At the end of  decomposi t ion of  formate 1, 
the level of  the Ssp f values is two-three times higher than 
Ssp ° and depends on Tex p and mo/V. For  example,  at 
mo/V = 1.31 • 10 -3 g cm -3, an increase ill Tex p results 
in a decrease ira Ssp r from 39.8 m 2 g - l  (120 °C) to 
16.9 m 2 g - l  (180 °C).  A decrease  in mo/V at 
140 °C results in an increase in Sspf: 21.0, 26.0, and 
41.0 na 2 g - I  at (mo/1/) '103 = 0.67, 1.31, and 
2.20 g cm -3, respectively. 

Assuming that  the copper  metal is the main solid 
product  of  the t ransformation of  compound 1 and its 
particles are spherical,  their  average size (16--35 nm) 
was determined on the basis of  the data on Ssp. 

Thus, the decomposi t ion  of  the polycrystall ine pow- 
der of  anhydrous copper(n)  formate at 120-- 180 °C in a 
self-generated a tmosphere  is a complex process from the 
viewpoint of  both the gas evolution kinetics and the 
morphology of  the solid phase, which is affected by Tex p 
and the mo/V ratio. It is supposed that the increase in 
the rate of  decomposi t ion is associated with the accumu-  
lation of  intrinsic strains in decomposing crystals of  1, 
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Fig. 4. Dependences of rlamAm~/n 0 (1) and Ssp (2) on rl~ a 
during thermolysis of compound 1. Tex p = 160 °C, mo/V = 
1.31 • 10 -3 g cm -3. 
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result ing in the i r  cracking and dispersion in the  process 
o f  t r ans format ion .  This  hypothesis  should be addi t ion-  
ally s tudied by spec t roscopy and will be cons idered  in 
detail  e lsewhere .  T h e  established change  in the yield o f  
gaseous and condensed  products  o f  decompos i t i on  o f  
c o m p o u n d  1 at the end of  t ransformat ion ,  depend ing  on 
the cond i t ions  o f  decompos i t i on  (Tex p, too~ V), makes  it 
possible to draw a conc lus ion  that formate  1 can d e c o m -  
pose via various routes,  however ,  this should be s tudied 
addi t ional ly .  

Experimental 

Anhydrous copper(u) formate (1) was prepared by the 
reaction of Cu(OH) 2 " CuCO 3 (analytically pure grade) with an 
excess of formic acid (90 %)11 followed by recry'stallization 
from formic acid. Found (%): Cu, 40.8. Calculated (%): 
Cu, 41.4. 

Thermal decomposition of compound 1 in a self-generated 
atmosphere was studied under the static nonisothermal condi- 
tions at 120 to 180 °C and (mo/P)'103 = 0.675 to 
22  g cm -3. The heated part of a reaction vessel with a tube 
filled with the substance studied did not exceed 0.05 ~': Before 
the experiment, the sample studied was evacuated for 30 min 
at ~20 ~'C and p ~ 10 Pa. 

The kinetics of transformation was studied by the accumu- 
lation of gaseous products of decomposition of compound 1 by 
a membrane null-n3anometer. Alter the experiment, the amotmt 
of gases evolved at -20 '~C, the amount of gaseous products 
condensed at 77 K, and the loss of mass of the sample were 
determined. The specific surface of the solid decomposition 
products and the initial sample were determined by low- 
temperature nitrogen adsorption (the BET method22). 

Optical microscopic observations were performed in trans- 
mitted and reflected light on an M BI-15 instrument. 
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