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Thermal decomposition of transition metal carboxylates
3. Composition of decomnosition products and channels
of transformation of anhydrous copper(i1) formate
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Thermal decomposition of anhydrous Cu(HCOO); (1) affords H,, CO, CO,;, H,0,
HCuQOH, CuHCOO, Cu, and the polymeric product, which contains —CH,0,
—C(O)OH—, and —RCH—O— groups. Dccomposition of 1 proceeds in stages with
formation of copper(1) formate as an intermediate. Possible pathways of decomposition of 1,
including isomeric forms of the HCO; " radical as intermediates, were analyzed.
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Anhydrous salt 1 is best suited to study the mecha-
nism of thermal decomposition of carboxylates of tran-
sition metals, which are, generally, crystal hydrates
M(HCOO), - H,0, because the crystal structure of 1 is
known and decomposition of I is not complicated by
dehydration. Presently, there is no consensus on the
mechanism of chemical processes occurring upon de-
composition of compound 1. Previously, it was sug-
gested!:? that thermal decomposition of 1 proceeds in
stages with the formation of copper(1) formate (2) as an
intermediate. However, based on the results of mass-
spectral study of decomposition of compound [ under
conditions which exclude the possibility of secondary
reactions, the authors of Ref. 3 believed that decomposi-
tion of 1 proceeds according to the following scheme:
Cu(HCOO); - Cu + CO, + HCOOH followed by
decomposition of formic acid to H, and CO,; The
possibility of the Cu'l —» Cu! - Cu® conversion was
discussed also for other copper carboxylates, namely, for
acetate,? acrylate,5 malonate, and fumarate, 8 taking into
account the fow standard redox potential of the Cull/Cu!
couple (E9 = +0.158 V7).

Previously, 89 we studied the thermal decomposition
of the crystalline powder of 1 under a self-generated
atmosphere; it was demonstrated that the conversion is a
complex process from the viewpoint of both kinetics and
topography. Acceleration of decomposition of 1 is asso-
ciated with accumulation of internal microstrains in the
decomposed crystals. The nuclei of copper metal (the
final product of conversion of 1, which, as kinetic
IR-spectral studies demonstrated,® forms as a result of
decomposition of intermediate 2) may be the source of
these microstrains. However, up to now, the qualitative
composition, the quantitative ratios of decomposition
products, and their dependence on the characteristics of

decomposition of I are not known with certainty (see
Refs. 2, 3, 10—16).

The aim of this work is to study the composition of
the products of decomposition of compound 1 at the
end of decomposition and its change in the course of
conversion and to analyze of the possible pathways of
chemical conversions upon thermal decomposition of 1.

Experimental

Salt I was prepared by the reaction of Cu(OH)z'CuCO%
(analytically pure grade) with an excess of formic acid (90 %)
followed by recrystallization from formic acid. Found: Cu,
40.8 %. Calculated: Cu, 41.4 %.

Thermal decomposition of preevacuated compound 1 in a
sclf-generated atmosphere was studied in the static nonisother-
mal system at 120—180 °C and (mg/V) - 103 = 0.675—2.20
g cm™3 (my is the initial weight of the sample; Vis the volume
of the reaction vessel). The part of the reaction vessel with a
tube filled with the substance studied, which was heated to the
temperature of the experiment (7,,,), did not exceed 0.05 V.
Before the experiment, the sample was evacuated for 30 min
at room temperature. The kinetics of decomposition was stud-
icd by the accunuilation of gaseous products of decomposition
of compound [ using a membrane null-manometer. After the
experiment, the loss of weight by the sample, the total amount
of gases cvolved at room temperature, and the amount of
gascous products condensed at 77 K were determined.

The products of thermal decomposition of salt 1 and the
kinetics of accumulation of these products were studied by
mass spectrometry with the use of a modernized ion source
based on an M1 1201V mass-spectrometer.!” The heated tube
filled with compound 1 was placed in the immediate vicinity of
the ionization region; in this case, the Knudsen mode of
inlcakage occurs. The pressure in the ionization chamber was
1074 Pa, U, = 70 V. The kinetic experiment was carricd out
according to the following scheme: the tube filled with the
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compound studicd was placed in the system, the system was
cvacuated, the mass spectrum of the background was mca-
surcd, then the tube was heated, and the mass spectrum was
scanned with a scan step of 6.6 min in the range m/z =
|8—46 until gas cvolution was stopped. Because of the fact
that the volatility of compound 1 is very small and the
molccular peak of I is absent in the mass spectra of the
background and pyrolysis products, the mass spectrum obscrved
is the spectrum of the products of thermal decomposition. The
values of peak intensities obtained for m/z = 18 [H,0]",
28 {COJ*, 44 {CO,]*, and 46 [HCOOH|* were summarized.

IR spectroscopic study of the gaseous and condenscd
products of dccomposition of 1 were carricd out on a Specord

75 IR and UR-10 instruments in the frequency range
400—4000 cm™!.

Results and Discussion

Qualitative composition of the products of decom-
position of 1. The IR absorption spectra of gaseous
products of decomposition of 1 condensed at 77 K show
a system of bands in the region 3600—3700,
2320—2340, and 625—675 cm™! typical of absorption of
CO,!® and absorption bands (v/cm~™') at 3100 m,
3025 m, 2940 s, 2865 w, 1800 s, 1750 v.s, 1370 m,
1220 m, 1115 s, 995 s, 930 w, 640 m, 620 w attribut-
able to the HCOOH vapor. The mass-spectral study of
the gaseous products of decomposition of 1 at the end of
conversion revealed the presence of H; (m/z = 2), H,0
(18), CO (28), CO, (44), and HCOOH (46). Therefore,
gaseous products of decomposition of 1 are identical to
those formed upon decomposition of Fe(HCOO),!? and
dehydrated Fe(HCOO), - 2H,0.20

In the course of thermal decomposition of 1, con-
densation of the liquid on "cold" (room temperature)
walls of the reaction vessel was observed even at the
early stages of decomposition because of the fact that
the process was studied in a nonisothermal system. The
IR spectrum of this condensate is similar to the absorp-
tion spectrum of liquid HCOOH. A comparison8 of the
loss of weight by the sample with the corresponding gas
evolution at low depths of conversion is also indicative
of the occurrence of condensation.

Kinetic IR spectroscopic studies of conversions in
the solid phase upon the thermal decomposition of 1 in
the COO~ stretching and bending vibration region (see
Ref. 9) point to the fact that in the course of conver-
sion, the HCOO™ groups typical of 1 disappear and
intermediate 2 forms and then disappear. After termina-
tion of gas evolution, the IR spectrum of the solid
product of decomposition of 1 shows a weak absorption
in the region of stretching vibrations of —COO7,
—CH;—0—, and —RCH—O— groups; this absorption
is similar to that found previously for the products of
thermal decomposition of Fe(HC0O0),*%%! and
Fe(HCOO),,"® which may be associated with the for-
mation of the polymeric product of composition
(CH,0) (CH(COOH)O),, where r > s. Apparently, the
differences between the loss of weight by the sample
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Fig. 1. Time dependences of the yields of the volatile products
(x) of dccomposition of 1 based on the data of mass-spectral
analysis at T, = 160 °C: [, 0.5x5; 2, xcoy I xucoon: 4
XCO: XH,05 51 XHy:

after decomposition of 1 (53.2—55.3 wt. %) and the
value that would be expected upon decomposition of 1
to metallic copper (58.8 %) is determined by the partial
oxidation of copper to CuO as well as by the formation
of the polymeric product.

Peculiarities of evolution of the products in the
process of decomposition. Mass-spectral study of vola-
tile products, which was carried out in the course of
thermal decomposition of 1 in the mode of high-vac-
uum pyrolysis under conditions, which excludes the
possibility of occurrance of secondary reactions, makes
it possible to follow the kinetics of appearance and
accumulation of these products (Fig. 1). Based on the
experimental data obtained, it may be concluded that
conversion has a complex character and the following
characteristic features may be pointed out:

— at early stages of decomposition, the rate of ac-
cumulation of volatile products (w = dy,/df) drops,
reaching the minimum value, after which it increases to
the maximum value and then decreases to zero at the
end of decomposition (here, y; = (I,-),/(lx)/; (1), is the
total intensity of the major mass peak of the i-th com-
pound at the r moment; (/;)/is the total intensity of all
major mass peaks of compounds observed at the end of
conversion; y; ~ a;, where a; is the number of moles of
the i-th compound yielded per mole of the initial com-
pound);

— Coz(XCOZ) forms in the highest yield; the kinetics
of its accumulation qualitatively follows the xy(/) curve;

— at early stages of conversion (up to yxz =
0.30—0.34), H,0, CO, and HCOOH are evolved,
XCo; ” XHy0 = Xco > Xucoon- Evolution of H,0 and
CO is virtually completed at this stage of decomposition.
After wy,;,(xz), the rate of accumulation of these prod-
ucts is small. At deeper stages of conversion and at the
end of decomposition, xco, > XHCOOH > XH,0 & XCOS
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— after reaching wy,;,(xg), the rate of evolution of
CO; and HCOOH increases and H; appears; the amount
of the latter was calculated taking into account the
material balance according to the following equation:
Iy, = 0.5Uco, *+ Ico = Iucoow) =~ hiyo0;

- at the initial depths of conversion of 1, the follow-
il\g condition is fulfilled: Xco + AXHCOOH ~— XHzO +
XHCOOH ™ XCOy

Apparently, the above-mentioned characteristic fea-
tures of the x{7) curves are associated with the succes-
sive conversion Cu(HCOO); - CuHCOO — Cu in the
course of which HCOO groups decompose, channels of
this decomposition being different at different stages.

Inspite of some qualitative similarity in kinetic curves
of accumulation of volatile products of decomposition of
1 in the conditions of high-vacuum pyrolysis (mg = | mg,
where m is the weight loss in the sample) and of gas
evolution upon thermal decomposition of the polycrys-
talline powder of 1 in a self-generated atmosphere?
(mg = 60—150 mg) at close T, ~160 °C (c¢f Figs. |
and 2), these curves account for different conversion
mechanisms. At the initial stages of decomposition, w,;,
does not depend on Tcxp, which is, apparently, indica-
tive of the differences in kinetics of decomposition of
the fine-crystalline and macrocrystalline fractions of the
powder of 1.89 Because of this, the depth of conversion
of 1, which is determined from gas evolution (see Fig. 2,
curve I) or from the weight loss (curve 3), may not be
associated with the true mechanism of thermal decom-
position of 1, namely, with the disappearance of HCOO
groups in the process of successive conversion of
Cu(HCOQO),.

Figure 2 shows that at early stages of gas evolution,
the ratio ((IH2 + aco)/ﬂcoz is small (~0.1), and this
ratio gradually increases to 0.49 in the course of conver-

sion (here, aco, = (12> - QVHCOOH'*-Hzo’ Oy, + aco &

L i 1. —t
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Fig. 2. Time dependences of the yiclds of the gascous products
of decomposition of polycrystalline powders of 1 at T, =
160 °C: I, a5} 2, aco,: 3. (Am/xg) - 1072 (rg is the number
of moles of 1 in the sample before decomposition);
4‘ aQco + O'Hy

a%; a% and a% arc the numbers of moles of gascous
products at T, which are condensed and not condensed
at 77 K, respectively; «'ycooH+i,0 1S the number
of moles of HCOOH and H;0 in a saturated vapor at
T.). However, in the experiment on high-vacuum py-
rolysis, this ratio is 0.7—0.9 at the initial stages of
evolution of volatile products (see Fig. 1); as the depth
of conversion increases, this ratio decreases (to 0.45 at
the end of decomposition), and this value is close to the
corresponding data on gas evolution. Therefore, only at
the end of decomposition can the yields of the products
in experiments on gas evolution characterize the propor-
tion of channels of conversion of HCOO upon decom-
position of 1.

Calculations of the composition of the products of
conversion of 1. The products of thermal decomposition
of 1 (H;, CO,;, CO, HCOOH, CuHCOO, Cu, and,
probably, CuO and the polymeric product) form as a
result of successive conversion of 1

Cu(HCOO), - CuHCOO + Py ~ CuO, + P,,

where P, and P, are the products of decomposition;
CuOQ, is the general formula for copper and its oxides (O
< x < 1). For Cu(HCOOQ),, CuHCOO, and CuO,, we
may write the balance equation

L+t +0 =1, n

where X = dcymcoo)y © = cuncoor 0 = acuo, (at
=021 = o’cyncoo)y, = ). The depth of conversion
with respect to HCOO groups with the use of Eq. (1) is
as follows:

NHCOO = l —A—050 =050+0 =05 —x+0) (2

il

At the beginning of conversion, A = |, o = 0
MHcoo = 0; at the end of conversion, A =0 =0, 0
Mucoo = 1 .

The composition of conversion products may be
described by the system of equations of material balance

(1) and (1a)—(if).

il

aco, + aco t aycoon t 22 t o +a, = 2n, (la)
ay, ¥ o0 * aycoon T A F 050 +a, =0, (1b)

2aco, * aco t ap,0 * Zapcoon t 4h t o +

+ a, + x0 = 4n, (Ic)

aco * ap, =, (Id)

aco, = M (le)

1.875a, + x0 = g — S.875(1 — n). (N
Here, h = nycoo, @ is the number of moles of the

polymeric product per mole of the initial compound as
in the known work,? let us consider, for simplicity of
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caiculations, the polymeric product as (CH,0), assum-
ing that the portion of CH,O groups in the polymeric
product formed is substantially higher than the portion
of CH(COOH)O groups), g = 1/16{(m()/ny) — 63.55],
where m (1) is the weight of the sample at the moment
1; mg is the number of moles of 1 in the initial sample.
The values of n, p, and g were determined experimen-
tally (Table 1): n = a£<, n = (1£> - avHCOOIH'HzO'
Based on the data of mass-spectral study of accumu-
lation of volatile products of thermal decomposition of 1
upon high-vacuum pyrolysis, we assumed that ay,0 =
aco both at the end of decomposition and in the course
of conversion throughout the range of experimental
parameters T, and mo/V, then, the composition of the
products at the end of conversion can be calculated
n=0=1,0,=x0 =x, g= 2875x). Therefore, we
obtain the following equations for the yields of the
decomposition products at the end of conversion:

a, = x = 84/23, (1g)
apcoon = | — p — 84/23, (in)
aco Tay,o T LHp oo, (1)
ap, = n - L (j

The results of these calculations, which are presented
in Fig. 3, demonstrated that at constant T, an in-
crease in the my/V ratio resuits in an increase in the
yields of CO,, H,, HCOOH, the polymeric product, and
CuO and in a decrease in the yields of H,0, CO, and Cu
(see Fig. 3, a). In this case, aco, > ap, > AycooH > %,
and aco, > ap,0 + aco. An increase in mo/V at constant

Table 1. Dependence of n, p, and q on
Texp 8t the cnd of conversion of |
(mo/V = 1.31(£0.01)- 1073 g cm™?)

Texp/°C n P q
120 (.13 042  0.50
125 1.25 0.50  0.30
130 1.2% 0.53  0.31
135 1.25 0.61  0.16
140 1.42 071 0.21
1.44 0.17
1.46 0.14
(50 1.49 0.68  0.105
160 1.43 0.72 0.1l
170 1.54 072  0.075
180 {.64 075 0.06
1.69 0.74 005

Texp exerts only a slight effect on the proportion of
channels of conversion of 1, which results in formation of
HCOOH, H,, and the polymeric product: the
(IHCOOH/CIHz and O’HCOOH/U’V ratios are 0.48—0.63 and
3.0—5.0, respectively, with increasing (mg/ V)« 103 (from
2.21 to 0.667 g cm™3). The value (my/V) substantially
affects the ratio of routes of formation of HCOOH and
H,0 + CO. Thus, as the my/V ratio increases, the
aHCOOH/aH2O ratio is 0.52, 098, and 5.20 at
(mg-10%)/V = 0.667, 1.30, and 2.21 g cm™3, respec-
tively, and, therefore, the portion of channels of forma-
tion of H,O and CO in the overall balance of conversion
of 1 decreases.

a;
a; a b
2.0 - 201
L/nm
! I/nm
1.5 {50 s
1.0+ 430 d30
s 110 {10
0.5} 0SF
2 a " == )
3 s 3
I 1 4 £ L.y °
0 1 2 3 0 120 140 160 180 TC
-179‘ 103/g cm™3

Fig. 3. Yicld of the products of decomposition at the end of conversion of I at constant T,,

= 140 °C (a) and my/V =

L31(£0.01) - 1073 (B): 1, acoy an, + 1 2, apcoons Jo @y = X 4, a0 = acos 5. L (L/nm is the average size of the particles of
the solid product calculated from S, under the assumption that the particles of copper metal have a spherical shape).
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With constant my/V ratio, an increasc in 7T, (scc
Fig. 3, b) results in a decrease in the yields of HCOOH,
H,0, CO, the polymeric product, and CuO and in an
increase in the yields of Hy, CO,, and Cu. The yield of
CO, is the highest among all yiclds of the products of
dccomposition of 1: aeo > AHCOOH > o4,0 = Ao >
a, = x, and acg, > ay,. Note that the yicldzs of H, and
CO, at the end ol decomposition of I are close to those
reported previously for the same T, range (see Ref. 22).
An increase in T, assists in a decrease in the contribu-
tion of reactions accompanied by formation of HCOOH,
H,0, CO, the polymeric product, and CuO as compared
to formation of H,. Simultaneously with an increase in
Texp» @ decrease (as compared to the channels of forma-
tion of HCOOH) in the contribution of the routes of
formation of the polymeric product and CuO and a
decrease in the portion of the channels of formation of
H,0 and CO are observed at T, = 160 °C (Fig. 4).

Possible routes of thermal decomposition of 1. The
data we obtained previously®:? and which are presented
in this work make it possible to consider the thermal
decomposition of 1 as a two-stage process similar to
decomposition of Cull acetate (see Refs. 4, 23) and
Fe!ll formate (see Ref. 19); this process is determined
by successive reduction Cul! — Cul - Cu® The yield of
the H—C—O-containing products upon decomposition
of 1 is associated with the conversion of formate groups,
which are contained in 1 and 2, through different chan-
nels; this process is complicated by the change in the
relative contribution of these channels to the overall
balance of decomposition of HCOO groups with in-
creasing depth of decomposition. This is evidenced by

aja;

0 120 140 160 180 T/°C

Fig. 4. The ratio of the channels of decomposition of 1 with
the formation of H,, HCOOH, H,0, and CO, the depen-
dences of a, and x on Tcxp: ,, aHCOOH/av; 2, aHCOOH/aCO:
J. ancoon/au,

changes in the quantitative ratio of the products in the
course of decomposition in the experiment on high-
vacuum pyrolysis of 1.

The difference in the routes of conversion of HCOO
groups upon decomposition of 1 and 2 may be onc
possible cause of the change in the contribution of the
channels of conversion of these groups to the overall
balance of the products of decomposition of I; this
difference is determined by characteristic features of the
crystal structures of 1 and 2.

According to X-ray structural data,24 the crystals of 1
have a framework-net structure?’ formed from Cu atoms
and HCOO groups of two types, which are contained in
the crystal in equal amounts (bidentate groups, which
are present in the structure of 1 in an anti-syn confor-
mation (a-2-s) with substantially different C—O bond
lengths, and tridentate groups, which are incorporated
into the structure of 1 in an anti-syn(anti) conformation
(a-3-sa) with nearly equal C—O bond lengths.

Cu
\O
/O—Cu .
H—C H-C
~ N
0 0\
CU/ Cu/ Cu
a-2-s a-3-sa

In the crystal structure of 1, the COO fragment of the
bidentate (a-2-s) HCOO group corresponds to the asym-
metrical H—O—C=0 structure,?® whereas this fragment
in the tridentate (a-3-sa) HCOO group corresponds to

o}

. ’- )
the symmetrical structure of the  H—CJ - radical.26:27

The lengths of the Cu—O bonds formcdoby the (a-2-5)
and (a-3-sa) HCOO groups are also different; in the
case of the (a-3-sa) HCOO group, the Cu—O bonds are
shorter. Correspondingly, these bonds also differ in
strength. Therefore, rupture of the least strong Cu—O
bonds with the formation of the HCO; radical is the
most probable process. If it is assumed that the structure
of the HCO;y radical formed is similar to the structure
of the COO fragment of the formate group opened in
the crystal-chemical structure, the appearance of asym-
metrical as-HCO; radicals upon decomposition of 1
wotld be expected. Estimations demonstrated that the
reaction

Cu(HCOO),(s) - CuHCOO(s) + as-HCO, (gas)

is endothermal with the thermal effect of 32.5 kcal mol™!.
FFrom here on, we assume for thermal calculations
AcHelas-HCO; (gas)] = —36.0 kcal mol™! (¢f. Refs.
26, 27: —150.5 kJ mol™!), A H°[s-HCO; (gas)] =
~52.6 kcal mol™! (¢f. Ref. 29: —219.5 kJ mol™}),
AdP{Cu(HCOOy(s)] = —180.0 kcal mol™! (¢f Ref. 13:
~752.4 kJ mol™"), AH°[{CuHCOO(s)] = —95.0
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kcal mol™! (=397.1 kJ mol™")*, AH°|CO,(gas)] =
~94.1 kcal mol™! (¢f. Ref. 27: —393.3 kJ mol™'),
AcP[H(gas)] = 52.0 kcal mol™! (¢f. Ref 27:

217.4 kJ mol™"). The thermal effect of this reaction is
close to the value of the effective activation energy of the
initial rate of gas evolution (E, ;= 33.0 kcal mol~ 18
and the rate of disappearance of HCOO groups (E, . =
27.8 kcal mol™1)?.

The crystal structure of 2 was not studied. However,
it may be believed? that structural units of compound 2
are similar to the structure of the binuclear copper(1)
acetate, Cu,(CH3,C00),,3233 which is a ribbon struc-
ture with a square Cu—CuOj coordination occurring
through tridentate (s-3-sa) RCOO groups.

O—Cu
Ve
R-C
N

O\
Cu/ Cu

In the structure of Cuy(CH,COO),, as well as in the
structure of 1, the C—O bond lengths in the tridentate
group have close values, whereas, the Cu—O bonds
differ in length. Therefore, apparently, decomposition of
2 does not afford s-HCO; .

The HCO; formed may be converted through dif-
ferent channels depending on their structure and con-
centration in the reaction zone. At low concentrations of
HCOj in the reaction zone, these groups may disappear
in different ways.

Isomerization and decomposition29-34-—-36

pu—"%
SE—

s-HCOy as-HCO; + 16.5 keal mol™!, .0

s-HCO; (gas) —= H (gas) + COy(gas) +

+ 6.0 kcal mol™!, (2.2a)
as-HCOj (gas) — H'(gas) + COy(gas) —
— 10.5 keal mol™! (—43.9 kJ mol™). (2.2b)

* The estimate was based on a comparison of the known data
on 1/nAcHe|CuX ,(solid)] and AcHe[X(solution)]27:30:31 where
X~ is the anion.

S—HCOQ' + Cu(HCOO),

0 0
?é: \ / N ‘x_ N
Cu ( Cu C
ot £ Hoo A
YC, H ¢ H
J/ &\ . /'\\\ .'.
(o] H (s 4 D)
(2.3.a) {2.3.b)

H, + 2CO, + Cu(HCOO), _,

HCOOH + CO, + Cu(HCOO), _,

Based on the results of quantum-chemical calculations,
the value of E, ;| of forward reaction (2.1) is 36—38
kcal mol™! (150.5—158.8 kJ mol™"). Taking into ac-
count the thermal effect of back reaction (2.1),
E, 31 =51—53 kcal mol™! (171.4—179.7 kJ mol~!).29:34
For reactions (2.2a) and (2.2b), Eﬂ“u = 16—18
kcal mol~! (66.9—75.2 kJ mol™') and E, 55, = 38—40
kcal mol™! (¢f. Ref. 35: 158.8—167.2 kJ mol™1).35 As-
suming that the pre-exponential factors of the rate con-
stants of forward and back reactions (2.1) and of reac-
tions (2.2a) and (2.2b) are close, the ky,/k, and
ky /Ky 5, ratios are 6.3+ 109—7.6- 108 and 9.3+ 10-13—
3.6- 107!, respectively, in the studied range of T, =
120—180 °C. Therefore, the probability that reaction
(2.2a) and forward reaction (2.1) proceed is substantially
higher than that of reaction (2.2b) and back reac-
tion (2.1).

Reactions with the matrix (with 1 or 2).

At high concentrations of HCO;" radicals, recombi-
nation processes may occur along with reactions
(2.1—2.3d); these recombination processes also afford
the above-mentioned products. However, in the case
of salt 1, unlike the thermal decomposition of
Fe(HCOO);," the contribution of recombination reac-
tions to the overall balance of conversions is, apparently,
insignificant. The absence of oxalic acid in the products
of decomposition of 1 indicates that reactions (2.4) and
(2.5) in the conversion zone virtually do not occur.

as-HCQ, + as-HCQ —
OH OH
o}
%C___Ci . xc...c? 2.4)
7 = x>
HO 0 HO 6]

as-HCQ, + CQ, - HO(O)CC(O

o —
—  H,C,0, + CGq, (2.5)
Low concentrations of HCO; radicals in the de-

composition zone and high rates of diffusion of CO,,
which is dissolved in the matrix, from the conversion

as-HCO; + Cu(HCOO),

/\

N < 2N PO
ol ¢ ST
0\ H /CX H

\C O/ ‘O'
OH &
(2.3.c) (2.3.d)

~ |

H,0 + CO + CO, + Cu(HCOO),_,
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zone (reaction 2.5) may be the most probable causes of
low rates of reactions (2.4) and (2.5).

Hydrogen atoms formed according to reactions (2.2a)
and (2.2b) may react rapidly with the matrix

H' + Cu(HCOO), - Hy + CO, + Cu(HCOO),_, (2.6

Surface reactions. When copper metal appears in the
course of decomposition of 1, H,0, CO, CO,, and
HCOOH formed are adsorbed on the surface of copper
and may react with the surface copper atoms (Cuf) as
well as with each other

COz(adS) ads (27{])
H,O(ads) \ / (ads) (2.7b)
?
/ ~-CuC®
HCOOH(ads)/ %HQSO ads) (2.7¢)
H,O(ads) + CO(ads) H,CO(ads)  (2.7d)

HCOOH (ads) H,+ CQ, (2.7¢)
) .

/
\H2 + CO (2.7

Adsorbed HCOOH and H,CO, which appear accord-
ing to reactions (2.7¢) and (2.7d), react with each other
to form the polymeric product:2®

+Cuv®

\/

H,CO(ads)

HCOOH(ads) + H,COfads) —S s
2
CO

— [HCOC(O)OH](ads) —Zo
(2.7g)

— [—0—C(COOH)H—(O—CH,) —1,,

For forward reaction (2.7e), according to the data on
decomposition of the dispersed powder HCOOH,% £, is
27—29 kcal mol™!; the pre-exponent factor is 1019—
10135 571, Under the conditions of our experiment, the
rate of reaction (2.7¢) wy5. = 0.5—1.6 s~! and (0.48—
1.5)- 1072571 at 180 °C and 120 °C, respectively, if the
catalytic activity of copper metal formed is comparable to
that of the dispersed copper powder.37 In this case, for
reaction (2.7g) to proceed, it is necessary that the rate of
this reaction be higher than 1.6 s™' and 1.5: 107257} at
180 °C and 120 °C, respectively.

Reaction (2.7d) may be the most probable source of
formation of H,CO. This is evidenced by a decrease in
the yields ay,o and acop at the end of decomposition at
constant Tcm and by an increase in the my/V ratio
against the background of an increase in aycoon and
aco,, which is accompanied by an increase in «, (see
Fig. 3. a). Note that an increase in dispersity of the
solid product of conversion of 1 correlates with an
increase in the yield a,, as was observed in the case of

thermal decomposition of Fel!l formate (see Ref. 20)
and Fe!'! formate (see Ref. 19). Apparently, the contri-
bution of reactions (2.7a) and (2.7b) to surface reactions
(2.7a—2.7g) is insignificant because a, = acyg- On the
whole, the contribution of surface reactions, which af-
ford CuO and the polymeric product, is small. This is
evidenced by the low yields ac,q and a, at the end of
decomposition.

Therefore, reactions (2.1—2.7g) provide a qualitative

explanation for the formation of products of thermal
decomposition of 1. in the framework of the scheme of
chemical conversions considered, it may be assumed
that the concentration of HCO; radicals formed is low,
and recombination processes do not proceed; the
s-HCO," radical is used mainly according to reactions

(2.

1), (2.3a), (2.3b), (2.2a), and (2.6); the as-HCO;

radical is used to a large degree according to reactions
(2.3¢c) and (2.3d); mainly, reactions (2.7g—2.7d) pro-
ceed on the surface.

14.
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