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ABSTRACT

Thermal decomposition reactions of compounds Cu(LH),X., with LH = imidazole
(IzH) and N-methyl imidazole (NMelzH), n = 2, 4 and X = Cl, Br, have been studied with
the aid of thermogravimetric analysis (TG), mass spectroscopy (MS), high-temperature
X-ray powder diffraction and differential scanning calorimetry (DSC).

Only in a few cases could simple ligand losses be studied. In most cases a simultaneous
ligand loss and redox reaction occurred, resulting in CuCl (or CuBr) and finally Cu metal.
One of the oxidation products could be characterized by mass spectroscopy and appeared
to be chlorinated imidazoles. This relative stabilization of Cu(I) by imidazole ligands cor-
responds with known synthetical chemistry. No accurate binding enthalpies for the imi-
dazole ligands could be deduced.

INTRODUCTION

The binding between metal(Il) ions and imidazole ligands frequently
occurs in nature, as many metalloproteins are coordinated by the imidazole
side chains of histidyl residues. Examples are superoxide dismutase [1],
haemoglobin [2], myoglobin [3], and cytochrome-c [4]. The formation and
reactivity of the metal—imidazole bond has been the subject of many investi-
gations [D5]. Metal coordination compounds containing imidazole ligands
have been synthesized for many years, and have been studied intensively
both structurally and spectroscopically [6—9]. So far, the number of
thermochemical investigations on imidazole compounds has been limited,
and in fact has been restricted to Ni(II) [10], Co(Il) {11] and P4(II) [12].
No thermal analytical studies of Cu(Il), a metal which is known to coordi-
nate to histidyl imidazole groups, have been reported so far. It is known
that apart from the coordination bond between the metal ion and the
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pyridine-nitrogen of imidazole, hydrogen-bond interaction of the N—H
group also plays an important role in the stabilization of certain metallo-
proteins. We therefore first studied the differences on going from imidazole
[10] to N-methyl imidazole (without hydrogen bonding) [13] with respect to
their coordination to Ni(II) as a standard. The present study deals with an
investigation on the thermal behaviour of coordination compounds con-
taining these ligands coordinated to copper, as a case which is closer to the
naturally occurring systems. Because initial experiments showed very com-
plicated decomposition reactions, we decided to compare imidazole and
N-methyl imidazole under the same conditions and to analyze the decompo-
sition products (as a function of temperature) also by high resolution mass
spectroscopy.

EXPERIMENTAL

Starting materials and synthesis

Imidazole (IzH), N-methyl imidazole (NMelzH) and copper salts were
commercially available and used without purification. The compounds of
general formula Cu(LH),X,, where LH =1zH, NMelzH and n =2, 4 and
X = Cl, Br, were prepared as described in previous investigations [14—16].
They were checked for purity by elemental analyses, IR spectroscopy and
ligand field spectroscopy.

Thermogravimetry (TG)

Thermogravimetfric results were obtained using a thermobalance con-
structed in our laboratory [17] furnished with a C.I. Electronics micro-
balance. The samples were studied in Pt cups having a flat bottom (6 mm
diameter) and a small raised border (2 mm). The weight of the samples
varied from 1—8 mg. It is noticed that weights of 1—3 mg gave better results.

The reactions were carried out in a stream of high-purity helium (15—20
ml min~!) with a heating rate of 12°C min~!. The temperature was measured
by a chromel—alumel thermocouple.

During heating both the temperature and the weight of the sample were
registered by a recorder having a paper speed of 10 mm min~!. Before each
experiment the whole apparatus was evacuated in order to prevent oxidation
of the decomposition products by air during heating.

High-temperature Guinier photographs (HTRG)

The diffraction patterns were obtained using a standard high-temperature
Guinier—De Wolf camera, with CuK« radiation. While the sample was con-
tinuously held under a nitrogen atmosphere the temperature was raised with
1.2°C min™!, This low heating was necessary, due to the sensitivity of the
film material used.

The line patterns obtained as a function of temperature were compared
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with known patterns [18]. As a result the solid intermediate and end pro-
ducts, obtained during heating of the sample, could be characterized.

Differential scanning calorimetry (DSC)

To obtain calorimetric results a DSC delivered by Du Pont Instruments
was used, consisting of a DSC-cell (type 910) and a thermal analyzer (type
990). The cell has been furnished with a platinel(II) control thermocouple
and a chromel—alumel sample thermocouple.

Platinum cups were used as described in the TG experiments. The usual
heating rate was 5 or 10°C min~! with a calorimetric sensitivity of either
0.67, 1.67, 3.35, 6.69 or 16.74 md s™! at full scale width. The instrument
was calibrated by measuring the heat of fusion of a known amount of high-
purity indium. Each DSC experiment was also checked on accuracy of time,
resulting in an overall calibration coefficient E.

After evacuating the apparatus the samples were heated in a stream of
high-purity helium with a flow rate of 15—20 ml min~!. The weight of the
samples was 1—5 mg.

Heats of reaction were obtained with the relation

Q=E [Aqdt=EA

in which @ = the heat of reaction in mdJd; F = a dimensionless calibration
coefficient; g = the heat flow in md s™!; and A = peak area expressed in md.
If F is known the heat of reaction can be determined by measuring the peak
area with a planimeter.

Mass speciroscopy {MS)

To analyze the gaseous decomposition products a mass spectrometer
(Varian 811 A) was used, furnished with an open atmospheric split. A special
glass tube was fitted. Through one end with an inner diameter of 6 mm con-
taining the glass sample holder, a stream of helium was led with a flow rate
of 10—15 ml min~!. The other end, narrowed to a capillary with an inner
diameter of 1.3 mm, was fitted into an open atmospheric split as part of the
mass spectrometer. The glass tube was heated in a furnace (heating rate 10°C
min~!). Complete mass spectra were scanned every 10 s and on line con-
verted to mass chromatograms of selected ions by a computer system (PDP
11/45). As a result gas chromatograms (GC) and evolved gas analysis curves
(EGA) have been obtained.The GC curve can be interpreted as the amount

~of evolved gaseous products vs. temperature.
RESULTS AND DISCUSSION

General

From the experiments it can be concluded that the decorhposition of the
copper(Il) imidazole and N-methyl imidazole chlorides and bromides can
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generally be described by the following reactions
CuX,(LH), » CuX,(LH), + 2 LH

CuX,(LH), > CuX; LH + LH » CuX, + 2 LH

2 CuX,(LH);, > 2CuX +3LH+ LX + HX

2 CuX,(LH), >~ CuX + 2 LH + LX + [LH,]"[CuX,]~
[LH,]"[CuX,;]”» CuX + LH + HX

with X = Cl, Br and LH = IzH, NMelzH.

(1)
(2)
(3)
(4)
(5)

In all experiments mass spectra showed the existence of the dihalogenated
products, LX,, at the same temperature as LX was detected. However, in this
discussion they will be neglected because the amounts formed during the

decomposition seemed to be extremely small.

N-Methyl imidazole compounds

Figure 1 shows the thermal decomposition of CuCl,(NMelzH),. The first
DSC peak (at 152°C) represents the melting point of the compound with a
slight loss of ligand. This can be concluded from the TG curve at 12°C min™!
and the EGA curve of NMelzH" (mass 82). The heat of melting is found to

be 16 = 1 kJ mole™*.
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Fig. 1. Thermal decomposition of CuCly(NMelzH),. GC and EGA curves at a heating rate
of 10°C min~! (upper part), DSC and TG curves at different heating rates (lower part).

The compound decomposes in the liquid phase after melting at 152°C.
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With increasing temperature the compound decomposes in the liquid
phase, first giving free ligand in the gas phase and probably solid CuCl,-
(NMelzH) according to reaction (2). This is confirmed by the high-tempera-
ture X-ray photograph of CuCl,(NMelzH),. At about 195°C the rate of
decomposition increases, while the gas phase mainly consists of free ligand
and chlorinated ligand along with a small amount of HC], considering the GC
peak in the upper part of Fig. 1 and the great loss of weight between 200
and 210°C at a heating rate of 12°C min™'. This can be explained by the
occurrence of the reduction of Cu(Il) to Cu(l) by the ligand according to
reactions (3) and (4). The chloride anion cannot be the reducing agent,
because no Cl, was detected by the mass spectrometer.

During the whole decomposition process free N-methyl imidazole is
released, but the reduction—oxidation reaction (around 200°C) is chiefly
responsible for the greater part of the complete decomposition. From Fig. 1
it can be seen that HCl is formed after the formation of LCl. This can be
explained by the formation of a complex like [LH,]*[CuCl,]” during the
reduction oxidation reaction, hampering the release of the HC]l, according to
reaction (4). This HCI gas is released at higher temperatures according to
reaction (5).

At ca. 270°C the DSC curve shows a weak endothermic effect caused by
release of pure ligand. This is confirmed by the last part of the GC and EGA
curve of the ligand and also by the T'G curve in the temperature region 270—
290°C (heating rate 12°C min™?).

The residue at 300°C primarily consists of CuCl and a certain amount of
CuCl,. No accurate quantitative prediction can be made about the amounts
of CuCl and CuCl, as the conditions of the decomposition (sample weight,
heating rate, velocity of the gas stream, etc.) strongly influence the rate and
temperature of decomposition of the compound. Heating above 300°C causes
sublimation of CuCl and CuCl, and further decomposition intoc metallic
copper and chlorine.

In Figs. 1—4 results obtained from different techniques for all N-methyl
imidazole compounds have been compiled with the temperature axis in
common. In consequence of great differences in geometry and other experi-
mental conditions, corresponding reactions may not be in entire temperature
agreement. The temperatures of the GC/EGA experiments, for example,
were determined by measuring the temperature in the furnace. As a result
GC/EGA curves must be slightly shifted to lower temperatures to obtain the
sample temperatures with respect to the DSC data.

The great influence of the heating rate during decomposition may be
demonstrated by the two TG curves at 12°C min™! and 1.2°C in Fig. 1.
When comparing results obtained from different instruments, this effect
should also be taken into account. In the remaining part of this paper only
TG curves obtained at 12°C min~! are discussed. .

Since the character of the decomposition reactions is rather complex, it
was impossible to determine the bond strength of the ligand to the central
copper ion. Only the overall enthalpy of the decomposition of
CuCl;(NMelzH), to CuCl and CuCl, is found to be 124 + 4 kd mole™!.

Figure 2 shows the thermal decomposition of CuCl,(NMelIzH),. The com-
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Fig. 2. Thermal decomposition of CuCl,(NMelzH)4. GC and EGA curves at aheating rate
of 10°C min~! (upper part), DSC and TG curves at different heating rates (lower part).
The compound decomposes into CuCl,;(NMelzH), in the solid phase. Further heating
shows a similar thermal behaviour as found for pure CuCl;(NMelzH), (Fig. 1).
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Fig. 3. Thermal decomposition of CuBr,(NMelzH),;. GC and EGA curves at a heating rate
of 10°C min~! (upper part), DSC and TG curves at different heating rates (lower part).
During initial decomposition the compound melts at 159°C.
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pound first decomposes into CuCl,(NMelzH), in the solid phase in the tem-
perature range of 60—130°C, as can be seen from the DSC curve. This is con-
firmed by the mass spectrogram and the TG curve. Assuming that the men-
tioned decomposition is complete at 130°C (DSC curve) — which might not
be exactly the case — the enthalpy of the reaction is found to be 97 + 3 kd
mole™!. Further heating shows a similar thermal behaviour as found for pure
CuCl,(NMelzH), (see above). The overall enthalpy of the decomposition of
solid CuCl,(NMelzH), to CuCl and CuCl, is found to be 234 + 5 kJ mole™.

The thermal behaviour of CuBr,(NMelzH), (see Fig. 3) bears a great
resemblance to that of the corresponding chloride compound. Melting tem-
perature, heat of melting and the overall enthalpy of the decomposition are
listed in Table 1.

The TG curve of the decomposition of CuBr,(NMelzH), (see Fig. 4) does
not show separate steps on heating. Probably CuBr,(NMelzH), is formed as
an intermediate product during the decomposition. The latter compound
melts at 159°C, i.e. before the complete conversion of CuBr,(NMelzH), into
CuBr,(NMelzH),, while the reduction of Cu(Il) is initiated according to
egns. (3) and (4). Further heating shows a similar thermal behaviour as
found for pure CuBr,(NMelzH),.

The existence of CuBr as a reduction product of both the brominated
coordination compounds is proved by the occurrence of a DSC peak at
477°C (not shown in the figures), which corresponds to a solid state transi-
tion of CuBr.
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Fig. 4. Thermal decomposition of CuBr,(NMelzH),. GC and EGA curves at a heating rate
of 10°C min~! (upper part), DSC and TG curves at different heating rates (lower part).
Before complete decomposition of CuBry(NMelzH); into CuBrz(NMelzH); the latter
compound melts (159°C) and decomposes into CuBr, and CuBr on further heating.
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Imidazole compounds

As can be seen from Figs. 5—8 the thermal decomposition of Cu(Il) imida-
zole compnunds is much more complex than found for the N-methyl imida-
zole compounds. As a general result only the overall decomposition ent-
halpies could be determined; these are also listed in Table 1.

The GC and EGA curves of CuCl,(1zH), and CuCl,(1zH),; show a similar
thermal behaviour as described above by eqns. (3)—(5). The high-tempera-
ture Guinier—De Wolff X-ray photograph of CuCl,(IzH), indicated that,
after melting of the compound, solid CuCl was formed. This is confirmed by
the solid state transition peaks at 407 and 417°C of the DSC curve (see
Fig. 5).

The thermal decomposition of CuCl,(IzH), is presented in Fig. 6. Con-
sidering the pattern of the X-ray powder photograph it can be concluded
that solid CuCl,(I1zH), is gradually converted into solid CuCl,(IzH),. On
further heating the latter compound decomposes in the solid phase according
to eqgn. (2). After melting CuCl was formed due to the reduction of Cu(Il) to
Cu(I). ‘

Figure 7 shows the thermal decomposition of CuBr,(IzH),. No EGA
curves could be obtained above 320°C due to the limitations of the furnace
with the mass spectrometer. The compound melts at 160°C having AH =
16 £ 1 kJ mole™!, with an initial loss of ligand. On further heating more
imidazole is released while Cu(II) is reduced to Cu(I) as described by eqn.
(4).

Figure 8 shows the decomposition of CuBr,(IzH),. The high-temperature

10

CuClz (IzH)s

" »

£ L —— GC, 10%C/min
§ = — — o8, 1;}1"

g sk —.—102, IzC1

g S T N 56, HC1®

= [

l\l N B e T T T T T I T

\-
~. —— DSC, 10 °C/min

20

= - o m — cuCi,lH

_‘: s --= TG, 12 “C/min

& '~ — — 16, 1.2%/min

S ok ~ "~ / —{ cuciLH

] ~ -~

= S I

z ~ T — cuc1

oo |ENDO S ——— T re—ea

T~ — cucl

80
200 300 400

TE2PERATURE (°C)

Fig. 5. Thermal decomposition of CuCl,(I1zH),. GC and EGA curves at a heating rate of
10°C min~! (upper part), DSC and TG curves at different heating rates (lower part). The
peaks at 407°C and 417°C are solid state transitions of CuCl.
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Fig. 6. Thermal decomposition of CuCl;(IzH)4. GC and EGA curves at a heating rate of
10°C min~?! (upper part), DSC and TG curves at different heating rates (lower part). At
407°C and 417°C transitions of solid CuCl have been observed but are not shown here.
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Fig. 7. Thermal decomposition of CuBr,(IzH);. GC and EGA curves at a heating rate of
10°C min~! (upper part), DSC and TG curves at different heating rates (lower part). The
compound melts at 160°C. During the decomposition a transition peak of CuBr has been
determined at 477°C.
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Figo. 8. Thermal decomposition of CuBr,(IzH)4. GC and EGA curves at a heating rate of
10°C min~! (upper part), DSC and TG curves at different heating rates (lower part). No
separate melting point for CuBr,(IzH), has been found at 160°C.

X-oray photograph of this compound did not show the presence of solid
CuBr,(IzH),, due to its lower melting point. Further heating shows a similar
thermal behaviour as found for CuBr,(IzH),.

FINAL REMARKS

In most cases it appeared to be impossible to obtain exact thermodynamic
data for Cu(Il) imidazole and N-methyl imidazole compounds. The heats of
the overall decomposition reactions are small compared with the results ob-
tained by Van Dam et al. [10] for Ni(II) imidazole and N-methyl imidazole
compounds. This can be explained by the complex character of the decom-
position of the observed compounds [see eqgns (3)—(5)]. In particular the
reduction of Cu(Il) by the ligands causes unknown heat effects which can
greatly influence the overall enthalpy of the decomposition reactions. The
temperatures and heats of melting of most Cu(II) N-methyl imidazole com-
pounds could be determined with a fairly high degree of accuracy.
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