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Abstract The thermal behavior of volatile heterometallic

CuPdL4 compound and parent b-diketonate complexes

CuL2 and PdL2 (L = 2-methoxy-2,6,6-trimethylheptane-

3,5-dionate; (CH3)3CCOCHCOC(CH3)2OCH3) were

investigated by different methods. It is demonstrated that

the combination of data on the gradient sublimation, TG–

DTA, the mass transfer in a stream of inert gas and mass

spectrometry can determine the composition of the gas

phase. The volatility of the heterometallic complex was

shown to follow the vapor-phase composition presented by

binuclear [CuL2PdL2] molecules, and there was no

decomposition into monometallic complexes within the

studied temperature range (403–438 K). Temperature

dependences of the saturated vapor pressure were obtained,

and thermodynamic parameters of the sublimation process

were computed for these three compounds for the first time.

The thermal decomposition of the bimetallic complex

vapor was found to start with the surface reaction of dis-

sociation into monometallic complexes followed by their

thermolysis with the formation of Cu/Pd alloy films.

Keywords Copper (II) diketonates � Palladium(II)

diketonates � Volatile heterometallic complexes � MOCVD

precursors � Vapor pressure

Introduction

Volatile heterometallic complexes are the ones that can be

transferred into the gas phase under heating without the

decomposition into monometallic complexes and can be

condensed retaining the initial structure and composition.

The vast majority of them are hetero- or homoleptic

complexes of two different metals with organic ligands

such as alkoxides or b-diketonates [1–3]. Interest in these

compounds is due to their use as single-source precursors

(SSPs) of multicomponent inorganic films (mainly oxide)

by chemical vapor deposition (CVD). The method is based

on the thermolysis of the parent compound vapor on a hot

surface; therefore, the successful use of this method

requires the knowledge of thermal properties of the pre-

cursor. Very often thermogravimetric and differential

thermal analyses (TG–DTA) are used to assess the thermal

properties: the volatility and thermal stability of precursors

in the condensed phase [4–7]. Data on the saturated vapor

pressure are available for a very limited range of

heterometallic complexes [8], and reports on the study of

their vaporization processes are quite rare [9].

As for SSPs for bimetallic alloys, their number is

extremely limited [2], and data on the thermal properties

are practically absent. In our recent paper [10], we

demonstrated that the heterometallic CuPdL4 complex,

formed by b-diketonates of copper(II) and palladium(II)

(L = 2-methoxy-2,6,6-trimethylheptane-3,5-dionate; struc-

tural formula is presented in Fig. 1), can be used to produce

Cu/Pd alloys films with variable metal ratios. These depo-

sition processes are promising to manufacture membrane

materials for the separation of pure hydrogen from gas

mixtures because the Pd47Cu53 alloy has the best hydrogen

conductivity [11]. Moreover, the Cu/Pd membranes are a

cheap and feasible alternative to membranes containing
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precious metals [12]. The effective management of metal

ratios in bimetallic film obtained by CVD assumes the

knowledge of the volatility and thermal stability of the

parent compound (precursor). Quite extensive data on the

thermal properties of monometallic copper(II) and palla-

dium(II) b-diketonates are available, including data on the

vapor pressure and thermal decomposition processes

[13, 14]. But for the complexes of these metals with

methoxy-b-diketones, which were obtained previously

[15, 16], studies on the thermal behavior have not been

reported.

Here, we report the thermal properties of the CuPdL4

complex in the condensed and gas phases, including the

study of the evaporation and melting processes of this

heterometallic compound and parent monometallic b-

diketonates. We discuss the temperature interval of their

vapor stability as well as the composition of the gaseous

and solid products of vapor thermolysis on a hot surface.

Experimental

Materials

The preparation and identification of PdL2, CuL2 and

CuPdL4 were described in refs. [15–17], respectively. All

compounds were purified by vacuum sublimation

(P = 10-2 Torr) prior to use: at = 443, 423 and 413 K for

PdL2, CuL2 and CuPdL4, respectively.

Thermogravimetric and differential thermal analyses

(TG–DTA) were used to study the thermal properties of the

compound in the condensed phase; a TG 209 F1 Iris�

(NETZSCH) thermobalance and a standard Al open crucible

were used. The measurements were taken under atmospheric

pressure in the helium flow (30–40 mL min-1) with a

heating rate of 10 K min-1 within the temperature range

323–623 K.

Temperature dependence of the saturated vapor pressure

of the complexes was investigated by the flow method

when a stream of inert gas (He) carriers the compound

vapor under quasi-equilibrium conditions. The flow

method makes it possible to obtain reliable data at rela-

tively low vapor pressure values and on the background of

the partial thermal decomposition of the tested compound.

All complexes under discussion were pre-purified by vac-

uum sublimation. The measured dry He gas flow (a flow

rate measurement error of ±2%) passed through a bulk

source with the compound maintained at a predetermined

temperature (±0.5 K). The amount of sublimated sub-

stances as well as condensed in the cold zone is determined

by weighing (error ±0.0005 g). The vapor pressure was

calculated according to the formula:

P = Ptotaln/(n ? N), where n is the number of moles of

the transferred substance; N is the number of gas carrier

moles passed through the system; Ptotal is the total pressure

in the system. Primary experimental data are available

from Table S1 of Supplementary material. In the data

processing, it is assumed that the substance passes into the

gas phase in accordance with the formula unit. Measure-

ments were taken under quasi-equilibrium conditions, the

experimental confirmation of which is the independence of

the vapor density upon the gas carrier flow rate in the range

of 0.5–5 L h-1 at the same temperature. The results

obtained for the mass loss and the amount of a condensate

practically coincide. This demonstrates the thermal stabil-

ity of the complexes in the temperature range studied. The

obtained data processing yields the temperature depen-

dence of the saturated vapor pressure in the form

ln(P/P�) = B - A/T and thermodynamic characteristics

(DH(T), DS�(T) for the sublimation process, P�—standard

pressure in required units. The obtained characteristics are

shown in Table 1 and Fig. 1.

Differential scanning calorimetry (DSC) study

of the melting process

Calorimetric measurements were taken using Setaram DSC

111 at a heating rate of 1 K min-1. Errors in the heat effect

measurements estimated from the calibration experiments

(In) were less than 1.2%. The substances were loaded in

calorimetric glass ampoules. Sample weights were

9–18.6 mg. After weighing, the ampoules were evacuated

and sealed. The samples exhibited the only phase transition

(melting) over the temperature range studied (420–470 K).

Two calorimetric experiments for each compound were

performed with two runs. Repeated heating revealed slight

drops of thermal effects obtained (Table 2). A negligible

difference with the initial value is observed for CuPdL4 and
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Fig. 1 Schematic representation of the structure of CuPdL4
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for CuL2, while for PdL2 it makes *17%. These differ-

ences may indicate partial decomposition of the com-

pounds and especially of palladium complex during

melting.

Mass spectrometric study

A specially designed input system for investigating volatile

metal–organic compounds was used [18]. This system

ensures that the sampling and analysis are performed only

on the vapor phase. Approximately 1–2 mg of the com-

pound was placed in an open glass ampoule and maintained

at a constant temperature (423, 428 and 423 K for CuPdL4,

PdL2 and CuL2, respectively) in the evaporator under

dynamic vacuum conditions. The vaporized compound

passed through a heated pipeline where it entered into the

mass spectrometer ion source directly through a 0.2 mm

effusive orifice. The ionization was performed by electrons

with energy of ca. 70 eV. These experimental conditions

exclude almost all ion–molecule collisions in the mass

spectrometer. A time-of-flight mass spectrometer was used

to analyze the gas phase. To investigate the thermal sta-

bility of the compound in the gas phase, a pipeline section

was heated at 5 K min-1. Mass spectra showing the gas-

phase composition were recorded every 2 min.

Results and discussion

General considerations

We have previously described a heterometallic CuPdL4

complex and found that in the crystalline state it was a

linear coordination polymer of alternating molecules of

monometallic complexes. The volatility of CuPdL4 and

parent monometallic complexes is revealed by thermal

analysis (TG–DTA) and vacuum sublimation. Sublima-

tion tests in vacuum in a gradient tube furnace enabled a

qualitative assessment of the volatility and vaporization

stability. The heterometallic compound sublimates in one

zone and without residue with a noticeable rate at

T * 403–413 K and P = 10-2 Torr. Its sublimation

temperature is lower comparing to that of PdL2

(*443 K) under the same vacuum conditions. A com-

parison of XRD patterns showed that the starting com-

pound and the sublimate had the same structure.

According to TG, the reported heterometallic complex as

well as the initial monometallic Cu(II) and Pd(II) com-

plexes completely evaporate in He at atmospheric pres-

sure, exhibiting a single, smooth mass loss that confirms

their volatility [17] (Figs. S1–S3). Comparison of TG–

DTA data for CuPdL4 and mixture PdL2 ? CuL2 1:1

(Figs. S3, S4) revealed that the TG curves are very close

at that conditions and the compounds loose mass manly

after melting. The heterometallic complex demonstrates

one endo peak in DTA for melting process, but for the

mixture two peaks are observed. We can assume that

when copper complex melts first it dissolves palladium

complex producing the heterometallics which exhibits

own peak for melting.

However, these results have not answered the question

in what form the heterometallic complex passes through

the gas phase. The previous mass spectrometric investi-

gation of the thermal behavior of the compounds vapor

gave indirect evidence of the existence of heterometallic

compounds in the gas phase; however, we were not able to

detect bimetallic or oligomeric particles since they were

definitely destroyed by electron impact ionization. The

results of quantum chemical calculations also indicate that

CuPdL4 may sublime as a binuclear complex [17]. If this

heterometallic complex can decompose into the mononu-

clear Cu(II) and Pd(II) components, it is important to study

its thermal properties, including the volatility and thermal

stability, and compare with those for the parent

monometallic complexes. For this purpose, the flow

method allowed the measurement of the vapor density at

different sublimation temperatures and the computation of

the thermodynamic parameters of sublimation for the

compounds under discussion. High-temperature mass

spectrometry provided data on the gas-phase composition

during the heterogeneous decomposition of the compound

vapor on the heated surface.

Table 1 Thermodynamic parameters of the sublimation derived from experimental data

Compound Temp. range/K Data points amount Ln(P/P�) = A - B/T DHsub(T)a/kJ mol-1 DS�sub(T)a/J mol-1 K-1

A B

CuL2 383–437 16 27.05 14,895.5 124 ± 2 225 ± 4

PdL2 403–453 14 24.16 14,177.5 118 ± 3 201 ± 5

CuPdL4 403–438 25 25.78 14,862.8 124 ± 2 214 ± 4

a Average temperature of the temperature range
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Vaporization and melting processes

Figure 2 compares the experimental vapor density data for

the compounds under discussion. The volatility of the

copper complex is several times higher than that of the

palladium one. It can be seen that the vapor density, cal-

culated for the heterometallic complex, is intermediate in

the data for the monometallic complexes. In the case of the

CuPdL4 dissociation in the investigated temperature range,

its vapor density would be higher than that for CuL2, which

contradicts the experimental data from the sublimation test

and TG. Thus, the data of the flow method support the

assumption that CuPdL4 sublimates in the binuclear form

[CuL2PdL2]. Good agreement between the data on the

sublimation mass loss and the condensate mass shows that

all three substances are thermally stable and do not

decompose into smaller volatile products in the investi-

gated range of temperatures.

Table 1 presents the thermodynamic parameters of

sublimation resulting from the experimental data process-

ing. The heterometallic complex and the parent copper

complex have similar values for the enthalpy of sublima-

tion. It is known that in b-CuL2 and CuPdL4 the molecules

of metal complexes are linked in chains by bridging bonds

between the copper atom and the oxygen atom of the

methoxy group of the neighboring complex [16, 17],

whereas the palladium complex PdL2 forms crystals with

an island structure [15]. The same type of intermolecular

interactions in the crystal can result in close lattice energies

of these compounds. In this case, this yields close values

for the sublimation enthalpy. It is also interesting to com-

pare the sublimation entropies for these three compounds

having a different molecular packing in the crystals. Thus,

the DSsub value for the heterometallic complex (2D coor-

dination polymer) is intermediate between those for the

palladium complex (island structure) and the copper com-

plex (3D coordination polymer). Heats of fusion for the

compounds under discussion are compared in Table 2. It is

revealed that thermal effects drop down under repeated

melting. All complexes under discussion decompose dur-

ing melting which is typical for these metal b-diketonates,

and the reported melting enthalpy is a summary heat effect

for melting and decomposition processes. Mean values of

MP in K and DHmelt in kJ mol-1 are: 444.5 ± 0.5 and

57.8 ± 0.9 for CuPdL4; 461.2 ± 0.5 and 23.2 ± 0.5 for

PdL2; 436.6 ± 0.5 and 27.8 ± 0.5 for CuL2, respectively.

The molar enthalpy of melting for the heterometallic

complex is higher than the sum of those values for the

monometallic complexes. This may reflect particularly that

CuPdL4 is not a simple mixture of the monometallic

complexes, and the energy of intermolecular interactions in

it is much lower than the intramolecular energy.

Vapor thermolysis

Mass spectrometric monitoring of the gas-phase composi-

tion upon the programmed heating (5 K min-1) of the

vaporized compounds allowed the study of their thermal

stability and the determination of the deposition conditions

for metal alloy films. The temperature dependences of the

intensity of the selected ion peaks presented in Fig. 3 were

derived from the full-range mass spectra recorded every

Table 2 DSC results for the melting process

CuPdL4 PdL2 CuL2

MP/K DHmelt/kJ mol-1 MP/K DHmelt/kJ mol-1 MP/K DHmelt/kJ mol-1

Sample mass, g 0.0169 0.0090 0.0186

First run 444.5 ± 0.5 57.5 ± 0.9 461.5 ± 0.5 26.3 ± 0.5 436.5 ± 0.5 28.1 ± 0.5

Second run 444.5 ± 0.5 57.6 ± 0.9 460.5 ± 0.5 21.6 ± 0.5 436.5 ± 05 27.6 ± 0.5

Sample mass, g 0.0161 0.0101 0.0135

First run 444.5 ± 0.5 59.2 ± 0.9 462.5 ± 0.5 24.4 ± 0.5 436 ± 0.5 27.9 ± 0.5

Second run 444.5 ± 0.5 57.2 ± 0.9 460.2 ± 0.5 20.5 ± 0.5 436 ± 0.5 27.4 ± 0.5
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Fig. 2 Temperature dependence of the vapor density for the

heterometallic and monometallic complexes derived from the

sublimed and condensed amounts of the compound in the He flow
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2 min. The fitting curves are the results of 3-point adjacent

averaging smoothing of the experimental points. They are

similar to the classical kinetic concentration dependences

and characterize the gas phase upon the heterogeneous

decomposition (due to the experimental conditions, all

conversions occurs on the hot walls of the reactor). When

the decomposition onset temperature is reached, the

intensities of the metal-containing ion peaks related to the

entire compound decrease while peaks related to the

decomposition products increase.

The evolution of gaseous products for the thermolysis of

CuL2 and PdL2 vapor begins at T = 503 and 513 K,

respectively, and a maximum degree of decomposition is

achieved at temperatures of 653 and 583 K (Fig. 3a). In the

case of CuPdL4, the curves for the peak intensities of Pd-

and Cu-containing ions drop symbatically up to *528 K;

then, these curves move apart (diverge) at higher temper-

atures (Fig. 3b). This observation, combined with a com-

parison of the curves obtained for the same ions from the

mass spectra of heterometallic and monometallic com-

plexes, reveals that the thermal decomposition of the

heterometallic complex starts with its dissociation into

monometallic complexes. On further heating, they

decomposed to form metals (see below) and organic

products. This assumption is supported by the character of

the temperature dependence of the ion peak with m/z 41.

The ion intensity decreases in the range 458–528 K, when

it is a fragmentary ion from the heterometallic complex.

Then in the range 543–613 K there is a plateau, after which

there is an intensity rise, indicating that the ion relates

mainly to the thermolysis product. The presence of the

plateau with a gradual decrease in the intensity of the

metal-containing ions indicates the fragmentation contri-

bution from several sources: CuPdL4, PdL2 and CuL2 to the

total intensity of the ion with m/z 41. CVD utilizing the

thermolysis of the heterometallic compound vapor on a hot

surface resulted in copper–palladium alloys films with a

mean ratio Cu/Pd = 55/45 at temperatures 523–623 K

[10]. The observed film compositions gives also evidences

in favor of the bimetallic complex [CuL2PdL2] being in the

gas phase during the evaporation of CuPdL4. Otherwise, a

large excess of copper would be in the film due to the

higher volatility and a lower thermal stability of the copper

complex in comparison with the palladium complex.

Conclusions

The thermal behavior of the volatile heterometallic com-

pound CuPdL4 and the two constituting monometallic

complexes were studied by a set of methods: the vacuum

sublimation in a gradient oven, TG–DTA, DSC, the flow

method and the special mass spectrometric technique. The

combination of the data confirms that CuPdL4 sublimes

into the gas phase in the form of bimetallic molecules

[CuL2PdL2]. The saturated vapor pressure and the ther-

modynamic parameters of the sublimation and melting of

the complexes were measured for the first time. It is found

that on heating (after *528 K) the heterometallic complex

vapor the dissociation into monometallic complexes pre-

cedes its thermolysis to form bimetallic films. The resulting

metal ratio in the alloy films makes them promising

material for the engineering of membranes for hydrogen

separation.
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Fig. 3 Temperature dependences of ion peaks in the mass spectra

representing the gas-phase composition on heating of a individual

monometallic complexes PdL2 (curves 1 and 3) and CuL2 (curves 2

and 4), and b the heterometallic CuPdL4 complex
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