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Abstract 

The mechanism of thermal destruction of Ir(acac)(CO)2 as one of the most 

important MOCVD precursors for Ir coatings deposition was proposed on the footing 

of the in situ mass spectrometry analysis and quantum chemical modeling. 

Calculated structural parameters and vibrational spectra of Ir(acac)(CO)2 molecule 

were found to be in a fairly good agreement with the experimental data. 

Ir(acac)(CO)2 was found to unlikely decompose in the gaseous phase while its 

adsorption onto the iron surface leads to major structural distortions easing the 

bond cleavage, molecule decomposition with subsequent formation of iridium films.  
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1. Introduction 

Iridium-containing film materials have a number of topical applications, e.g. 

oxidant-resistant refractory coatings for aerospace devices [1], electrochemical 

biocompatible layers for cardio- and neurosurgery electrodes [2–5]. These materials 

could be obtained using different techniques, namely, electrodeposition [6,7], 

magnetron sputtering [8–10], Metal Organic Chemical Vapor Deposition (MOCVD) 

[11,12], and some others. The latter method is recognized to be one of the most 
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promising ones since it combines the possibility of uniform coverage for complex 

shape substrates, precious multiparameter monitoring permitting to control 

characteristics of the deposited coating including variation of its composition and 

structure, and high ratio of precursor utilization [11,12].  

Thermochemical parameters of initial volatile compounds (precursors) play a 

key role in the development of processes of deposition from the gaseous phase. To be 

effectively used in MOCVD process, the precursor must possess sufficient vapor 

pressure values (volatility), high stability in the evaporation temperature range, 

complete decomposition at substrate (deposition) temperatures and some other 

characteristics. Knowledge of a precursor vapor thermolysis mechanism is essential 

for the evaluation of coating composition and optimization of the MOCVD 

conditions. Currently, there are only few methods for experimental investigation of 

thermal destruction processes on the heated surface (substrate), such as in situ high 

temperature mass spectrometry [13–16] and in situ infrared absorption 

spectroscopy [17–19]. However, they are unique and quite inaccessible due to the 

requirement of special equipment and complexity of data interpretation. Thus, 

quantum chemical modeling of these processes seems to be more efficient tool for 

their investigation. 

Thus, the present paper describes the first attempt of thermal destruction 

modeling for iridium precursor vapors. To date, a wide number of iridium complexes 

with β-diketones and their derivatives, cyclopentadienyls, alkenes, carbonyls, 

phosphines and other ligands have been proposed as MOCVD precursors [11,12 and 

references therein, 20–23]. Nevertheless, the investigations of vapor thermal 

destruction on the heated surface have only been carried out for Ir(acac)3 (acac = 

acetylacetonato) [24,25], Ir(cod)(acac) (cod = cyclooctadiene-1,5) [26], Ir(cod)(MeCp) 

(MeCp = methylcyclopentadienyl) [26] and Ir(acac)(CO)2 [24,27] complexes. Among 

them, Ir(acac)(CO)2 is characterized by the highest volatility (temperature 

dependence of saturated vapor pressure at 306–333K: lg(P, Torr) = 12.6 – 

4910/(T,K)) [28] along with the lowest carbon content providing the purity of the 

obtained coatings and relatively low deposition temperatures, even at hydrogen 

atmosphere (< 350°C) [24,27]. These features make Ir(acac)(CO)2 promising 

MOCVD precursor. For this reason, this complex has been chosen as a subject of the 

present investigation in order to compare theoretical and experimental data. 



 

2. Experimental procedure 

Synthesis of Ir(acac)(CO)2 precursor was carried out according to the 

procedure described previously in the literature [24] by bubbling carbon monoxide 

through Ir(cod)(acac) solution in hexane in inert atmosphere. The product was 

purified by vacuum sublimation (80°C, 5·10-2Torr). Yield is 90%. Anal. Calc. for 

IrC7H7O4 (mass. %): C, 21.2; H, 2.0. Found (Model CARLO-ERBA-11008 elemental 

analyzer): C, 21.2; H, 2.1. Synthesis and detailed characterization of Ir(cod)(acac) 

are described in [29]. IR spectrum of Ir(acac)(CO)2 as a pellet in KBr was recorded 

using a Vertex 80 FTIR spectrometer (see Figure 1b). Raman spectrum of 

Ir(acac)(CO)2 powder (see Figure 1d) were recorded with a Triplemate SPEX 

spectrometer equipped with CCD detector in a back-scattering geometry. The 488 

nm, 10 mW line of an Ar-laser was used for spectral excitation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Calculated (a,c) and experimental (b,d) IR (a,b) and Raman (c,d) spectra 

for Ir(acac)(CO)2. The inset shows the structure of Ir(acac)(CO)2 molecule 

 

Thermal decomposition of Ir(acac)(CO)2 complex was studied by the analysis 

of gas phase mass spectra temperature dependence (see Figure 2). The data 

regarding the ions presence in the reaction chamber give the important information 

about the chemical process. However, there are still some issues couldn’t be 

explained since the experimental conditions of mass spectra detection themselves 

influence on the nature of the observed ions, namely, on the presence of radical 
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particle C2H3O+ etc. In addition, some of the reaction products cannot be seen in the 

spectra if they are adsorbed on the reactor’s wall. These drawbacks of the 

experimental technique do not allow us to propose an unambiguous scheme of the 

reaction. Moreover, one can expect that the act of decomposition would take place 

rather on the reactor walls than in the gas phase. Seeking for the elucidation of 

these issues, we then performed density functional theory (DFT) simulation of the 

Ir(acac)(CO)2 decomposition in the gas phase and on the iron surface.  

 

 

Figure 2. Intensities of ion peaks in mass spectra versus temperature during 

the Ir(acac)(CO)2 vacuum decomposition [24] 

 

3. Modeling and discussion 

3.1 Ir(acac)(CO)2  single molecule decomposition 

Geometry optimization of Ir(acac)(CO)2 was carried out by means of density 

functional theory using BLYP exchange-correlation functional, def2-SVP and def2-

SVP/J (auxiliary) basis sets and effective core potentials for Ir atom using an ORCA 

quantum chemistry program package [30]. Optimization was performed until the 

energy difference between two steps was less than 10-4 eV, and root-mean squared 

energy gradient was less than 5·10-3 eV/Å. A good agreement with crystallographic 

data [31] was reached (see Table S1, inset of Figure 1). Then IR and Raman spectra 

were calculated for the equilibrium geometry (Figure 1a, 1c) and compared with the 

experimentally measured spectra. Due to the symmetry of the molecule, all 

vibrational frequencies present both in IR and Raman spectra (see Table S2). The 

experimentally measured vibrational frequencies are in a fairly good agreement 



with the DFT theoretical predictions. The difference between the intensities of some 

calculated and experimental vibrations appears to be associated with systematic 

errors caused by a basis set incompleteness, neglect of electron correlation and 

vibrational anharmonicity [32]. Moreover, the calculations of the spectra have been 

done for one molecule in the gaseous phase without taking into account 

intermolecular interactions, whereas the experimental vibrational spectra have 

been measured for powders.  

The analysis of vibrational modes and Mayer bond order allows suggesting Ir-

O bonds are broken at the first step of complex decomposition. This may proceed 

through the constant increase of Ir-O1-C angle from 128º equilibrium value up to 

220º (which corresponds to the increase of Ir-O2 bond from 2.07 to 4.36 Å (see Figure 

3)). It is worth mentioning that there is no maximum observed in the energy path 

diagram but kind of a plateau is observed when Ir-O2 bond length increases. Thus, 

the Ir complex gas phase decomposition goes through a long-life metastable state 

instead of a conventional transition state. The geometry determined as the highest 

energy structure by transition state calculation is characterized by Ir-O1-C angle 

equal to 219º and Ir-O2 bond length is equal to 4.20 Å (Figure 3). The height of the 

potential barrier is then supposed to be 1.97 eV. However, according to the analysis 

of vibrational modes, there are no complex modes in its spectrum. This state is, 

hence, indeed not a transition but a metastable state.  

 



 

Figure 3. Scheme of Ir(acac)(CO)2 decomposition and corresponding energy path. 

Inset shows the structure of a metastable state denoted as a red dot on the energy 

diagram.  

  

In order to prove the proposed mechanism, we also considered other possible 

ways of the molecule destruction: carbonyl group detachment, simultaneous 

cleavage of two Ir-O bonds, and breakaway of -CH- group hydrogen (see Figure 4). 

The barrier heights were estimated to be 2.99, 5.06 and 5.03 eV, respectively. 

Hence, the above mentioned reaction path is the most probable one among all.  

 

Figure 4. Possible mechanisms of Ir(acac)(CO)2 decomposition 

 



In the next step, we considered the possibility of Ir-O1 bond cleavage or С2Н3О 

elimination. High energy barriers (2.62 and 2.73 eV, respectively) for the second 

stage, along with the above described metastable state, testify the low probability of 

gas phase decomposition of the Ir complex.  

 

3.2 Iron-supported Ir(acac)(CO)2 decomposition  

Keeping in mind the fact that experimentally observed decomposition most 

likely takes place not in vacuum but on the reactor walls made of stainless steel, we 

then investigated the influence of surface interactions on the decomposition process. 

For this purpose, we calculated the adsorption of Ir(acac)(CO)2 on a Fe(001) slab as 

a model surface. Periodic boundary conditions were used for the iron slab containing 

8 atomic layers (which was found to be sufficient according to the preliminary 

tests). A supercell containing 5×5 surface unit cells was used for complex molecules 

being located distant from each other (~7.68 Å between adjacent molecules). A 

vacuum interval of ~10 Å was set normal to the surface in order to exclude the 

artificial interactions between neighboring images. All calculations in periodic 

boundary conditions were performed using OpenMX program package using 

pseudoatomic orbitals and norm-conserving Vanderbilt pseudopotentials [33] within 

the GGA-PBE formalism [34,35]. The maximum force acting on atoms less than 

0.01 eV/Å was used as the stopping criterion for geometry optimization. Monkhorst-

Pack k-point Brillouin zone sampling [36] was used with k-point mesh contained 

2×2×1 k-points along a, b and с. In order to check whether the results obtained by 

two different methods are compatible, we preliminary calculated the height of 

potential barrier for gas phase decomposition using OpenMX software with nudged 

elastic band (NEB) method [37,38] and found it equal to 1.95 eV, that is in perfect 

agreement with the previous result obtained using ORCA (1.97 eV). 

A strong structural distortion of the molecule took place during the geometry 

optimization (Figure 5). Ir-O and Ir-C bonds became significantly larger when 

adsorbed on the iron surface; carbonyl and methyl groups did not lie in the same 

plane anymore. Thus, the mechanism involved into the decomposition of 

Ir(acac)(CO)2 deposited on iron surface should be essentially different from that in 

the gas phase.  



 

Figure 5. Structural distortion of Ir(acac)(CO)2 adsorbed on the Fe(001) surface 

 

The analysis of molecular orbitals distribution for the optimized structure of 

Ir(acac)(CO)2 adsorbed on the iron surface was performed up to the HOMO-30 and 

showed that the bonding states of acac fragment with iron slab lie much lower in 

energy than the bonding states of Fe(001) and CO groups. In fact, HOMO-3 (-0.044 

eV) and HOMO-4 (-0.055 eV) correspond to the antibonding states of Fe(001)/acac 

fragment (see Figure 6) while the bonding states lie in the range of [-0.24:-0.15] eV. 

Corresponding bonding states for CO molecules and Fe(001) surface can be observed 

in the wide range from -0.22 to -0.03 eV (HOMO-1). This means that other acac 

fragment levels lie much lower than HOMO-30, testifying its stronger interaction 

with the substrate. Thus, it is reasonable to suppose that carbonyl groups eliminate 

first and then desorb from the surface, as observed in the experiment (see Figure 2).  

 

Figure 6. Molecular orbitals corresponding to the acac (HOMO-25) and CO (HOMO-

17) bonding with an iron slab, antibonding acac orbital (HOMO-3) 



 

Three paths of further Ir(acac)(CO)2 decomposition were modeled: (a) 

detachment of CO group followed by its adsorption somewhere on the iron surface; 

(b) symmetric increase of the distance between acetylacetonate fragment and Ir 

atom followed by H joining and acetylacetone desorption from iron surface; and (c) 

cleavage of one of Ir-O bonds similarly to the case of the gas phase decomposition 

(Figure 7). Binding energies    were calculated according to the equation: 

                       ,     (1) 

where         is the total energy of the corresponding structure,     and          are 

the iron slab and isolated complex molecule total energies.  

 

Figure 7. Possible ways of Ir(acac)(CO)2 decomposition of the Fe(001) surface  

 

According to the calculated values of binding energies, the path (c) is unlikely 

to take place since the optimized structure is less favorable than the initially 

adsorbed complex. Even though the path (b) leads to the complete decomposition of 

the molecule; non-symmetric CO elimination is notably more energetically favorable 

and was used for minimum energy path calculation using NEB [37,38] method (see 

Table 1). It is worth mentioning that even for the least favorable path (c), the 

elimination of one CO group can be observed, and even for more symmetrical 



structure (b) two CO groups are non-equivalent in terms of distances and angles 

between them and surface plane.  

The minimum energy path calculation was performed for the path (a) using 

nudged elastic band method (NEB). No potential barrier was found for the reaction 

of Ir(acac)(CO)2 decomposition on iron surface testifying its spontaneous nature. 

The previously defined symmetric structure of the adsorbed Ir(acac)(CO)2 (see 

Figure 5) was established to be metastable and much less favorable than those with 

non-symmetric positions of CO groups. Even a small displacement at the first NEB 

image leads to a significant gain in energy (see Table 1), which is in agreement with 

our previous observations. Ir-C bond distances were defined to be 2.06 and 2.77 Å, 

respectively, and Ir-C-O angles are 116.0º and 126.7º. Thus, CO fragment starts 

moving from its initial position without any obstacles immediately after the 

adsorption and migrates along the substrate. Then CO adsorbs on the iron surface 

elsewhere and its desorption is detected with temperature increasing, which is in 

agreement with the previously reported data on CO adsorption and migration on 

the iron surface [39]. This is a possible explanation why no signal from CO 

molecules was detected in the mass spectrum below 300ºC (Figure 2) [24].  

Next, hydrogen recombination with an acac fragment should take place 

resulting in acetylacetone desorption as observed in the experiment (see Figure 2). 

However, keeping in mind the molecular orbital distribution (see Figure 6) we 

suppose that hydrogen atom more likely migrates than the whole complex molecule. 

In order to prove this suggestion, we calculated the energy of hydrogen atoms 

breakaway from acac fragment (see Figure 8). This energy can be estimated as: 

                       ,     (2) 

                  (3) 

where        is the total energy of initial acac fragment adsorbed on the iron surface, 

        and    are the dehydrogenated acac fragment total energy and the 

corresponding energy of an isolated H atom adsorbed on the iron surface which, in 

its turn, is the difference between total energies of iron slab with (     ) and 

without (   ) hydrogen atom on it.  



 

Figure 8. Hydrogen elimination from the acac fragment 

 

According to the data reported in the literature, the preferred sites for 

hydrogen adsorption on iron surface depend on the H coverage: 4-fold site is the 

more favorable the more coverage is, while 2-fold site is more preferable at low 

coverage values [40]. We have checked both possible adsorption sites in order to 

estimate the energy of H breakaway from the acac fragment and found 2-fold site to 

be more likely to occur. As additional test, a binding energy of hydrogen with 

smaller slab of iron (which corresponds to the higher hydrogen coverage) was 

calculated, giving an agreement with the previously reported energy value (see 

Table 2) [40]. Thus, 2-fold site was used for energy difference calculation. Two cases 

were considered (see Figure 8): (1) - one of methyl group hydrogen atoms migrates 

to the oxygen atom, forming hydrogen bond with the second oxygen while another 

methyl group hydrogen atom moves along the surface elsewhere (0.35 eV gain in 

energy); (2) - simultaneous detachment of -CH- and two –СH3 hydrogen atoms 

adsorbing on the surface without forming bonds with oxygen (5.21 eV energy gain). 

Hence, we have proved that acac fragment decomposition by hydrogen breakaway is 

more favorable. It is not reasonable to consider other possible paths of this process 

since this is not the main target of the present study. However, our results and the 

previously reported data on hydrogen migration on Fe(001) surface support our 

suggestions: hydrogens from one acac fragment can easily reach the other ones and 

then desorb in the form of acetylacetone molecule. 



Hence, according to our modeling, Ir(acac)(CO)2 decomposition process 

includes the following steps (see Figure 9): 

1) adsorption of Ir(acac)(CO)2 on the iron surface; 

2) elimination of CO group and its adsorption on the substrate; 

3) hydrogen atom elimination and attachment by another acac fragment; 

4) acetylacetone desorption; 

5) CO desorption with the temperature increase; 

6) formation of Ir nanoparticles on the iron surface.  

 

Table 1. Binding energies for the iridium complex fragments adsorbed on 

Fe(001) surface, eV  

Structure Binding energy, eV 

Initial adsorbed complex (Fig. 5) -5.82 

Symmetrical decomposition (Fig. 7a) -6.01 

Non-symmetrical decomposition by CO elimination (Fig. 7b) -8.63 

Non-symmetrical decomposition by acac fragment 

elimination (Fig. 7c) 

-4.65 

Distorted structure of initial adsorbed complex -8.28* 

*from NEB calculation  

 

Table 2. Energies of hydrogen adsorption on Fe(001) surface, eV 

Adsorption site This work Reference [40] 

4-fold 1.00  

2-fold -7.04  

2-fold (higher H coverage, θ = 0.25)* -2.78 -2.64 

*additional test to prove the compatibility with the previously published 

results 

 



 

Figure 9.  Scheme of Ir(acac)(CO)2 thermal destruction based on the results of 

quantum chemical calculations 

 

4. Conclusions 

In summary, the mechanism of Ir(acac)(CO)2 thermal decomposition on the 

iron surface as well as in the gas phase was studied by means of in situ mass 

spectrometry and density functional theory. Reaction taking place on the iron 

substrate adopts the path significantly different from that in the gas phase. The 

adsorption leads to strong structural distortions of the complex molecule which 

facilitates the following elimination of CO and acac fragments and their desorption 

with the temperature increase.  
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