
Introduction

Attention to hafnium(IV) and zirconium(IV) �-di-

ketonates is due to their intense application in

MOCVD processes aimed at obtaining oxide films.

Specific properties of hafnium dioxide and zirconium

dioxide, such as their high dielectric constant and rea-

sonable band gap [1–6], make them promising candi-

dates to replacing silicon dioxide commonly used as a

dielectric in microelectronics. The problem of con-

trolling the deposition processes of film materials,

however, is often solved on the basis of limited infor-

mation on the precursor used [7]. For hafnium(IV)

�-diketonates available information normally in-

volves a structural study [8–12], data of the thermo-

gravimetry and differential thermal analysis are

sometimes used [9, 13–16], and there are practically

no researches on the vapor pressure. At present the

saturated vapour pressure data for hafnium(IV) ace-

tylacetonate and hafnium(IV) 2,2,6,6-tetramethyl-

heptane-3,5-dionate have been published in [16, 17].

It is extremely important, therefore, to obtain detailed

information on the set of thermal properties of the ini-

tial compounds, which could form the basis for

choosing the precursor and for optimizing the

film-deposition regimes. The major part of the data on

the thermal behavior of zirconium(IV) �-diketonates

was published by us in [18, 19].

In this work, we investigated the follow volatile

hafnium(IV) and zirconium(IV) �-diketonates: haf-

nium(IV) acetylacetonate Hf(acac)4, hafnium(IV) tri-

fluoroacetylacetonate Hf(tfac)4, hafnium(IV) piva-

loyltrifluoroacetonate Hf(ptac)4, hafnium(IV)

2,2,6,6-tetramethylheptane-3,5-dionate Hf(thd)4 and

zirconium(IV) 2,2,6,6-tetramethylheptane-3,5-dio-

nate Zr(thd)4. The temperature dependence of satu-

rated vapour pressure and thermodynamic character-

istics of melting and vaporization processes were

obtained for these compounds.

Experimental

The compounds were synthesized, purified and iden-

tified as described in [10–12, 20]. The compounds,

not containing fluorine, were obtained by the interac-

tion of water and alcohol solutions of metal chloride

with �-diketones under heating with the subsequent

addition of NaOH up to pH 5–6. The fluorinated che-

lates were synthesized under reflux in inert solvents.

The complexes were purified by means of zone subli-

mation in a vacuum gradient furnace at p=1 Pa and

T=393–473 K. The yield of the resulting compounds

was 60–95%. Obtained compounds were identified

by means of elemental analysis, IR and NMR spec-

troscopy, mass spectrometry, X-ray diffraction

[10–12, 20, 21].

Thermogravimetric measurements were carried

out in helium atmosphere using a Netzsch STA 449C

Jupiter thermoanalytical equipment (flux
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rate – 30 cm3 min–1; heating rate – 5 K min–1; temper-

ature interval – 25–450°C; sample mass – 9–21 mg).

Calorimetric measurements were performed us-

ing a Setaram DSC 111 scanning calorimeter (heating

rate – 0.5–1.0 K min–1; sample mass – 13–25 mg) for

definition of thermodynamic characteristics of melt-

ing process (m.p., � melt m.p.H 0 ). The errors in the heat

effect measurements estimated from calibration ex-

periments (C6H5COOH, In) were less than 1.5%. Five

calorimetric experiments were performed for each in-

vestigated compounds. During the measurements the

investigated substance was contained in evacuated

glass ampoule.

The vapour pressure of Hf(thd)4, Hf(ptac)4,

Hf(tfac)4 was measured by the static method using a

quartz membrane zero-manometer [22]. The error of

the pressure measurement was 40 Pa. The error of the

temperature measurement estimated from calibration

against mercury, naphthalene and argon did not ex-

ceed 0.5 K. The scheme and the main characteristics

of the experimental unit are described in detail in

[23]. The investigated compound was loaded into the

membrane zero-manometer and after evacuation it

was sealed. Pressure measurements were recorded af-

ter reaching the equilibrium at a given temperature.

The time of equilibrium establishment was

15–20 min. For each of investigated compounds from

two to four series of measurements were performed

with sample masses of 3–20 mg and different vol-

umes of membrane vessels (V=0.012–0.071 L). Data

analysis on saturated vapour shows that under the ex-

amined conditions the pressure does depend on initial

concentrations, thus, at vaporization processes of

these compounds the equilibriums are monovariant.

Measurement of the saturated vapour density

above complexes Hf(acac)4, Hf(tfac)4, Hf(ptac)4,

Hf(thd)4 was carried out using the flow method in the

atmosphere of an inert carrier gas (helium). The ex-

perimental procedure was described in detail else-

where [24]. The relative error of the method did not

exceed �5%. Calculation of the partial pressure of

vapour taking into account the data on the molecular

composition of the gas phase determined from the

mass spectrometric investigation was performed

using equation:

p=ptotaln/(n+N)

where n is the amount of transferred substance, moles,

N is the amount of the carrier gas, moles, ptotal is total

pressure in the system.

Processing of experimental data on saturated va-

por pressure was performed by the method of least

squares using the objective function recommended in

[25]. Data are presented as the equation

ln(p/p0)=B–A/(T, K), where A=�H RT

0 / and B=�S RT

0 / ,

p0=1 atm=760 Torr=1.013·105 Pa, R is absolute gas
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Fig. 1 TG and DSC curves obtained for a – Hf(acac)4, b – Hf(tfac)4, c – Hf(ptac)4 and d – Hf(thd)4 in helium atmosphere



constant. Calculation also took into account p and T
measurements, as well as the limiting errors of pres-

sure �p and temperature �T measurements.

Results and discussion

Figure 1 shows the TG and DSC curves obtained in

helium atmosphere for hafnium(IV) compounds. We

succeeded in detecting the decomposition point only

for Hf(acac)4 complex; it is equal to 106°C (Fig. 1a).

We failed to detect the decomposition temperature for

Hf(thd)4, Hf(ptac)4, Hf(tfac)4 because all three com-

pounds are thermally stable and almost completely

pass to the gas phase. A conventional range of ther-

mal stability for the compounds looks like follows:

Hf(acac)4<Hf(tfac)4<Hf(ptac)4�Hf(thd)4, so, the most

stable chelates are �-diketonate ones with tert-butyl

substituents. The estimated volatility sequence (for

20% mass loss) is Hf(thd)4<Hf(ptac)4< Hf(tfac)4.

Calorimetric measurements were performed in

the temperature ranges of 378–408 K for Hf(tfac)4,

398–433 K for Hf(ptac)4, 418–633 K for Hf(thd)4 and

418–633 K for Zr(thd)4. The thermodynamic

characteristics of the melting processes are

summarized in Table 1. The samples of Hf(tfac)4 and

Hf(ptac)4 exhibited an only phase transition (melting)

over the temperature range studied. The nontrivial

thermal behavior of Hf(thd)4 and Zr(thd)4 should be

noted. These compounds melted at the enough high

temperatures of 630�1 and 614�1 K with low values

of enthalpy �meltH630

0 =5.4�0.8 kJ mol–1 and

�meltH614

0 =5.7�0.3 kJ mol–1 relatively. The melting

processes, however, are preceded by two endothermic

effects. They formed a doublet for Hf(thd)4 at

T=433�1 and 446�1 K with the common value of

enthalpy �transH
0=15.8�1.0 kJ mol–1, for Zr(thd)4 – at

T=438�0.5 and 446�0.5 K with �transH
0=

11.57�0.25 kJ mol–1. They are likely to correspond to

solid-phase transitions because no melting was

observed for the samples at these temperatures.

Temperature values for these reversible solid-phase

transitions correspond to the values obtained by

means of DTA in [16].

For hafnium(IV) compounds, measurements of

saturated vapour pressure were carried out using the

static method and the flow method.

Measurement of vapour pressure of hafnium(IV)

compounds with 2,2,6,6-tetramethylheptane-3,5-dione,

pivaloyltrifluoroacetone and trifluoroacetylacetone in

the saturated-unsaturated vapour mode according to the

static procedure allowed calculating the mean molecular

mass of the gas phase on the basis of the known

weighed portion of the substance and the volume of the

gas chamber. Obtained mean values – Hf(thd)4=

934�24 g mol–1, Hf(ptac)4=1050�90 g mol–1, Hf(tfac)4=

814�24 g mol–1 – correspond to the molecular mass of

the monomer – Hf(thd)4=911.5 g mol–1, Hf(ptac)4=

959.1 g mol–1, Hf(tfac)4=790.8 g mol–1. This fact was

evidence of the absence of other molecular forms in the

gas phase to within the accuracy specified above. These

data agreed with results of our previous mass spectro-

meter study [21].

The data on the dependence of saturated vapour

pressure of the compounds on temperature obtained

using the flow method and the static method are

shown in Fig. 2. Using these dependencies we calcu-

lated standard thermodynamic characteristics of

enthalpy and entropy of sublimation and evaporation

(Table 2). For Hf(thd)4, Hf(ptac)4 and Hf(tfac)4, the
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Table 1 Melting points (m.p.) and enthalpies (�melt m.p.H 0 ) for Hf(ptac)4, Hf(tfac)4, Hf(thd)4 and Zr(thd)4

Compound

Method

Calorimetry Tensimetry

m.p./K �melt m.p.H 0 /kJ mol–1 m.p./K �melt m.p.H 0 /kJ mol–1

Hf(tfac)4 398�1 40.1�0.9 401�2 43.3�2.7

Hf(ptac)4 420�1 31.0�1.0 423�2 30.3�0.9

Hf(thd)4 630�1 5.4�0.8

Zr(thd)4 614�1 5.7�0.3
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Fig. 2 Temperature dependences of the saturated vapour pres-

sure for hafnium(IV) compounds: 1 – Hf(thd)4 (lit.);

2 – Hf(thd)4 (membr.+flow); 3 – Hf(acac)4 (flow);

4 – Hf(acac)4 (lit.); 5 – Hf(ptac)4 (membr.+flow);

6 – Hf(tfac)4 (membr.+flow)
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joint statistical processing of the experimental data

obtained using two different methods (static method

and flow method) was carried out.

Figure 3 shows the data on the dependence of

Hf(thd)4 saturated vapour pressure on temperature,

obtained with the flow method (experiment included

two sets of runs) and with the static method within a

broad temperature range 180–340°C. One can see that

saturated vapour pressure values obtained using dif-

ferent methods coincide with a good accuracy. To-

gether with the data on the measurements of the pres-

sure of unsaturated vapour of the compounds, the re-

sults thus obtained provide evidence of the high ther-

mal stability of this complex. The co-processing data

gives the equation: lgp=10.4–5250/T (temperature

interval 453–603 K).

Based on the data for evaporation and sublima-

tion processes for Hf(ptac)4 and Hf(tfac)4, the thermo-

dynamic characteristics of melting of the examined

compounds were calculated (Table 1). The results of

calculation are in good agreement with calorimetric

investigation.

In order to arrange the compounds in the volatility

series, we used temperature values at the p–T curves of the

compounds at the same saturated vapour pressure value

(p=67 Pa), changing in the following sequence:

Hf(thd)4 – 488 K, Hf(acac)4 – 446 K, Hf(ptac)4 – 424 K,

Hf(tfac)4 – 397 K. So, the volatility series for these com-

pounds looks like follows: Hf(dpm)4<Hf(acac)4<

Hf(ptac)4<Hf(tfac)4 and coincides with the qualitative

volatility series composed on the basis of TG curves for

hafnium(IV) �-diketonates. One can see in the data pres-

ented that the introduction of trifluoromethyl group into

�-diketonates increases the volatility of the compound,

which is a usual fact for this class of chelates [26].

A good coincidence between our data on satu-

rated vapour pressure with the literature data for

Hf(acac)4 [17] should be stressed. For Hf(thd)4, our

data somewhat differ from those reported in literature

[16]. However, experimental procedure and the pro-

cessing of the results on saturated vapour pressure

were not presented in [16].

Conclusions

Five complexes of hafnium(IV) and zirconium(IV) with

different �-diketones are synthesized: hafnium(IV)

acetylacetonate Hf(acac)4, hafnium(IV) trifluoroace-

tylacetonate Hf(tfac)4, hafnium(IV) pivaloyltrifluoro-

acetonate Hf(ptac)4, hafnium(IV) 2,2,6,6-tetramethyl-

heptane-3,5-dionate Hf(thd)4, zirconium(IV) 2,2,6,6-

tetramethylheptane-3,5-dionate Zr(thd)4. The results re-

ported in the present work have allowed determination

of the thermodynamic characteristics of melting, evapo-

ration and sublimation for these compounds. Investi-

gated thermal properties showed that the chelates are

volatile and thermostable compounds within a wide

temperature range.
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