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ABSTRACT 

A simple and rapid DTA procedure is described for determining the vapor pressures 
OF metal-organic compounds_ We have applied the method to sis volatile nickel P-k&o- 
amine chelates which have proved useful, in previous work, for the chemical vapor depo- 
sition of nickel metal. The volatilities of these compounds are strongly influenced by the 
confQuration (cis or tmns planar) about the bonded metal atom and by the presence or 

absence of fluorine as part of the organic portion of the molecules. Some of the chelates 
have vapor pressures of several hundred torr at temperatures where thermal decomposi- 
tion is not significant. 

INTRODUCTION 

A number of authors have pointed out the advantages of differential ther- 
mal analysis (DTA) and the related technique of differential scanning 
calorimetry (DSC) for determining vapor pressures of inorganic and organic 
materials [l-5]. These advantages include simplicity and rapidity of opera- 
tion, small required sample size, and low sensitivity of the measurements to 
errors resulting from the formation of thermal decomposition products. 
Nevertheless, DTA and DSC approaches to vapor pressure measurement 
remain unfamiliar to many workers, and the techniques are not used to the 
extent that their value justifies [5]. In the present work we call attention to 
the usefulness of DTA for measuring the vapor pressures of metal-organic 
compounds and describe simple and inexpensive equipment for such mea- 
surements. 

Considerable recent interest [6] in volatile metal-organic compounds 
derives from such applications as the gas chromatographic separation of 
metals [ 71, chemical vapor deposition of metals and oxides [ 8-111, and the 
laser-induced separation of metal isotopes in the vapor phase [12]. In previ- 
ous investigations in this laboratory [ll], we showed that nickel /3-keto- 
amine chelates are useful for depositing nickel metal by hydrogen reduction 
of the compounds in the vapor state. In the present work, we have studied in 

* Presented at the 9th North American Thermal Analysis Society Conference, Chicago, 
D+ September, 1979. 
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more detail the volatility characteristics 
tion of temperature. 

EXPERIMENTAL 

Apparatus and procedure 

of some of these materials as a func- 

The DTA portion of the apparatus (Fig. 1) is similar to that described pre- 
viously [ 131. The sample and the inert reference substance (powdered fused 
quartz) were contained in the lower portions of identical quartz tubes, 
having bottom indentations for the two junctions of a chromel--alumel dif- 
ferential thermocouple. The output from this thermocouple was amplified 
five-fold and then fed to the Y-axis of an X-Y recorder at 5 mV full scale 
sensitivity. The hot junction of a second chromel-umel thermocouple was 
also contained in the thermocouple well of the sample tube *. The poten- 
tial of this thermocouple was used to measure the actual temperature of the 
sample. This output was fed through a cold-junction compensation circuit to 
the X-asis of the recorder. The recording arrangement is shown in Fig. 2. 

The lower portions of the sample and reference tubes were held sym- 
metrically within a stainless steel block which was heated at a linear rate of 
12” C mm-’ by means of a motordriven Variac variable transformer and tube 
furnace. The upper portions of the quartz tubes were at room temperature. 

Both sample and reference tubes were connected by means of rubber pres- 
sure tubing and greased standard-taper glass joints to a simple gas reservoir 
and manifold (kept at room temperature) equipped with a vacuum connec- 
tion and inlet system for pure argon (Fig. 3). Gas pressure within the closed 
system was measured by means of a closed-tube mercury manometer at the 
lower pressures and by means of a Bourdon gauge at the higher pressures. ties- 
sure readings were taken at intervals throughout each run since an increase 
in pressure within the system during a run is a sensitive indication of the for- 
mation of volatile thermal decomposition products [ 141. (The vaporization 
of the sample itself does not give a measurable increase in the pressure within 
the system since the sample recondenses immediately on reaching the cool 
portion of the sample tube above the furnace.) 

A 50 mg sample of the substance to be studied (which, in the present 
work, was always solid at room temperature but usually molten at the tem- 
perature of vaporization) was ground in a glass mortar with 250 mg of Ther- 
mal American Co. fused quartz powder and the mixture placed in the sample 
tube. The use of the mixture with fused quartz was necessitated by the 
observation that the samples, at temperatures where molten, often under- 
went severe “bumping” (sudden and violent evolution of vapor bubbles) at 
the boiling point, particularly at the lower pressures. This “bumping”, which 
is analogous to that often encountered when vacuum distWng liquids, 
caused severe anomalies in the DTA curves. The use of fused quartz powder, 

* This approach differs from our previous work [ 131 where the temperature of the metal 
block surrounding the sample and reference tube was monitored. 
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Fig. 1. Cross-section of DTA apparatus. 

by providing innumerable nucleating points, removed 
of the quartz powder also provided flatter base lines 
making the thermal conductivity characteristics of 
more nearly equal throughout the run. 

this difficulty. The use 
for the DT_A curves by 
sample and reference 

Some ambiguity attaches to the interpretation of DTA-vaporization curves 
in that the endotherm corresponding to vaporization has significant width 
along the sample temperature axis and there is not universal agreement. as to 
the most signi&xnt point on the endotherm. Although the point of initial 
departure from the base line has been used [l], in the present contest we 

Sample Reference 
Tube Tube 

Fig. 2. Diagram of thermocouple placement and recording circuitry. 
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Fig. 3. Schematic of vapor pressure apparatus_ 

have chosen instead to employ the sample temperature at the endotherm 
peak as being more easily identified and reproducible. We have minimized 
any error this approach may entail by calibrating the apparatus with sub- 
stances of known thermal properties_ The calibration procedure is described 
in detail elsewhere [ 13]_ 

Preparation of compounds 

The following chelates were prepared and purified by the literature 
methods cited : nickel acetylacetone imide [ 151, nickel acetylacetone ethyl- 
enediimide [ 161, and nickel trifluoroacetylacetone ethylenediimide 
The other compounds were prepared as follows: 

Nickel acetylacetone-1,2-propylenediimide 

Propylenediamine (3.7 g, 0.05 mole) was added to 10.0 g (0.1 

1171. 

mole) 
acetylacetone in a flask. After the exothermic reaction had subsided, the 
misture was dissolved in 200 ml water. A solution of 0.05 mole nickel ace- 
tate in 200 ml water was added, followed by 100 ml 1 M aqueous N&OH. 
Upon heating, the resulting red solution gradually deposited red crystals. 
After 5 min heating, the mixture was cooled, first to room temperature and 
then in the refrigerator. The compound was filtered off and air-dried to give 
8.1 g product. Recrystallization was achieved by dissolving in 50 ml hot 
methanol, filtering hot and adding 100 ml water to the filtrate. Two succes- 
sive recrystallizations gave 6.0 g (41%) of air-dried red crystals, m.p. 158- 
159°C (ref. 17,157-157.5”C). 

Nickel trifluoroacetylacetone imide 

The following method for preparing trifluoroacetylacetone imide, though 
giving poor yields, was more convenient than the procedure cited in the 
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literature [18]. Trifluoroacetylacetone (7.7 g, 0.05 mole) was dissolved in 10 
ml absolute ethanol and 5 ml (an excess) concentrated aqueous NH,OH was 
added. The solid which separated was redissolved by adding an additional 5 
ml ethanol and heating briefly on the hot plate. After cooling, the mixture 
was taken to dryness in a stream of nitrogen. The residue was heated with 
75 ml n-heptane to give partial solution. The hot liquid was filtered through 
filter paper to remove remaining solid. After cooling, the solution was 
reduced to half its volume in a stream of nitrogen and then cooled further in 
the retigerator. The yellowish crystals were filtered off, washed with a little 
cold petroleum ether and air-dried. The yield was 1.2 g and the m.p. 85- 
87°C (ref. 18, 87-88°C). The identity of the product was established more 
definitively by the formation of the chelate below. 

The above chelating agent (1.07 g, 7 X 10S3 moles) was dissolved in 10 ml 
absolute ethanol and added to a suspension of 0.87 g (3.5 X 10S3 moles) 
nickel acetate tetrahydrate in 25 ml ethanol. One ml (an escess) concent.ra- 
ted aqueous NH40H was added and the mixture was stirred and heated on 
the hot plate until all the solid had dissolved to give a deep green solution. On 
cooling, the solution turned brown and solid began to separate. The mixture 
was reduced to one third its volume in a stream of nitrogen and 25 ml water 
added. After standing overnight, the reddish-tan precipitate was filtered off, 
washed with water, and dried in a vacuum desiccator at about 10 torr. The 
yield was 0.92 g (72%) and the m.p. 198-199°C. To recrystallize, 0.9 g was 
dissolved in 25 ml hot absolute ethanol and reprecipitated with 25 ml water. 
The yield of vacuum-dried product was 600 mg. Calculated for 
(C5H5F3N0)2Ni: C, 33.1; H, 2.78; N, 7.72; F, 31.4%. Found: C, 34.0; H, 
2.85; N, 7.73; F, 32.6%. 

Nickel acetylacetone methyl hide 

The method of Everett and Helm [19] was modified by employing tetra- 
hydrofuran (rather than tert-butanol) as solvent and by using preformed 
potassium tert-butoxide (Alfa Inorganics) rather than potassium metal. Thct 
chelating agent was prepared by the method of Holtzclaw et al. [ 201. The 
nickel compound was recrystallized from n-heptane. This chelate was 
found to decompose slowly on storage in a glass jar at room temperature, in 
contrast to the other chelates studied which appeared to be stable indefi- 
nitely. 

RESULTS 

Figures 4-9 give DTA curves for the six nickel chelat,es studied. Most of 
these curves show two endothermic peaks, corresponding, respectively, to 
melting and vaporization of the chelate. The two types of endotherm are 
readily distinguished by varying the pressure of inert gas above t.he sample. 
The position of the melting endotherm along the temperature axis is insensi- 
tive to pressure changes while the vaporization peak shifts to higher tempera- 
ture values with increasing argon pressure. For nickel acetylacetone imide 
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Fig. 4. DTA curves for Ni acetylacetone imide heated at the inert gas pressures indicated. 

(Fig. 4) the melting and vaporization endotherms merge at the lower argon 
pressures. Further analysis of the data (vide infra, Fig. 10) shows that solid 
sublimation, as opposed to vaporization from the melt, occurs at the three 
lower external pressures for this compound. All the other chelates studied 
vaporize exclusively from the melt under the conditions employed here. 

Vapor pressure-temperature curves for each of the six nickel chelates are 
plotted in Fig. 10 and the corresponding data listed in Table 1. As is true of 
many substances, the data of Table 1 can be represented, within the experi- 
mental error, by the equation 

A&, 
low =A -4 576 T . (1) 

where p is the vapor pressure in torr, AH,,, is the molar heat of vaporiza- 
tion, and A is a constant characteristic of the compound. Derived values of 
AH and A, for each compound, are included in Table 1. 

Figure 10 shows nickel acetylacetone imide to be unique among the com- 
pounds examined in that two line segments are required to characterize its 
vaporization behavior over the temperature range studied. We interpret this 
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Fig. 5. DTA curves for Ni trifluoroacetylacetone imide heated at the inert gas pressures 
indicated_ 

behavior as due to sublimation from the solid chelate at the lower tempera- 
tures, as contrasted to volatilization from the melt at the upper *_ A smaller 
heat of vaporization for the liquid (Table 1) results in a change of slope for 
the plot shown in Fig. 10 at the chelate melting point. 

When determining vapor pressures of organic materials at elevated tem- 
peratures by almost any method, it is necessary to consider thermal decom- 
position as a potential source of error. In the present work, two lines of evi- 
dence indicate that thermal decomposition is not serious over the tempera- 
ture ranges indicated in Fig. 10. These are the linearity of the curves when 
plotted as in Fig. 10, and the lack of significant pressure build-up in the 
closed system, which could be attributed to volatile decomposition products 
[14]. The short periods of time during which the samples are exposed to the 
higher temperatures with the DTA method allow one to obtain valid data at 

* See ref. 6 for further examples of chelates which behave in this manner. 
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Fig. 6. DTA curves for Ni acetylacetone methyl imide heated at the inert gas pressures 

At 

hlelting 

259 Torr 

0 100 m, 300 400 
Sample Temperature. OC 

Fig. 7. DTA curves for Ni acetylacetone ethylenediimide heated at the inert gas pressures 
indicated. 
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Fig. 8. DTA curves for Ni trilluoroacetylacetonc elhylenctliimide l~calctl at the incrL gas 
pressures indicated. 
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Fig. 9. DTA curves for Ni acetylacetone-1,2-propylencdiimidc heated at t.1~ inert gas prcs- 
sures indicated. 
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Fig. 10. Vapor pressure as a function of temperature for ‘some nickel ketoamine chelates. 

TABLE 1 

Vapor pressure data for nickel fl-ketoamine chelates 

Nickel chelate Temp. Vapor -AH,, Ab 

(“Cl a pressure (kcal mole-r ) b 
(torr) 

Acetylacetone imide, solid 

liquid 

Acetylacetone methyl imide 

Trifluoroacetylacetone imide 

Acetylacetone ethylenediimide 

Trifluoroacetylacetone ethylenediimide 

Acetylacetone-1,2-propylenediimide 

229 15.5 33.2 15.78 
240 27 
243 42.5 
265 103 15.6 8.36 
308 330 

226 21 20.7 10.36 
247 47 
270 110 

208 51 16.1 9.04 
230 102 
266 325 
299 720 

303 24 20.9 9.40 
350 104 
377 259 
406 721 

308 13 21.5 9.41 
322 27 
348 66 
362 102 

257 9.5 16.8 8.08 
302 44 
329 104 

a Corrected by means of a calibration curve as described in ref. 13. 
b From enn. I1 1. 
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temperatures where long-term heating results in serious decomposition [ 161. 
For four of the compounds, some evidence of decomposition was noted 
horn the DTA NTIS carried out at atmospheric pressure. Although these 
DTA curves are included in Figs. 4-9, the corresponding data have been 
omitted from Fig. 10 and Table 1. 

DISCUSSION 

The volatilities of compounds can be compared in several different ways. 
Comparisons can be made on the basis of (a) heats of vaporization, (b) vapor 
pressures at a specific temperature, or (c) the temperatures corresponding to 
a specific value of vapor pressure. These three criteria do not necessarily lead 
to the same order of volatility when ranking a series of compounds. 

Although heats of vaporization have been used 1211 in making volatility 
comparisons, criteria (b) and (c) above would seem to be more closely 
related to the use of metal-organic compounds in vapor deposition work or 
in other practical applications such as metal separations in the vapor state. 
In the present work, it is sufficient to compare the relative positions of the 
vapor pressure-temperature curves of Fig. 10 along the temperature axis. 
This is equivalent to employing criterion (c), above, over much of the acces- 
sible pressure range. 

The nickel chelates studied here can be represented by the generalized for- 
mulas I or II. 

where R1 = CH3 or CF3, Rz = H or CH3, R3 = H or CHS. Structural formulas 
for individual compounds are given in Figs. 4-9. 

Structure II differs horn I in that the planar cis configuration is enforced 
about the nickel atom by the bridge between the two nitrogens in II. Com- 
pounds of structure I, by contrast, can assume the sterically favored trans 
planar configuration. The following discussion will center on the volatility 
consequences of this difference in configuration as well as on volatility dif- 
ferences which result from changes in molecular structure at R1, Rl, and R, 
inIandII. 

Examination of Fig. 10 shows the three compounds which have structure 
II (curves A-C) to be significantly less volatile than the three chelates of 
structure I (curves D-F). This difference can be explained in terms of rela- 
tive molecular polarities. Nickel chelates which have the tram planar configu- 
ration (structure I) are non-polar while compounds of structure II have large 
permanent electric dipole moments. Some of the dipole moment data 
[22,23] of Martell and his co-workers are given below, together with the 
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respective structural formulas III-V. The polar nature of these chelates is 
espected to lead to increased intermolecular interactions and decreased vola- 
tility, in accordance with the results plotted in Fig. 10. 

LF, CF3 

P 
p q 9.30 cu. 

Within the two groups of compounds corresponding to formulas I and II, 
large changes ir, volatility result from substituting fluorine for hydrogen in 
the organic portion of the molecules. Substitution of trifluoromethyl for 
methyl (at R1 in I) in nickel acetylacetone imide results in the significantly 
more volatile compound nickel trifluoroacetylacetone imide (curves E and F, 
Fig. 10). Similar enhancement of volatility by fluorine substitution has been 
reported [6] for other metal chelates and appears to be associated with 
decreased van der Waals forces between fluorinated molecules. 

By contrast, substitution of fluorine for hydrogen in the cis compounds II 
results in decreased volatility (cf. curves -4 and B, Fig. 10). This result must 
be due to the very large increase in molecular polarity which results from 
fluorine substitution in the cis planar compounds (cf. IV and V, above). The 
increase in dipole moment apparently more than outweighs any decrease in 
van der Waals forces. Similar increases in dipole moment, upon fluorine sub- 
stitution, do not occur for compounds of structure I since the moments 
associated with substituent groups cancel when in the fr~ns configuration_ 

The final structural change investigated in the present work was the substi- 
tution of methyl for hydrogen at R1 and R3 in structures I and II. Eschange 
of methyl for hydrogen in nickel acetylacetone imide has relatively little 
effect on volatility (Fig. 10, curves D and E). However, methyl substitution 
in structure II results in a significantly more volatile compound (Fig. 10, 
curves B and C). Since the polarities of the two molecules do not differ 
greatly (cf. III and IV), the volatility difference may be the result of 
increased intermolecular screening of polar bonds by the additional methyl 
group. Other workers have noted the effect of buiky alkyl groups on increas- 
ing the volatilities of analogous /3-diketone chelates [ 6]_ 

A recent review [6] shows that most published chelate volatility work per- 
tains to metal derivatives of fl-diketones *. The work described here suggests 

* Metal derivatives of 8-hydroxyquinoline have also been shown to have significant vola- 
tility [ 241. 
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that the P-ketoammes may constitute an equally fruitful group of chelants 
for synthesizing volatile metal-organic compounds. Vapor pressures of several 
hundred torr are observed for some of the chelates studied here (Fig. 10). 
This order of volatility is not equalled by most of the metal Pcliketone deri- 
vatives which have been studied [ 61. 
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