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The heats of fusion, vaporisation, and decomposition have been measured for 
a number of 2,Qpentanedione complexes by differential scanning caIorimetry. 
Kinetic parameters have been derived frcm the calorimetric results. 

Mass spectrometric studies are reported over a range of temperatures and 

comparisons are made with earher wcrk where appropriate_ Possible structures of 

dichlorobis(2,4-pentnedionato)titanium(IV) are proposed on the basis of the physical 

measurements. 

The chemical and physical properties of transition metal compIexes of 2,4- 

pentanedione (acac) are well documented ’ but there have been few systematic studies 

of their thermal properties. This is surprising since the complexes have potential 

technological usefulness. 

The isothermal decompositions of some 2,4+entanedione complexes were 

reported by Charles and his coworkers 2-4 Differential thermal analysis and thermo- _ 

gravimetric data were obtained by Glavas and Riba?, The air atmosphere used by 

these workers resulted in oxidation at moderate temperatures and no quantitative 

thermochemical resuIts were obtained. Heats of sublimation have been obtained by 

Wood and Jones6 and Berg and Truemper’ although these are contradicted by more 

recent measurementsg-‘O. 

The inadequacy or absence of quantitative thermal data has prompted us to 

reinvestigate some of these compIexes. 

Differential scanning calorimetry (DSC) was used to measure the quantitative 

thermal properties in a nitrogen atmosphere, thus avoiding premature oxidation’. 

We have also studied the temperature dependence of the mass spectra of the 

compounds with a direct insertion probe in order to facilitate our interpretation of the 

thermal data. 

Compounds 

The crystalline complexes were prepared by literature methods. Satisfactory 
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microanaIyses were obtained (Table I) with the exception of those for the dihydrates. 

WC were not able to obtain the stoichiometric water contents to a sufficient accuracy 

ahhough such stoichiometries ha>-e been reportcd2. 

TABLE I 

MKROASALY-I-ICAL DATA OF MlXAL COMPLEXES 

auc = 2,Cpentanedionato. 

AI(au& 
sc(aca& 
Ti(acac)2CIz 

v=w3 

VO(aczc): 

Cr(aCX)3 

Mn(ctcac)*- 2Hro 

ml&2x)3 

Fe(a=C)3 

Co(acac)3 

Cu(acac)), 

Zn(acac)=- HzG 

C H C H 

557 6.55 55.5 6.53 

52.9 5.91 52.6 6.15 

37s 4.55 37.9 4.45 

51-i 6.35 51.7 6.05 

45.6 5.50 45.3 5.32 

51.5 6.07 51.6 6.06 

41.3 6.07 41-5 6.23 

50.9 623 51.1 6.01 

51.0 6.00 51.3 6.13 

51.1 6.11 50.6 5.94 

46.2 5-54 45.9 5.39 

43.7 5.76 42.7 5.73 

Calorimetry 
A Perkin-EImer Differential Scanning Calorimeter (DSC-IB) was used with a 

modified method of sampIe encapsuIation. The empty space in the sample pan was 

filled with aluminium powder, thus creating an internal heat sink and yielding more 

accurate heats of sublimation’ r _ This method did not affect the instrument calibration 
and was -used for both the volatite and invoiatile compIexes. The calorimetric 

procedure has been described eIsewhere”. 

Kinetic parameters were obtained from the DSC curves by means of a Ieast- 

squares fit to 

dz 
- = A-exp(-EJRT)-(1-z)” 
dt 

where z = fractionaI extent of reaction at temperature T, A = Arrhenius pre- 

exponentiaI factor, E* = activation energy, n = apparent order of reaction’ 3, 

dz/dr = rate of reaction. 

The 0riginaI computer program rJ has been revised and a subrourine added to 

dispIay graphically the calculated and observed rates of reaction. An ICL 1903A 

computer and an ICL digital plotter were used for this work. 

Mass speclromefry 
The complexes and their decomposition products were studied at temperatures 

up to 673 ‘K with a Hitachi Perkin-Elmer RhHJ-5 mass spectrometer using a direct 

insertion probe. 
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IR spectroscopy 
A Perkin-Elmer 457 spgctrophotometer was used to compare the IR spectra of 

the volatiIe complexes, their sublimates and Gichlorobis(2,4_pentanedionato)- 
titanium(W) as nujol mulls. 

NMR spectroscopy 

NMR spectra of the titanium(N) compound dissolved in deuterobenzene were 

recorded with a JEOL C60HL spectrometer using TMS as an internal reference. 

RESULTS AND DISCUSSION 

Mass speciromelry 
The mass spectra of a number of pentanedionates were recorded over the range 

30%700°K in order that any temperature dependence might be correlated with their 

thermal behaviour. The spectra obtained were compared with those in the litera- 

ture”-“. Sasaki ef al.” related their results, obtained at 523 “K, to the electro- 

negativities of the central atoms while Shannon et aLx6-” related the absence of a 

peak due to Macac’ in some cases to the eIectron acceptor properties of the central 

atom. 
We have found that the correlation between thermal behaviour and mass 

spectra was quite marked, compounds which sublimed unchanged gave spectra in 

which the major peaks corresponded to M(acac)z and M(acac)f while those which 

decomposed on heating gave spectra whose major peaks corresponded to fragments 

of the pentanedione ligand such as CH,CO* and CO+. A similar correIation was 

also observed with variation in temperature, those compounds which decomposed 

showed no metal-containing fragmenrs at the higher temperatures while those which 

volatilised only showed changes in intensities associated with increased rates of 

vola4&sation, Comparison of the mass spectra with that of the ligand indicated that 

the volatile decomposition products were derived from 2,4-pentanedione rather than 

smaller molecules such as acetone or methane as was reported previously4. The 

patterns of Mn(acac), and Mn(acac), showed the expected similarities resulting 

from the quantitative loss of acac from the Mn” compound. 
Thus, our studies together with the earlier work imply that the ease of decom- 

position of pentanedionates is dependent on the ease of reduction of the central 

metal atom. 

The spectrum of V(acac), shows (Fig. 1) strong peaks for VO(acac),‘, VOt, 

V(acac),’ , and V(acac) i indicating that there are two fragmentation mechanisms 

operating in this case. 

The spectrum of Ti(acac)ZCIZ (Fig. 1) shows peaks for both Ti(acac)f and 

Ti(aca&Cl’ and no peak for Ti(acac),Cl,. This is not consistent with a simple 

monomeric formulation and polymeric structures such as those shown in Fig. 2 

may be a better representation. 

We were unable to detect any differences in the mass spectra above or below 

the transition temperature noted in the following section. The intensities of the lines 
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Fig_ I. Mass spectra: a, V(acac)~ ; b. Tii(acx)l Cl=. 

in the spectra were low due to the involatility of the compound, which also contra- 
dicts a simpIe monomeric structure_ 

Thermal and kinetic measuremems 

The results of our DSC measurements were dissimilar from the DTA results of 
Glavas and Ribar’ in that we w-ere able to difTerentiate between two distinct types of 

C: ci 
(ai 

(b) , 

Fiig 2. PoI,umeric ~nuc~urcs of Ti(aca$Ci2_ a. Tram configuration; b. cis configuration. 
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thermal behaviour without the complication of oxidation reactions. The complexes of 
Al”’ SC”’ . Viii, Cr”‘, and Zn” each vaporised compIetely_ Their heats of fusion. 

-vapdrisation and the heat of dehydration of the zinc complex are shown iI* TabIe II. 
These values refer to the peak temperzture, TP, of the reacticn occurrirJ over the 

TABLE II 

HUTS OF FUSION (,dfff), VAPORISATIOS filff,.) A?Xl DECOMPOSITlON (dt&jcc) OF SOME COMPLEXES OF 

‘,+PE?i7A~~DlO?E 

.%feral w-r. loss Scan AH, AH. AHe, T,” 7,’ I-::.” Refs. 
(%) (“K- min- ‘) ud- mo1- ‘) (=W 

Al"' 100 

loo 
0 

100 

12.6 

33.7 

Fe”’ I6 34.1 SO.9 

91.2 

71-O 

90.0 

100 

(Overall) 

16,32 

16.32 
16,32 

16.32 

I6,32 

32 

16 

8, 16,32 
16,32 

16 3? 7 - 

3522 

32.7 f 0.3 

30fI 

3411 

35-z & 0.2 

f Dehydration) 

(Dehydration) 

25.9i0.3 

460 469 475 8,9, 10 

94-F6 460 540 54s 

45s 460 462 

169h-7 445 550 555 6.10 
15.2%0_7 460 472 483 

460 475 485 6,10 

197f6 450 550 595 

505 545 550 

2O.OzkOo.3 555 580 595 

490 494 498 8,9, IO 
90f3 490 5so 595 

102.I~Oo.9 315 365 380 

Il.8zkO.S 545 550 552 
-211.7i0.9 552 557 570 

19.4-Lo.7 430 445 447 

- 26.250.9 447 450 455 

{ -21.5i1.5 13.3Ll.O 520 54’ 540 545 542 565 

455 461 463 

8261 82+I 452 5’0 535 
J 490 

57f2 475 1492 1 498 
57.3 (Sublimation) 475 550 560 7 

25. I f 0.6 3’5 11 360 375 
385 

400 
380 405 415 

4812 

T,‘. T,,, Tc at the lower scan, where applicable. 

range T,-T,“K.- No attempt was made to correct these to 298°K since the heat 
capacities of the gaseous complexes were not available_ 

The vapour pressure studies of Wood and Jones6 and of Berg and Truemper’ 

are at variance with our own and other recent measurements of heats of sublimation 

of the chelates. These latter yielded results similar to our own for the aluminium and 

chromium complexess-‘o. There are large discrepancies between our results and those 

of Meha” for the scandium and vanadium(iI1) complexes. The acceptable precision 
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of both sets of results suggests that some anomalous temperature dependence may 

account for the observed differences. If these complexes associate in the vapour phase, 

as do the lant’ranide chelates”, then an increase in temperature would result in 
dissociation of the aggregates with a correspondingly higher heat of vaporisation. 

This increase is apparent on comparing our own. higher temperature results with 

those of ~MeIiar”_ The DSC curve of the zinc complex showed two small peaks in the 

region of the major fusion peak. The higher temperature peak was close to the 

melting point of +he monohydrate” while the lower temperature peak probably 
corresponded to a phase transition. 

Sublimation was the major reaction observed for the Fe” and Cuu complexes. 

The observed weight Iosses were less than 100% and a small amount of residue was 

produced. The IR spectra of the sublimates were identical to those of the original 

materials and in the case of the Fe”’ complex the sum of the two heats of reaction, 

116 kJ-mo1-‘, was found to be similar to the reported value, 99 W-mol- ’ of the 

heat of sublimation’“. 

Each of the other complexes decomposed to unidentifiable charred products 

rather than to the oxide as was observed for decompositions in air’. There were two 

peaks in the DSC curve of VO(acac), which we were unable to resolve. The first peak 

sharpened when no aluminium powder was present in the sample pan and was 

identified with fusion by comparison of the heat of reaction with the other heats of 

fusion. A subhmate was then evolved with an IR spectrum identical to that of 

VO(acac), but, at higher temperatures, a lighter green sublimate was evolved during 

extensive decomposition of the compIex_ 

Dichlorobis(2.+pentanedionato)titanium(IV) is said”-” to be a monomeric 

compound. Our mass spectrometric results (see above) contradict this structural 

assignment as does the extreme insolubility of the complex in organic solvents_ The 

compIex did not melt or vaporise on heating, as did the volatile chelates described 
prev-iously, but gave two peaks in the DSC curve, the second of which was caused by 

cha;ring of the complex. 

During the first peak there was no weight loss, but a colour change from orange 

to yellow_ The n.m.r_ spectrum of the orange form, in benzene-d,, had two methyl 
peaks centred at 6 = l-59 p-p-m_ with a methine peak at 6 = 5.20 p-p-m_ while the 

J-ellow form h a d singlets at 6 = 1.72 and 5.38 p-p-m_ This is consistent with stereo- 

chemistries of cis and trans, respectively, in benzene solution. The changes in the IR 

spectra of the solid during the transition were not consistent with a simple solid-state 

cti-frans isomerisation. The heat of the phase change may, therefore, be due to a 

structural reorganisation within a polymeric species involving the movement of 

chIorine atoms from cis to WTLS positions. 
There were three peaks in the DSC curve of the Mn” complex the first of which 

was associated with dehydration. The heats of reaction derived from the second two 

peaks were equal (within experimental error) to those calculated for the Mn” 

complex beyond 455°K. The first endothermic peak in the DSC curve of the Mn”’ 

compIex was sharp and characteristic of fusion. After the second, exothermic peak a 
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brown solid was formed which analysed for Mn(acac), (Anal_ Cab (%) ,for Mn(acac),: 

C, 47.4; H, 5.57. Found (%): C, 47.7; H, 5.9). 

with 

The following reactions probably occurred 

Mn(acac)Jcryst) --, Mn(acac),(l) 

Mn(a=&(l) -+ Mn(acac),(cryst) A- acac(g) 

the transient existence cc the 2&pentanedionyl radical, requiring a weight 

loss of 28.1%. 
The cobalt compound decomposed, yielding a biack charred product and some 

pink sublimate. The anaiysis of the latter (C, 44.1% ; H, 5.62%) was closer to that 

required for the cobaIt(II)chelate (C, 46.7%, H, 5.49%) and probably contained the 

Co(III)cheIate as impurity. Thus a similar but less faciie reduction to that of the 

Mnm compound may have occurred. 

We have only obtained kinetic parameters for the compounds which yielded 

simpIe DSC peaks without shoulders or discontinuities. The variations in the kinetic 

parameters with heatin g rate were investigated for some representative compounds 

since the validity of dynamic methods, such as DSC, has been questioned22-2C. 

The magnitudes of the kinetic parameters A, E,+, and R (see Experimental) are 

shown in Table TTI. 

TABLE III 

PRE-EXPOXENXIAL FACS-ORS (A), ACINATION ESERGIES (&), ApiD APPAFtEKT ORDEFS OF RJXCI-ION (n) 

FOR THE THERMAL DEWHPOSITI0;5i OF SOME CO-LEXES OF ~4-PE~TA?ZDIO?32 

MefaZ Scan 
(“K- min- ‘) 

Range 
of?: 

A 
see- 1 

E* n 
(kP mol- 1 ) 

FezIr 8 O.lwx93 1.4x 10” 131 0.64 
32 0.08-0.73 9.3 x 10’4 !69 0.99 
32 0.06-0.87 1.2x 10’3 151 O-68 

CU” 8 o.oi-o.91 3.6 x IO7 94 0.95 
I6 0.05-0.84 1.2x 109 Ii5 0.21 
32 0.03-as I 8.2 x IO8 II4 0.30 

G-p 8 O.M--0_65 3.5 x 104’ 416 -0-50 
16 0.05-0.65 1.1 x 1o*s 445 -0.60 

Ap’ 16 0.04-0.75 1-l x IO’ 33 0.11 
32 0.03-0.92 5.7 x 101 50 0.20 

SCF” s 0.06-0.82 5.2 x IO* 51 0.30 
16 0.03-0.78 1.9 x 103 56 0.22 

~“1 16 0.10-0.77 1.5 x 102 48 0.15 
32 O.Os-a.8 I 4.3 x 103 63 O-43 

Cr’F’ 8 0.05a.90 2.7 x IO5 78 0.3: 
16 0.04--0_98 I.8 x 105 77 0.24 
32 o.m-0.7 I 3.6 x IO5 79 0.42 

The results were diagnostic of the thermal behaviour of the complexes. The 

activation energy EA was always greater than a heat of decomposition but smaller 

than a heat of sublimation. The large values of A and E,, found for the decomposition 
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of Co(acac), were associated with the electron-transfer mechanism which results in 

partiai reduction of Co”‘. SimiIar high values of A and ,!ZA were obtained for the decom- 

position of pyridinz perchromate which yielded Ci” by an electron transfer 

mechanism’s. The unusuai, negative vaIues of n indicate that the general equation 
which we have used may not be strictly applicable when metal-ligand bond cleavage 

is not the rate-controlling mechanism. EIectron transfer or vaporisation kinetics 

require different equations but, nevertheless, our equation can be generally applied to 

a reaction of unknown mechanisms to yield characteristic solutions. For the volatile 

chelatez?, EA was always less than the heats of vaporisation or sublimation and A was 

less than 10. Diffusion, rather than bond-cleavage was expected to be the rate- 

determining step in these cases- The variations in the values of A, E,, and n with 

heating rate (Table Ii) were found to be no greater than the variation in successive 

runs at constant heating rates. This would seem to support the views of HillZ4 who 

suggested that there may be no fundamental error in dynamic methods of determina- 

tion of kinetic parameters_ An exampIe of the agreements between caIculated and 

experimental rates is shown in Fig. 3 for Co(acac),_ 

The methods used in this paper may provide a means of characterising the 

thermal behaviour of sohds by differential scanning calorimetry. 

of 
52000 54000 56000 

Tempercture x10-' 

Fig. 3. Computed ( -1 and e~pcdmental ( x ) rates of decomposition of Co(aca&. 
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