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Abstract 

Thermoanalytical and gas chromatographic data are reported for benzenetri- 
carbonylchromium(0) and nine of its methyl- and t-butyl-substituted derivatives. 
The distinct trends found for the volatilities, thermal stabilities, air stabilities and 
gas chromatographic retentions with increasing alkyl substitution are interpreted in 
terms of Cr-ligand bond energies and polarity and steric effects. Satisfactory 
chromatographic behaviour was observed only when highly inert columns were 
used, and when the solutions were deaerated and stored in the dark. 

Introduction 

Gas chromatography (GC) and high pressure liquid chromatography (HPLC) are 
gaining wider acceptance in organometallic chemistry for analytical and preparative 
scale separations [l-5]. Advantages of these techniques include (i) the ability to 
separate complex organometallic mixtures with or without organic compounds 
present, (ii) an intrinsic inert atmosphere operation, and (iii) the availability of a 
wide range of techniques, columns, mobile phases, and detection systems. Molecu- 
lar, ionic, or polymeric species can be determined [l-6]. Species not directly suitable 
for chromatography can be determined indirectly following pyrolysis, hydrolysis, or 
derivatisation [2]. 

Although certain organometallics, including many ferrocenes, alkylsilanes, and 
alkylgermanes, are well suited for chromatography [2]. most organometallics are of 
low stability and are highly reactive. For these, precautions are necessary to 

minimise on-column decomposition and irreversible alteration of the characteristics 
of the chromatographic column. This is particularly important in GC, where 
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temperatures above 100” C are typically required for elution [1.2]. The removal of 
moisture, oxygen, and other reactive impurities [7] from the mobile and stationary 
phases are obvious precautions. but such precautions. surprisingly. seem to be 
mostly overlooked in this area [2]. 

As part of a continuing study of the chromatography of metal-containing 
compounds we have examined the GLC of the series of ary-ltricarbonylchromium(0) 
complexes 1 and II. An appreciable number of these species. and their Mo and W 

Cr(Cf&,,KH,),J Cr(C$,.,, (t-Bu) rl ) 
(I. n = O-6) (II. rt = 0-m3) 

analogues have been eluted apparently intact [g-12]. However. there is evidence 
[12,13] that extensive decomposition can occur during the GC of such compounds. 
Since such complexes also undergo photo-oxidative decomposition in solution 1141 it 
is not clear whether decomposition occurs in solution prior to GLC or Lvithin the 
column itself. 

The aims of this paper are to examine and rational&e the effect of alkyl 
substitutions on the stability, volatility, and chromatographic behaviour of the 
complexes. and to identify conditions suitable for their GLC. 

Experimental 

Benzenetricarbonylchromium(0) was prepared from triamminetricarhonylchromi- 
urn(O) as described by Aladjin and Sirotkin [15]. The corresponding complexes of 
toluene, 1,4-xylene, mesitylene, durene. pentamethylbenzene, hexamethylbenzene. 
t-butylbenzene. 1.4-di-t-butylbenzene and, 1,3,5-tri-t-butylbenzene. were prepared 
by refluxing chromium hexacarbonyl with an excess of the arene in trimethylpyri- 
dine or (in the case of tri-t-butylbenzene) n-butyl ether under nitrogen for 30 h 
[16-181. The solvent and the excess of hexacarbonyl were removed under vacuum at 
40-6O”C, and the residual yellow complexes purified by double vacuum sublima- 
tion at 70-120°C (0.01 mmHg). Melting points were within 2°C of the literature 
values [14]. The samples were then stored in vacuum-sealed borosilicate glass tubes. 
Solutions for GLC were prepared in purified. deaernted terrahydrofuran. Such 
solutions were generally stable for at least four days in the dark. but rapidly 
decomposed on exposure to air and light. 

Thermal analyses were performed on a Rigaku Thertnoflex M8076 combined 
TG/DTA instrument with powdered samples (7.5 mg) in platinum cups and heating 
at 7 0 “/min in argon or air (100 ml/min). Identification of volatiles. where required. 
was obtained by cooling the exit tube of the furnace in a mixture of dry ice and 
acetone. Condensed material was dissolved in chloroform and analysed by GLC. 
Residues from thermal analyses were tested for reaction with 3 M qulphuric acid 
under argon. 

GC was carried out with a Pye Unicam PU 400 gas chromatograph equipped 
with an SGE direct splitless injector and flame ionisation detector. Vitreous silica 
WCOT columns obtained from SGE (Australia) were 25 m x 0.22 mm ID OV 101. 
High purity dry nitrogen (( 10 ppm oxygen) was used as carrier gas together with 
on-line oxygen and moisture traps (Alltech Gas Purifier packed with 5 A molecular 
sieve and Alltech oxy-trap. The latter is claimed to reduce oxygen to less than 1 ppm 
for a carrier gas containing 10 ppm oxygen), 
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Specific retention volumes and heats of solution in the stationary phase were 
calculated as previously described [19]. Rates for on-column decomposition of the 
complexes were measured by injecting a mixture of each organometallic compound 
(50 ng) and either n-C,,H,, for the methyl derivatives or n-C,,H, (t-butyl 
derivatives) as internal standard at various carrier gas flow rates ranging from 2.0 to 
4.0 ml/min at column temperatures of 160 or 175 *C, respectively. First-order rate 
constants (k) for the decompositions were measured [19] from the decrease in 
relative peak area A,/A, according to the equation: 

and the half-life I,,, = In 2/k 
where 
A, = area for the solute peak 
A, = area for the internal standard 

1 rl = adjusted retention time for the solute peak 
t r2 = adjusted retention time for the internal standard 

Results and discussion 

Thermoanalytical properties 

Thermal analyses of the aryltricarbonyl complexes show them to have only 
marginally suitable stability for GC. Thus in the thermogram for benzenetri- 
carbonylchromium(0) (Fig. la) volatilisation begins near 100 o C and decomposition 
occurs at about 210°C. Decomposition accompanying volatilisation for this com- 
plex is ascribed to the dissociation reaction ;n eq. 1, and gives metallic chromium. A 

C,H,Cr(CO), + C,H, + Cr + 3C0 

side reaction is the formation of chromium hexacarbonyl [16], but GC analysis of 
volatile collected from the exit tube of the furnace indicated that the main 
components were unchanged complex and benzene. 

Thermoanalytical data for the methyl-substituted complexes, summarised in 
Table 1, indicates that the decomposition temperature increases regularly with the 
extent of methyl substitution. This trend parallels, and is probably a consequence 
of, the variations in Cr-arene bond energies, which also increase with the extent of 
methyl substitution [20,21]. 

The data in Fig. 2 reveal distinct trends also in the volatilities. In the methyl-sub- 
stituted series, the drop in volatility with progressive methyl substitution is almost 
certainly due to the combined effects of increased polarity and polarisability [22]. In 

the t-butyl substituted series, a somewhat different trend is observed. Here, although 
volatility decreases with the number of t-butyl substituents, the significant steric 
effect of the t-butyl groups considerably reduces the volatility difference between 
the di- and tri-t-butyl-substituted complexes. 

In air the thermal behaviour of the complexes, as expected, altered completely. 
Thus benzenetricarbonylchromium(0) decomposed at about 130 o C without sub- 
limation. The reaction, involving formation of chromous oxide, was highly ex- 



SAMPLE TEMPERATURE -C 

SAMPLE TEMPERATURE C 

Thermograms (DTA/TGj for hen~enetricarbon~~lchromlum(O) m (a) argon and (h) a~. Conditlon~ 
as described m Experimental section. Event\ identified are Cu<ion (1:) and dect)mpositlon (13) 

othermic, as evident from Fig. lb. and is ascribed to the selective oxidation shown 
in eq. 2. This conclusion was based on the appearance of the residue and its 

C,H,Cr(CO), + 20, + C,H, + CT-O + 3C0, (2) 

reaction with dilute sulphuric acid *. and on the percentage weight of residue 
obtained (Found 29.7%; calculated for CrO, 31.8%; Cr. 24.4%; Cr,O,, 36.4%). 
Percentage residues obtained for the other complexes were also consistent with the 
formation of chromous oxide. The stability of the complexes. in this case to 
oxidation. is again enhanced by the extent of alkyl substitution (Table 1). with 

* A black powder was obtained as residue. This dissolved in dilute sulphurlc acid under argon without 
gas evolution to give a clear blue solution. presumabl? of chromous wlphate. 
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Table 1 

Decomposition temperatures (obtained by DTA) for the aryltricarbonyl complexes in argon and in air 

No. of alkyl 
substituents 

(methyl) 

0 

1 
2 
3 
4 
5 
6 

(t-buryl) 

1 

2 
3 

Decomposition temperatures ( ’ C) 

Argon Air 

208, 216 (exe) 130 (highly exo) 
200 168 
221, 225 

r 230 170 (highly exo ) 
236 180 
256 
274 (exo) 182 (highly exo) 

237 (exo) 172 
254,260 (exo) 190 (highly exo) 

> 254 195 (highly exe) 

tri-t-butylbenzenetricarbonylchromium(0) the most stable species. However, it is 
apparent that rapid oxidation of all the complexes will occur at 200°C in air. 

Retention times and enthalpies of solution 
On non-polar fused-silica capillary columns the aryltricarbonyl complexes gave 

sharp, symmetrical peaks, without apparent decomposition (Fig. 3). In each series 

% 
WT. 

LOSS 

0 

20 

40 

60 

80 

100 150 200 250 300 

OYNAMIC FURNACE TEMPERATURE “C 

A 
350 

Fig. 2. Thermograms (TG) for aryltricarbonylchromium(0) complexes in argon. O-6 and lB, 2B and 3B 
identify the number of methyl and t-butyl substituents, respectively in the complex (see Experimental 
section for identification of the aryl ligands). 
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Fig. i. Chromatogram of a mixture of the complexes (100-200 nD 0 each on thr <IV 101 column). 
Temperature programming: lWOO” (8 min) to 190°c’ (3°C/iilin). hitrogen ga flow 0.Y ml/rnin. 
InJection port and detector temperatures 200°C. O-h and 1B. 1H and 38 rcfcr to the ar’l Irgandh 
lndlcatcd ,n Fig. 2. 

the elution order paralleled the volatilities, as seen in Fig. 2. However, plots of 
log tR, against the number of alkyl substituents were non-linear, and pronounced 
deviations were observed with series II *. Similarly, non-linear plots were obtained 
for the free energy of solution, AC,, against the incremental free energy of solution. 
AG,l (eq. 3) [23], again with pronounced deviation for series II. 

AG, = AG, -t n AG;’ = RT In Vg - In 273R/M (3) 

where 
V, = specific retention volume 
M = mean molecular weight of stationary phase 

* Linear plots have been obtained for the homologous series of n-alkylbenzenetricarbonyichromium(0) 
complexes [l 11. 
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Fig. 4. Plot of In VP versus 104/T for the aryltricarbonyl complexes on the OV 101 column. 

AC,, AG,, AG{ = free energy of solution for the solute, reference solute [benzenetri- 
carbonylchromium(O)], and incremental substituent (ArCH,-ArH or Ar(t- 
Bu)-ArH)g, respectively. 

n = number of alkyl substituents per molecule 

These deviations again reflect mainly steric and electronic (polarity and polarisa- 
bility) effects arising from the direct attachment of the alkyl groups to the benzene 
ring. The properties of these complexes thus do not fit the pattern observed for a 
homologous series of n-alkylbenzenetricarbonylchromium(0) complexes [II]. 

Enthalpies for the heats of solution (AH,) in OV 101 (a non-polar methylpoly- 
siloxane stationary phase) were evaluated from the temperature-dependence of Vs 
(Fig. 4) in the equation 

-AH, = 
Rd In Vs 

d(W) 

by use of a linear least-square fit of In Vg versus 104/T, as previously described [21]. 
The data, summarised in Table 2 show a general decrease in the enthalpy term for 
series I. This effect also is attributed to the increasing polarity and polarisability 
along the series. 

On-column decomposition and other column effects 
The limited stabilities of the complexes revealed by thermal analysis were 

confirmed in the GLC studies. However, the purely thermal behaviour of the 



176 

Decomposition rate 
constant (’ ‘) h 

0.0029 
0.0017 

0.0014 
0.0014 
0.0013 
O.OUI 0 

0.0008 

Half-life Heat soln. 
(mln) iB (k.1 mol ’ ) 

4.0 34.9 
6.7 - 43.2 

X.4 ~~ 46.6 
X.4 - 44.Y 
Y.1 ~ 39.Y 

Il.‘) ~~ 49.Y 

14.3 ~~ 59.Y 

Table 2 

Decomposition rate constanta, half-lives and heats of solution for the complexes on a metal-con- 
taminated OV 101 column 

No. of alkyl 
subst1tuents 

( mrrhv/) 
0 
1 
2 
3 
4 
5 
6 

( r-hUWl) 
1 
2 
3 

AdJusted retention 
time (min) u 

1.14 
1.21 
1.45 
1.X6 
2.7 
4.5 
7.4 

2.8 
6.2 
6.4 

“ Methyl series at 182OC. t-butyl series 1Yl’c’. ’ Determined at 160°C. ’ No decomposition detected 
for these compounds within determination limit of IO ’ S- ‘. 

complexes was complicated by their instability in solution and catalytic. and/or 
oxidative, decomposition in the column. 

Solutions of complexes prepared without precautions were found to decompose 
fairly rapidly, but solutions in de-aerated solvent in the absence of light were 
completely stable for at least four days. When the solutions were stored in the dark 
but not de-aerated, much slower decomposition rates were observed. implying that 
photoxidation is the primary mechanism of decomposition for these complexes. 

Although on-column decomposition of the complexes was not observed on new 
columns. such decomposition was observed on columns repeatedly exposed to the 
complexes or other metal compounds [19]. This is evident from Fig. 5 for the case of 
series I complexes. At a fixed temperature (160” c‘) these complexes underwent 
pseudo first order on-column decomposition with half lives of 4 to 14 min (Table 2) 
on the “active” columns. Half-lives increased in a regular manner with the extent of 
methyl substitution. No significant decomposition was obtained for the t-butyl-sub- 
stituted complexes up to 200°c‘ even on “active” columns. In series 1 complexes. 
decomposition probably proceeds as shown in eq. I, catalysed by traces of C’r metal 
or other Lewis acid sites in the column. 

The propensity of the complexes to on-column oxidative decomposition at 
elevated temperatures was confirmed with air as the carrier gas. In such experi- 
ments, very small peaks corresponding to the starting complexes were htill observed 
at 160” C, but earlier peaks corresponding to free arene were the main components 
identified in each case. From these observations it is evident that the level of oxygen 
in the carrier gas must be kept as low as possible *. Commercial gas purifiers with 
indicating tubes can now assure levels of oxygen below 10 ppb 1241. 

* In principle there is sufficient oxygen in 10 ml of nitrogen carrier gas containing I ppm oxygen to 
oxidise about 50% of 1 pg of henzenetricarhonylchromlum(0) according to eq. 2. 
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Fig. 5. Relative peak area for organometallics (100 ng) versus column temperature. Flow-rate was varied 
to maintain constant retention times. Other conditions as in Fig. 3. 

In addition to the above problems, GC columns, even highly inert fused silica 
columns exhibit non-ideal effects which may be important in quantitative applica- 
tions. Such effects are evident from peak distortion reversible and irreversible 
adsorption, and catalytic decomposition. Furthermore, they become more pro- 
nounced with column usage, particularly when reactive compounds such as 
organometallics are introduced into the column. These effects can be monitored by 
standard procedures such as those described by Grob [25]. For the complexes 
studied, changes produced in the capacity factor (retention), skewness (peak asym- 
metry), and relative response for a fixed set of organic test compounds were 
measured on a new column before and after repeated introduction of benzenetri- 
carbonylchromium(0) comprising 100 injections of 1 pg of complex in tetrahydro- 
furan. The pure solvent, used first as a control, produced no changes in column 
parameters. Changes observed after the introduction of the complex were small but 
significant (Table 3) and led to enhanced retention and tailing for the organic test 
compounds. Relative responses based on peak area altered significantly only for the 
basic test solution containing 2,6_dimethylaniline. This implies an increase in acidic 
sites within the column following the introduction of complex. These sites may 
involve chromium or chromous oxide deposits. 

The above effects were partially reversed by repeated injection (25 X 0.2 ~1) of 
trifluoroacetylacetone (Htfa) on to the column. The effectiveness of this reagent is 
attributed to scavenging reactions (eq. 4 and 5) which lead to volatile chelate species 
that come off from the column. 

ZCr(s) + 6Htfa(g) + 2Cr(tfaL(g) + H,(g) (4) 

2CrO( s) + bHtfa( g) 4 2Wtfa)dg) + 2%0(g) + H,(g) (5) 
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Table 3 

Data for test solutes on a new OV 101 column before and after introduction of 100 x 1 pg benLenetri- 
carhonylchromium(0) onto the column. Capacity factors were determined at 90 “C. Skew and relative 
response were calculated from chromatograms involvmg temperature programmrng (h()L105° C at 
Z”/min) 

Compound Capacity factor ‘I Skew ’ 

New lJ sed New Used 

Kclativr response ” 
___- 

NCA’ Used 

octan-2.one 0.67 0.80 1.44 1.64 0.43 0.38 
octan-1-01 1.24 7.43 1.49 1.7? 0.30 (I.29 
2.6-dimethylphenol 1.54 1 .I5 1.37 1.53 0.52 0.53 
2,4-dirnethylaniline 2.26 2.48 1.44 1.61 0.90 0.64 
naph t halene 2.b5 2.86 1.25 1.21 1.14 1.16 
n-dodecane 3.39 3.65 1 .oo 1.01 1 .oo 1 .oo 
n-tridecane 6.50 6.81 0.98 I .02 I.32 1.41 

u Measured isothermally at 95 o C. ” Measured with temp. programming 6OL 105 o (: at ?.“/min. Relatrve 

responses were measured relative to n-dodecane taken as 1.00. 

Metals, oxides, and carbonyls are known [26,27] to react with Htfa in this 
manner, but rates are relatively slow. A more effective column treatment may 
involves passage of ligand vapour continuously through the column. Complete 
recovery of the column characteristics was achieved in this way. A problem with this 
approach, the so called ligand vapor gas chromatography (LVGC) method [2X]. is 
the possibility of actually- adding metallic impurities to the column by reaction ol 
ligand vapor with metallic components from the syringe and/or injection system 
[29], and so a system in which the ligand vapor does not come into contact with 
metal prior to passing through the column may be required. 

Conclusion 

Great care is required in quantitative studies of aryltricarbonylchromium(0) 
complexes. and by implication other organometallics, by GC. De-aerated solvents, 
inert columns, and injection systems. low column temperature. and purification of 
the carrier gas stream are particularly important. Irreversible changes in column 
characteristic are to be expected for most organometaliics, and can be monitored as 
described. Regeneration of columns used in such work may be effected by treatment 
with trifluoroacetylacetone. 
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