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SL’MMARY 

Stai~ess-steel porous-layer open tubular (PLOT) columns have been made 
with Dexsil and other stationary phases suitable for the separation of a range of 
volatile metal chelates and organometailic compounds. Integrity of the substrate is 
assured by multipIe coating of the stationary phase. Structural isomers of chromium 
$diketonates and mixed Ii--d redistribution products are resolved and eluted 
without sample loss to flame ionization detection iimits. A family of tetradentate 
copper #?-ketoamine chelates are separated and the pyrolysis products of analogous 
tetradentate salicylaldimine complexes are resolved. Vapor phase infra-red spectro- 
photometry is used on-line with the PLOT cohunn eluent for peak identification. A 
range of metallocene organometaUics are separated including ferrocene, ruthenocene 
and osmocene, and substituted ferrocenes are resoIved with iron specific detection by 
d-c_ argon plasma emission spectroscopy_ Cyclopentadienylmanganese tricarbonyls 
and cyclopentadienyIchromium nitrosyl carbonyl species are also chromatographed. 

INTRODUCTION 

Porous-Layer open tubular (PLOT) capillary columns, first deve!oped by Ha&z 
and Horv5th1 and coated by the dynamic method are easily made in the laboratory 
and their applications have been widely developed, particuiarly by Nikelly=. They are 
particuIarly attractive in the general chromatographic laboratory since column 
parameters may be readily optimized, cohunns may be easily cleaned and repacked 
thus reducing the ditftculties experienced by degradation of performance of wall- 
coated open tubular (WCOT) columns by sample decomposition or deposition of 
invoIatife residual materials. Their inherently higher capacity factors allow direct 
sample injection in the 0.1-1.0 ~1 range without complex splitting systems. It is easy 
to experiment with new stationary phases and packing conditions. Also important is 
the compatibility of PLOT cdarnns both with preceding analytical devices such as 
pyrolysis units which may be directIy interfaced with total sample transfer, or with 
subsequent identification devices. Mass spectrometric (MS), vapor phase infrared 
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(IR), molecular weight, emission spectroscopic and other instrumental systems may 
be interfaced with little sacrifice of resolution and also with the capability to receive 
sutEcient sample in eluted peaks to allow adequate characterization. 

The development of stable stationary phases usable at high column tempera- 
tures has also been much in evidence in recent years. Prominent here have been the 
carboran+silicone Dexsil phases which have been widely used in packed columns 
and have also been utilized in commercial support-coated open tubular columns. It 
has been reported however that Dexsil coatings on WCOT columns have limited 
mechanical stability above 200”C3 although some applications have been no&#. The 
use of Dexsil 300 GC, 400 GC and 410 GC have been particularly encouraging in 
metal chelate gas cbromatography5n6, particularly for @-ketoamine and salicylaldim- 
ine complexes where stability, peak shape, resolution and available temperature 
range are all favorable. PLOT columns have not previously been utilized with Dexsil 
phases. 

There appear to be no reported examples of open tubular column gas chroma- 
tography (CC) of metal chelates and little attention to organometalIics’**. We give 
examples of various metic systems resolved on Dexsil and other PLOT columns 
and also consider the application of the interfaced Fyroprobe pyrolysis unit to direct 
chelate pyroljrsis and interfaced rapid-scan IR spectrophotometry for RLOT column 
peak identification. 

EXPERIMENTAL 

Metal chelates and organometallic co.mpom& 
Chromium trifluoroacetylacetonate, Cr(TFA),, was prepared from trifiuoro- 

acetylacetone and chromium(III) nitrate by standard procedures and a sample en- 
riched with respect to the cis isomer prepared by silica gel column chromatographyg. 

The mixture of mixed ligand chromium hexatluoroacetylacetonate-trifluoro- 
acetylacetonate chelates was prepared by photochemical redistribution between 
Cr(TFA), and Cr(I-IFA)3 in benzene followed by silica gel column chromatography. 

The copper@) tetradentate p-ketoamine chelates were prepared as reported 
previouslylo. N,N’-Ethylenebis(salicylaldimine) was prepared by condensation of 
ethylenediamine and salicylaldehyde and the copper and nickel chelates prepared by 
established procedures”. 

The metallocenes were obtained from Professor M_ D. Rausch (University of 
Massachusetts, Amherst, MA, U.S.A.) as were the cyclopentadienyl-dicarbonyl- 
nitrosyls. The cyclopentadienylmanganese tricarbonyl compounds were obtained from 
Strem Chemicals (Danvers, MA, U.S.A.). 

Coating procedure for the PLOT columns 
The stainless-steel tubing used was 0.03-in. I.D. 316 grade (Handy and Harman 

Tube Corp., Norristown, PA, U.S.A.) and the coating apparatus was based on that 
described by Nikelly2. Chromosorb R-6470 (Johns-Manville, Denver, CO, U.S.A.) 
was used as the substrate although Tullanox 500 (Applied Science Labs., State 
College, PA, U.S.A.) was also assessed. The following procedure was found best for 
coating OV-101 and particularly Dexsil 300 CiC. As noted subsequently, adequate 
coating is especially important for successful chromatographic elution of the metal 
chela&&s. A mixture consisting of 5% (w/v) Chromosorb R-6470 was prepared in 
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6 ml of methylene chloride. The slurry was Grst shaken for 30 min, any lumps of 
support material being dispersed as fat as possible with a spatula. The slurry was 
then IeR to stand overnight, during which time a free flowing uniform milky suspen- 
sion was obtained. The use of larger amounts of support gave too viscous non-uniform 
slurries yielding less e&zient columns. The empty cohnnn was fiiled with methylene 
chloride, the agitated slurry poured into the cohunn packer tube and nitrogeu tank 
pressure applied at 30-40 p.s.i. The emergent clear methyIene chloride was discarded 
until excess slurry emerged which was collected. The process was repeated until the 
slurry emerged as a viscous uniform flowing liquid which gave smooth complete 
coverage of a &an metal spatula dipped into it_ The number of cycles necessary 
depended upon the initial viscosity of the slurry and ranged from one to four. 
Nitrogen pressure was then reduced to about 10 p.s.i. and the column allowed to dry 
under nitrogen for 45 ruin. Conditioning was particularIy important for the De&l 
300 CC column, the method used being similar to that described by Burgett12. The 
column was heated for 1 h at 80°C with no flow and the temperature then program- 
med at 4”Cjmin to 180°C with a helium flow of 10 ml/ruin and held there for 12 h. 
Finally, the temperature was programmed at 4”C/min to 250°C and held for 4 h. 

Gas chomarography 

Varian 1200, 2760 and Perkin-Elmer 990 instruments were used as noted 
with &me ionization detection except where otherwise indicated. 

A Pyroprobe 100 pyrolysis unit was employed (Chemical Data Systems, 
Oflord, PA, U.S.A.) in conjunction with Perkin-Elmer 990 and Varian 2760 =“as 
chromato,oraphs using a specially designed cooled probe interface to preclude prior 
volatilization and degradation of the complexes before firing of the probe13. 

Vapor phase ihfrared spectrophotomeiry 

A Norcon 201 rapid-scan vapor phase IR spectrophotometer (Norcon, South 
Norwalk, CT, U.S.A.) wzs used, interfaced with a Varian 2760 gas chromato_=ph, 
the fulI instrumental system having been described previously*~J5. 6-set scans were 
taken and digitaI filtering, background subtraction and normahzation carried out by 
an interfaced PDP l! IOE minicomputer. 

Direct-current argon plasma emission spectroscopic detection 

A prototype Spectraspan III echehe spectrometer (Spectrametrics, Andover, 
MA, U.S.A.) incorporating a high temperature argon plasma jet was interfaced 
through a heated transfer line to a Varian 1200 gas chromatograph. Full details of 
the system have been descrihedxG16. 

RESULTS AND DISCUSSION 

GC of voIatile metal chelates has been well established and reviewed by various 
authorsxGX. 

The isomeric mer(rra) and fic(cti) tritluoroacetylacetonates of trivaIent 
transition metals such as chromium and rhodium provide a good example of the 
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separatory power of GC, These species formed as an equilibrium mixture on reaction 
of metaI with ligand may be interconverted at elevated temperatures in both liquid 
and vapor phases= and the latter reaction in fact dictates the maximum column 
temperature that may be used for their separation. Cr(TFA), has been used as the 
species of choice for trace chromium analysis24*S but care must be taken either to 
choose a stationary phase which will not separate the isomers, or to take careful 
account of the isomer ratio present. Probably the 5est packed cohunn resolution for 
this system was obtained by KutaI and Severs= on a glass column containing open- 
pore polyurethane although column efliciency was not very high due to the short 
column used. Among classical stationary phases employed for this separation, 
fluorosilicones are the best. 

A 33-e. De&l 300 GC PLOT column was used to obtain the isomer separa- 
tion shown in Fig. 1. 

CdTFA 3 merttrans) 

0 8 16 24 32 40 4’8 
Min 

Fig. 1. Separation of mer(trans) and faclcti) chromium trifIuoroacetyIacetonate. CoIumn, 33 ft. x 
0.03 in. I.D. stainless steel PLOT Dexsil 300 GC. Temperature, 100°C. Helium flow-rate, 3.6 ml/ 
mUI. 

Plate numbers of around 4CKlO for the mer and So00 for the fat isomer are 
observed and the resolution factor is close to 5. This resolution is exceptional when 
it is noted that a 2-m packed 2% Dexsil column shows virtually no resolution. In 
contrast an OV-101 PLOT column of similar dimensions gave a resolution factor of 
approximately 1.5. Although plate numbers obtained are substantially smaller than 
those noted subsequently for organometailic species, this is not atypical for metal 
chelates generally and the effectiveness of the column is still well indicated. The small 
degree of tailing noted for the ,ner isomer may be due to slight on-column isomeriza- 
tion to the@ isomer with consequent lengthening of retention time. 

An example of the effectiveness of the PLOT column in the temperature 
programmed mode is shown in Fig. 2 which shows a separation of Iigand redis- 
tribution products of trifluoroacetylacetone and hexafluoroacetylacetone on Cr(IlI). 

For these mixed ligand species there are seven possible complexes of the 
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A CrWFAI2TFA 

8 C~HFA<TFA$-I 

C CrHFA(fFA+2 

D Cr(TFAb-mar 

E Cr<iFAb-tat 

Min 

Fig. 2. Scpration of trifhomzcctylacctone uld hexzfhoroacetylacetane redistribution products on 
chromium(III). Column and conditions as in Fig. 1, except temperature: progran?led from 60 to 
110°C at 2’/min. 

formula Cr(TFA),(HFA)s_, obtainabIe from reaction of Cr(II1) with a ligaud 
mixtun9. Moshier and Sieve&g reported preliminary studies showing separation 
of all seven species but detailed chromatographic study has not been reported. The 
separation depicted shows good resolution of five peaks. Cr(HFA),, present only at 
a very low level is unresolved from solvent, but the remaining chelate groups are 
well separated_ Peak C probably contains two unresolved components of the three 
possible geometric4 isomers of Cr(HFA)(TFA)2. As calibration curves arc linear to 
detection limits at nanogram levels, as for hydrocarbon standards, it appears that 
these compounds do not degrade 011 the multicoated PLOT column, although 
noticeable peak shape deterioration and sample loss were seen below the microgram 
level for singly coated cohmms_ Since it has been shown for these &diketonates and 
&aminoketonates that elution is possible to pico,m levels on packed staiuIess 
steel columnsz7~28 with sufkiently deactivated substrates, it is probable that dcgra- 
dation on PLOT columns occurs IargeIy on incompletely covered diatomite substrate. 
For the metal complexes discussed here there is little evidence of catalyzed on-column 
degradation on stainkss steel al*&ough there are many other instances where this 
does occur’*“. 

As an example of the effkctiveness of the Dexsil PLOT column for less volatile 
metal chelates at higher column temperatures, Fig. 3 shows a separation of the 
copper chelates of N,N’-ethylenebis(trifluoroacetyIacetoneimine) and its propyIene 
and butylene analogues [Cu(enTFA& Cu@nTFA,) and Cu(bnTFA~]. The latter 
exhibits racemic and meso geometrical isomersM. 

The resolution factors between successive peaks arc in the range 4-5, this 
being greatly superior to the best packed column resolution obtained on a QF-1 
ffuorosilicone colunm30 where baseline resolution is only just obtained for the latter 
three chelates. Plate numbers are again in the 4000-50QO range, this stih comparing 
favourably with the typical values of around INJO plates obtained on packed columns. 

The data which we have obtained so far on these PLOT columns suggests 
that they have considerzbble potential for metal chelate analysis particularly for the 
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separation of diflicultly resolvable chelate pairs such as copper and nickel @-heto- 
amine complexes. We intend to evaluate DexsiI uld other high temperature PLOT 
and also WCOT columns for a variety of chelate systems. 

Central to the study of volatile metal compound GC is an understanding of the 
relative volatilities and thermal stabilities of different species. An example of a 
system studied in this context is that of the tetradentate salicylaldimine complexes 
shown in Fig. 4. 

012345676910 
Min 

Fig. 3. Sep&ation of copper(H) N,N’-dky~enebis(tduoroacetylacetoneimine) chelates. Column as 
Fig. 3 at 225°C. 

Fig. 4. Structure of N,N’-alkylenebis(saiicylaldimine) complexes. M = Cu. Ni, Pd, etc. R and R’ = 
H, CH,. 

These are analogous to the tetradentate &ketoamine complexes and their 
bidentate analogues may also be gas chromatographed3f. However, the tetradentate 
complexes appear to have marginally insutlicient volatility for GC and their thermal 
degradative behaviour has been the subject of considerable study. These complexes 
additionally are being investigated as possible fire retardant additives for polymers. 
Pyrolysis was carried out with a Pyroprobe coil probe unit which forms part of the 
thermal analysis system described elsewhere 14.15_ In this study we wished to establish 
the reproducibility of pyrolysis patterns for the interfaced PLOT cohmm for both 
ligand and complexes for repeated pyrolyses over au extended period. The capacity 
advantages of the PLOT column in the interfaced pyrolysis mode are evident as 
stream split&g may be avoided, thus prechuling any fractionation of the wide 
boiling range of products. Since a considerable range in polarities of pyrolysis frag- 
ments was encountered, a Carbowax 20M PLOT column was used for this study. 
Further identification of pyrolysis fragments was carried out by GC-MS and by 
GC-IR in order to elucidate degradation mechanisms as fat as possible. The full 
study will be published subsequently32 but some chromatographic and IR data are 
presented here. 

Fig. 5 illustrates a fmgerprint PLOT pyrogram of the free ligand N,N’-&hyl- 
enebis(salicylaldimine), l&(enSal3, the column being temperature programmed from 
80 to 200°C. 
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This li_pand itself is sufliciently volatile to vaporize at the injection port tem- 

perature of the gas chromatograph thus preventing any reproducible pyrolysis unless 
the cooled version of the Pyroprobe13 is used to hold the sample at ambient tem- 
perature until the probe is final Both reproducibility of pyrolysis and of PLOT 
column chromatography are found to be excellent under the stated conditions_ 
Fig_ 5 shows a pyrogram obtained after approximately 50 pyrolyses and it is essen- 
tially superimposible upon a pyrogram obtained on the column when first packed. 
In general the column efhcienq of this Carbowax 20M column when employed in 
the pyro!ysis mode was doseiy similar to that shown for direct injection. 

To further indicate the reproducibility of pyrolysis, Fig. 6 shows comparison 
chromatograms obtained under the same pyrolysis conditions for Cu(enSal3 and 
Ni(enSaQ While some pyrolysis peaks are common to ligand and complexes, there 
are considerable differences in both distribution and intensity for each compound. 
Peaks Iabelled A to K have been examined both by interfaced vapor phase IR spectro- 
photometry and also by GC-MS. Tentative assi_gmnents are: A = methane; 
B = benzene; C = toluene; D = benzylamine; E = methylbenzylimine; F = ethyl- 
enebenqlimine; G = o-hydroxycyanobenzene (?); I-I = unknown; I = u-hydroxyl- 
benzylimine; 3 = ~hydroxyethylenebenzylimine; K = N,N’-ethylenebis(salicylal- 
dimine) (7). 

Fig, 7 illustrates a vapor phase IR spectrum of pezk I in the pyre_=. The 
sample level which can be separated on the PLOT column without appreciabIe loss 
in efliciency is compatible with the acquisition of informative IR spectra of individual 
peaks. The spectnun shown corresponds to a few micrograms of component I and 
the assignments made in Fig. 7 correspond welI to the hydroxy-imine structure shown 
which is flier substantiated by MS analysis. 

The peak width obtained from the PLOT column is entirely compatible with 
the IR scan time and computer programs are under development to facilitate iden- 
tication of unknown species. 
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Fig. 6. Pyrograms of cU(enSd~ and Ni(enS&. Conditions as in Fig. 5. 

In general there have been reIativeIy few organometallic chemicaI systems 
which have been gas chromatographed, and in particular transition metal compounds 
have received restricted attention because of the lower thermal stability of many of 
them and their greater sensitivity to oxygen and water. Guiochon and Pommiefl 
discuss the litesature avsilable on metallocenes, particularly ferrocene and its deriv- 
atives. A number of transition metat carhonyl compounds have also been gas ch~o- 
matographed including arene and CycIopentadienyl systems. No capilkry column 
separations are in evidence however. 

We have assessed a number of transition me&I organometalks on stainIess 
steel PLOT cohmms and found excellent column eEciencies. As is noted from the 
following examples, pIate numbers in the range of lO,OO0-2O,UG0 are easily obtained 



I v--- CH.OH - 

At-- 

N-H.C=C.C=N- 

cm-1 1000 700 

!Sg_ 7. Vapor phase IR spectrum of pezk I in sa!iqAaIdimine pyrograns (Figs. 5 and 6). Gsec scan 
with computer fikr%g. background correction and nonnaliration. 

for thermally stable compounds, efficiencies comparable with inert or-&c com- 
pounds such as parafks. It is also important to be assured of the integrity of the 
eluting peaks particuIarIy for potentially rapidly degradable compounds. 

Fig_ 8 ilbsmti the separation ofanalogous metahocenes in the iron group. 
Plate numbers between 6OQO =d 12,000 we= found for these compounds with 

very slight peak tailing. As expected, elution order folIows the order of molecukr 
weight increase. 

Fig. 9 shows the separation of a series of substituted ferrocene derivatives. The 
presence of the various halogen substituent groups has minimal effect on peak shape 
or cohunn efficiency emphasizing that the good chromatographic behaviour depends 
primxiIy on the stability of the ferrocene moiety. In addition to the ff ame ionization 
detection trace showu, the d-c. argon plasma emission detector trace monitored at 
372.0 nm is shown. This serves to verify in this cbromatogram that the eluted peaks 
correspond to iron compounds and that the relative response factors are very closely 
similar to those seen in the &me ionization trace. 

The cohmm efficiency as monitored by the d-c. plasma detector is identical 
to that noted for the flame ionization detector indicating that the low voIume interface 
constructed for this purpose has a minimaI band broadening contribution. (Optimal 
plate numbers were also maintined by using argon make-up gas.) For the iron 
complexes detection limits are in the low ng region. 

The separation of three novel organometahic compounds is shown in Fig. lo_ 
The cyclopentadienyi_ony~~osyls of chromium, molybdenum and tungsten 
show good peak shape with the exception of slight tiling of the tungsten peak- 
Direct-current plasma emission monitoring of this peak shows the tail to result from 
cc&mm characteristics rather than from baud broadening in the interface- Plate 
numbers in excess of lO,OOO are again obtained, emphasizing the excellent behaviour 
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Et20 

FERROCENE 
UTHENOCENE 

MOCENE 

012345 
Mill 

Fig. 8. Metalloccne separation. 
1 SOT. 

cohuM. 33 ft. x 0.03 in. I.D. staidess steel PLOT OV-101 at 

A.FERROCENE WC) 

B=l$-DICHLORO-Fc 

D=l,l’DIBROMO-Fc 

01 2345 
Min 

Fig. 9. Separation of halogenated ferrocene derivatives_ Column as in Fig. 8 at 170°C. Upper trace, 
Hame ionization detection; lower trace, emission at 372.0 run. Sample split 1 :l. 

of compounds of this type on PLOT columu, quantitative response being maintained 
to the ng level. 

An example of an organometallic system of considerable current analytical 
interest is cyclopentadienylmanganese tricarbonyl, used widely as an alternative 
anti-knock gasoline additive to lead alkyls. In particular the methylcyclopentadienyl 

Et20 

Cp Cr<CO)2NO 

012345 
Min 

Fig. 10. Separation of chromium, molybdenum and tungsten cyc2opentadienyl-ditarbonylnitrosyls. 
Column as in Fig. 8 at 155°C. 
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compound is impoaant and may be d&eti& readily by means of specik man- 
ganese determination in the GC4.c. argon plasma spectroscopic mode. The simple 
resolution of the manganese species from gasoline components is not straightforward 
even by open tubular GC. A simple quantitative method utilizing the addition to the 
sample ofcyc~opentadie~ylman~ese ticarbonyl as an internal standard and GC- 
d-c. argon pLasma detection has been reported~ and analysis has also been carried 
out by a hydrogen atmosphere &me ionization detectop. The PLOT resolution of 
these two manganese compkmis is illustrated in Fig. 11. 

0 

CpMdCO~ 
\ 

3 6 

. 

[ 
- 

weep Ml-l (CO), 

/ 

1 
3 12 m,n 

I V~’ 

I 

c-MoCpMn (CO 13 

&p?*Incco I3 

F= II_ Zkpaation of ~~opcntadienyhangme~ trhrbonyl compouuds. Upper traaz_ Dexsil300 
GC; lowrr trace, OV-101. CAmms. 33 ft. x 0.03 in. I.D. stainkss steel PLOT at 120°C. Injector 
temperature. 150°C. Detector temperature. ISO’C. Helium flow-rate. 3.5 ml/n&x 

The bebaviour of these compounds on OV-101 and Dexsil3OO GC are com- 
pared, column conditions being set identically. Both columns show theoretical plates 
for both compounds in the region of 20,ooO. However, the Dexsil column retains them 
more than the OV-101 coIumn and gives greater resolution (16 W. 12). It is also 
apparent that the Dexsil phase gives somewhat more symmetrical peaks and the 
slight tailing on OV-101 is absent. The high efficiency obtained on the Dexsil300 GC 
c&mm in this case emphasized it to be greatly dependent on compound type since 
plate IIU~IXXS ZUE four or five times lager than those obtained for the chelates. 

The exampIes cokdered in this paper emphasize that PLOT columns have 
much potential for the chromatography of metal compounds. Further, the ready 
compatibility they exhibit with interfaced pyrolysis and novel detection systems such 
as vapor phase IR and plasma emission spectroscopy serve to make their future 
application for metallic species of considerable interest. 
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