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SEPARATION AND PURIFICATION METHODS, 5(1), 1-32 (1976)

THE GAS CHROMATOGRAPHY OF 3-DIKETONATES

C.A. Burgett
Applications Lab, Hewlett-Packard
Route 41, Avondale, PA. 19311

Since the initial studies of James and Martinl'2, gas chromatography
has revolutionized separations in organic and biochemistry. The development of
the gas chromatography of metallic species has been relatively slow in coming;
however, the inherent advantages of extraordinary sensitivity, speed and ease of
separating mixtures of closely related compounds, has promoted a recent surge of
interest in the technique. In general, gas chromatographs are not conveniently
operated at temperatures in excess of 350° C. This temperature requirement places
severe limitations on the types of inorganic compounds that can be chromatographed.
In most, but not all cases, the metal complex must exhibit a vapor pressure of 0.1 to
| mm of mercury in order to have a reasonable rate of gas-phase migration through

the column3

. To meet the requirement, the complexes must be unusually volatile
and thermally stable in the chromatographic column. Metal compounds of suitable
volatility are limited in number and include metal alklys, metal alkoxides, metal
carbonyls, metal hydrides, metal halides, 7-bonded metal complexes and g-diketo-
nates. Furthermore, the compounds must.be formed in quantitative yield to be of
practical analytical utility. The metal halides and the metal f-diketonates are the
only two of the above which meet all these requirements.

Pommier? has reviewed the determination of inorganic halides by gas

5 have reviewed the literature

chromatography up to 1966 and Anvaer and Drugov
from 1963 to 1970. Although many techniques have been developed and employed,
the utility of metal analysis as metal halides is limited by the difficulty in synthesis

and sample handling. By far the greatest chromatographic success has been achieved

1

Copyright © 1976 by Marcel Dekker, Inc. All Rights Reserved. Neither this work nor any part
may be reproduced or transmitted in any form or by any means, electronic or mechanical, including
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without permission in writing from the publisher.
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using metal B-diketonates as the volatile species, Research in this area has grown

at such a rate as to have produced one book® completely dedicated to the subject and
an entire chapter in a second”. In addition six review articles$:210:1112,13 paye been
published since 1966.

The volatility of metal acetylacetonates was first described by Morgan
and Moss in 194114. In 1955 Lederer15 first suggested gas chromatography of
metals as chelates of acetylacetone, but it was not until 1959 that Duswalt16
actually chromatographed the acetylacetonates of berylium, zinc and scandium.

Simultaneously, Biermann and Gesserl'7

reported the successful elution of berylium,
aluminum and chromium as complexes of acetylacetone. Although some success
was achieved, the majority of the acetylacetonates are not sufficiently volatile and
thermally stable to be chromatographed in the gas phase. In 1963 Sievers et al.18
published a paper describing the gas chromatography of several metal chelates of
acetylacetone H(ACAC), trifluoracetylacetone H(TFA) and hexafluoracetylacetone
H(HFA). This paper was noteworthy in that it demonstrated a remarkable increase
in volatility of the chelates of the fluorinated ligands. This increase in volatility on
fluorination has been attributed to a reduction in van der Waals forces and a decrease
in intermolecular hydrogen bondingls.

Since 1963 the range of chelates of the §-diketonates which have been
chromatographed has grown rapidly. A complete listing of the metals which have
presently been studied is presented in Figure 1. A single asterisk marks complexes
which have been determined quantitatively. The complexes with two asterisks have
been eluted without apparent evidence of decomposition, and those with three
asterisks produced chromatographic peaks, but there is evidence of some decompo-
sition. The superscript “a” denotes complexes which have been eluted as mixed-
ligand complexes with di-n-butylsulfoxide, DBSO. A superscript “b” indicates
mixed-ligand complexes o; tri-n-butylphosphate, TBP and the superscript “‘c” refers
to the complex MoO, (ACAC), .

It is apparent from this figure that virtually every metal capable of
forming a complex with an oxygen donor has been studied by gas chromatography.
Only those complexes which have completely filled coordination spheres or ligands
which sterically restrict hydration have been successfully eluted without decomposi-
tion. The greatest success in gas chromatographic analysis has been realized for
chelates of the small elements, berylium and aluminum and the extremely inert

chromium diketonates.
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The ability of the central metal atom to expand its coordination sphere
to numbers greater than twice the positive charge has caused chromatographers
many problems particularly with the divalent transition metals and the lanthanides.
For example, the majority of the tris-f-diketonates of the lanthanides are eight
coordinate. After formation of the tris complex with the §-diketone ligands, the
remaining vacant coordination sites are filled with the solvent in which the lanthanide
resides. When these sites are filled with water, problems occur in the thermal stability
and in the solvent extraction of lanthanide §-diketonates. Mitchell1? has shown that
hydrated lanthanide $-diketonates decompose during thermal analysis. The presence
of water in the coordination sphere contributes to the thermal instability by promo-
ting self hydrolysis of the complex at elevated temperature. This thermal decompo-
sition makes it difficult to determine the tris-f-diketonates of the lanthanides by gas

chromatography. Eisentraut and Sievers20

reasoned that the most promising
approach in obtaining anhydrous, stable, volatile complexes would be with ligands
which were sufficiently bulky to offer steric interference to the formation of hydrates.
With this goal in mind, they synthesized 2,2,6,6-tetramethyl-3,5-heptanedione,
H(THD). Using H(THD) they were able to prepare solid, anhydrous chelates of the
lanthanides and reported the first successful determination of the lanthanides by gas
chromatographyzo.

Springer, Meek and Sievers21 synthesized the f-diketone 1,1,1,2,2,3,3-
heptafluoro-7, 7-dimethyl-4, 6-octanedione, H(FOD) to increase the volatility and
retain the steric interference required for the formation of anhydrous complexes.
They prepared the solid lanthanide chelates as monohydrates and found them to be
easily dehydrated under vacuum. These anhydrous chelates were successfully
chromatographed and were much more volatile than the H(THD) chelates. No gas
chromatographic separation or quantitative data were reported and lanthanum,
cerium and praseodymium chelates were not eluted. As a resulted of these studies,
Eisentraut and Sievers were granted two U.S. patents22’23. While these studies were
impressive and contributed to the understanding of the undesireable chromatographic
properties of hydrated complexes, very few analytical methods for metal analysis by
gas chromatography had been developed.

In order to be suitable as an analytical method the sample preparation
should be rapid, assist in isolation from interferences and be quantitative. The
majority of the preparations of the metal chelates have been by direct synthesis.

This technique is less than quantitative and requires sublimation for isolation and
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purification before injection. The technique for solvent extraction allows rapid pre-
paration of a chelate in the organic phase ready for injection and chromatography.
Many of the metals shown in Figure 1 can be readily extracted, however, some, such
as the divalent transition metals and the lanthanides, are not easily extracted. The
difficulty in the solvent extraction of metals is a result of the formation of hydrated
complexes. This hydrophilic nature precludes efficient fransfer to the organic phase
in an extraction. Ferraro and Healy24 found that an organic base such as tri-n-butyl-
phosphate will displace water from the coordination sphere of the lanthanide
complexes, thereby making the complexes hydrophobic and effecting a quantitative
extraction. The research on mixed-ligand extraction, commonly referred to as
synergic extraction, has been thoroughly reviewed by Cary25 and Mi'achelllg.

Mitchel11? has recently completed a study of synergic extraction
systems, employing fluorinated §-diketones and various organic donors. Several
mixed-ligand complexes which were both volatile and quantitatively extracted were
identified. Mitchell has shown that the formation of a mixed-ligand complex of the
lanthanides in an extraction is represented by Equation 1.

MY+ 3H(L), + nD = M(L)3 + mD, + sHt 1)

The subscripts (o) are used to indicate the organic phase. When the initial concentra-
tion of $-diketone, H(L), is kept constant and in excess and the concentration of HY
is kept at a low level, (pH = 5.5), the equilibrium is dependent on the amount of
neutral donor D. The extraction becomes quantitative when the stoichiometric
amount of neutral donor is added. Mitchell also reported that symmetrical, fully
fluorinated ligands, containing seven carbon atoms or more, possessed the best
extraction properties.

Butts and Banks2® were the first to apply mixed-ligand systems to the
extraction and subsequent gas chromatographic determination of the lanthanides.
The technique allowed direct preparation of anhydrous HFA-TBP chelates in the
organic phase ready for injection into the gas chromatograph. Sieck27 has studied
several mixed-ligand systems and achieved successful elution of the lanthanides as
mixed-ligand complexes.

Burgett28 found that the symmetrical ligand 1,1,1,2,2,6,6,7,7, 7-
decafluoro-3, 5-heptanedione could be used in combination with di-n-butylsulfoxide
for the synergic extraction and subsequent separation of the lanthanides28,29,30,31
Subsequently Utsunomiya et al.32 eluted the lanthanides as mixed-ligand complexes
of pivaloylitrifluoracetone and tri-n-butylphosphate or trioctylphosphine oxide.
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Synergic solvent extraction has also found utility in the preparation of
stable complexes of cobalt (II), iron (II) and nickel (11)33:34:35 414 Sieck et al.36
have reported the successful separation and quantitative determination of uranium
and thorium as the HFA-DBSO mixed-chelates. Mitchell and Banks37 have shown
both U(HFA), and UQ, (HFA), TBP to be volatile and chromatographable.

Since the initial report of the gas chromatography of metal 8-diketonates
in 1963,18 workers in the area have reported many non-ideal column phenomena.

Frequent observations of column “loading” and the displacements’m':'38"?'9’40'41’42
of previously studied complexes have beeen reported. The peak shape of the eluted

species is commonly asymmetrical and the HETP realized is much higher than that
found in studies of organic compounds of comparable volatility. This non-ideal
column performance has been the limiting factor to the development of quantitative
methods by gas-liquid chromatography (GLC). The nature of the partitioning of
metal chelates on GLC columns has been studied by Veening and Huber43, and
Sieck27. They have reported the retention volume, Vp go, to be a function of
partitioning of the metal chelates with the.liquid phase, KV}, and a function of
adsorption by the solid support, k54 ;. Unden and Jenkins?! have suggested that
displacement phenomena were also a result of interaction with the solid surface;
however, precise experimental evidence was not presented to support this
conclusion.

Recently a comprehensive study into these phenomena was reported44.
The authors found that the retention volume for the mixed-ligand complexes of the
lanthanides was a function of the liquid phase as well as the solid support involved.
For polar liquid phases such as QF-1 at least three phenomena were contributing to
the retention volume: (i) bulk partitioning with the liquid phase, KV, ; (ii) adsorption
on the solid support, ksA4 ¢; and (iii) adsorption on the surface of the liquid phase,
kgAL. For nonpolar phases such as SE-30 and Dexsil 300 GC the net retention
volume of the mixed-ligand complexes was apparently a function only of the
partitioning behavior of the complex with the liquid phase, KV} , and adsorption on
the solid support, kgA .

Furthermore it was hypothesized that interaction with the bulk liquid
by complexation or other forms of association may make an appreciable contribution
to the retention observed when QF-1 was used as the liquid phase. This type of
interaction is likely to occur when polar liquid phases are used and polar solutes

chromatographed. Experimentally this results in chromatographic peaks which have
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sharp leading edges with long tailing edges. As shown in Figure 2, this peak
assymmetry is observed when QF-1 liquid phase was used but not when Dexsil 300
GC was used as the liquid phase. The situation becomes more complicated for mix-
tures of metal chelates, where a sequence of adsorption, displacements and possibly
further interaction and breakdown is involved.

This “loading” has been attributed to adsorption on the solid support27.

Burgett and Fritz44

reported an increase in “loading” required when polar liquid
phases were used in addition to the “loading” on the uncoated support and have
suggested the possibility of complexation with/or ligand stripping by the liquid
phase. They also reported that with columns which exhibited liquid phase ‘loading”
it was possible to observe chelate exchange when a new complex was injected after
repeated analysis of another.

This exchange was expected to be quantitative. When the displacement

behavior was observed chromatographically, the peaks had the same retention times

(a) (b)

g
T

RECORDER RESPONSE

(WA \

4 & 4 e 8
RETENTION TIME (min)

FIGURE 2.

Chromatograms of Tb(FHD), + 2DBSO, 20 x % in. column, temperature 200°;
liquid phase (a) 23.5% Dexsil, (b) 8.20% QF-1 A = cyclohexane-H(FHD),
B = DBSO, C = Th(FHD), - 2DBSO.
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as the individual complexes. The constant retention time was explained if a uniform
loading of the initial chelate occurred throughout the column. As the second chelate
started through the column some of the previously loaded chelate was displaced.
This deplacement begins at the injection port end of the column, then both com-
plexes move down the column and are partitioned. Eventually all of the previously
“loaded” complex was displaced (after several injections) and the column performs
quantitatively for the new complex. This deplacement interaction was particularly
bad when polar liquid phases were used and has been observed even with Teflon
solid supports.

These non-ideal phenomena are observed to a lesser extent when
Dexsil 300 GC is used as a liquid phase and when inert complexes are chromato-
graphed. The value of preparing inert complexes cannot be minimized. By elimina-

tion of possible coordination sites, non-equilibrium interaction is diminished.

ANALYSIS OF CHELATES
Alkali Metals

The alkali metals generally form salts with acidic reagents rather than
metallic complexes, however, some work has been reported on the gas chromato-
graphy of alkali metal chelates. Belcher et al 48 reported the synthesis of derivatives
of H(PHD) and H(FOD). The chelates of lithium, potassium and sodium were re-
ported to be thermally stable and chromatographable with levels as low as 1 ng
detected. Mass spectral studies confirmed the stoichiometry, but separations were
not achieved because of ligand exchange45.

Tetrakis mixed-metal complexes with the alkali metals and the lantha-
nides of the general type M; ML, have also prepan.red46 and are reported to be vola-
tile, although gas chromatographic studies were not performed.

The monothio derivative of hexafluoroacetylacetone, H(THFA), has
been reported47 to form volatile chelates with sodium, however, actual chromato-

graphic data has not been shown for this complex.

Alkaline Earths

With the notable exception of berylium, the successful gas chromato-
graphic analysis of the alkaline earths has eluded researchers. Yamakawa?8 reported
the successful synthesis of volatile acetylacetones of calcium, magnesium and barium
but found that all decomposed on attempts at chromatographic analysis. Arakawa47

reported excellent chromatography and separation of twelve hexafluoracetylaceto-
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nates, including magnesium, but, the composition of the eluted species was not con-
firmed. The chromatographic analysis of magnesium as the trifluoroacetylacetonate
has also been report:ed49 although no eluent identification was included.

Sievers and Schwa.tbergso’51 have reported the synthesis and
successful chromatography of H(THD) complexes with magnesium, calcium, barium
and strontium. Elution of the individual complexes was achieved and confirmed by
emission spectroscopy but mixtures of the pure chelates could not be separated.
Studies of the elution products from these mixtures by mass spectroscopy were
reported to reveal hetero-metallic species of the stoichiometry M*M? (THD) T This
type of species has prevented analytical chromatography of the alkaline earths.

The analysis of berylium has been one of the most successful applica-
tions of metal chelates to gas chromatography. Berylium was one of the first chelates
to be chromatographed by Duswalt16. Since 1959 berylium has been chromato-
graphed as the acetylacetonate52’53’54 R hexafluoroacetylacetonate47, tetramethyl-
heptanedionate50’55’56, dimet:hylheptanedionate57 and the thenoyltrifluoroaceto-
nate58. While considerable success was achieved with the above systems, the
greatest applications have been found using the trifluoracetylacetonates of berylium.
These complexes are extremely stable, volatile and posses fluorine atoms which
enable electron capture detection. Several wox'kers59’6°’61’62’63’64 have studied
the response of the electron capture detector and have found minimum detectible
quantities as low as 4 x 107! 3g61. This exceptional sensitivity has allowed method
development for the analysis of traces of berylium in air38’65’66'67'154,
blood32,65,68,69,70 414 4rine®8,70,71 | Iy addition the analysis of the Apollo moon
samples for berylium content was performed by gas chromatography72’73.
Kawaguchi74 has reported satisfactory response to berylium as the H(TFA) chelate

using a plasma emission detector and this technique may see further development.

Group IIIA

All of the group IIIA metals except thallium have been studied by gas
chromatography. Gallium as the (HFA)47, HTFA46,75,76,77 414 H(ACAC)%4
derivatives and indium H(ACAC)%4, (HTFA)76,77,78,79,80,81 54 g(pTA)B7

derivatives generally show evidence of decomposition on chromatography. In spite
of this fact, Morie and Sweet’ ! have developed a solvent extraction gas chromato-

graphic method for the analysis of aluminum, gallium and indium, and Schwarberg



18:13 30 January 2011

Downl oaded At:

10 BURGETT

and Moshier 2 have quantitatively analyzed mixtures of aluminum, gallium, indium
and berylium.

Because of their high thermal stability, the -diketonates of aluminum
have been the subject of considerable research18'47'49'55’57’58’74’82'83*84.
Aluminum has been chromatographed and detected by the electron capture

39,40,60,85,86

detector and the flame photometric detector37. Aluminum has been

88 76,89 4nd uranium?0-91,

determined in the presence of iron®®, iron and copper
Miyazaki and Kaneko92 have developed a procedure for the trace analysis of

aluminum in biological materials.

Group IVB

Considerable success has been achieved in the analysis of titanium,
zirconium and halfnium by gas chromatography but as the chlorides, not the
p-diketonates. Zirconium was one of the first acetylacetonates studied 16 but, as
in succeeding attempts with H(TFA), H(HFA) and H(ACAC)18:93 decomposition
prevented analysis. Halfnium has also been studied18:93 put it too proved unstable
for gas chromatographic analysis. Titanium does not form volatile §-diketonato

complexes.

Group VB

Vanadium is the only member of the group VB metals that can be
chromatographed as the $-diketonato complex. Jacquelot and Thoma\s‘r’s’g""95
have had considerable success in the analysis of thenoyltrifluoroacetone complexes
of the vanadyl ion. Yamakawa®? and Tackett%® have also reported the successful

chromatography of the vanadyl complexes with acetylacetone.
Group VIB

Tungsten forms no volatile chelates with the f-diketones and only one
report54 has been made concerning the unsuccessful attempt at the gas chroma-
tography of MoO, (ACAC),. On the other hand, considerable success has been
achieved in the gas chromatographic analysis of chromium (III). Most of this
outstanding success can be attributed to the ability of chromium to form extremely
inert complexes. While chromium has been chromatographed as chelates with
several ﬁ-diketones”'18’40’47'48’56’58'82’85’97'98'153, the greatest success has
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been realized with trifluoroacetylacetone complexes39’40’49’59’60’66’74’76’84’86’

99,100,101,102,103,104,105,106,107,108,109,111,112,113 The preparation of

the H(TFA) complex is too slow for direct solvent extraction but can be perform-
ed by heating or radio frequency excitation of sealed vessels.

The electron capture detector has found wide application to the de-
tection of ultratrace levels of chromium. The most notable of these has been in
the analysis of chromium levels in blood and urine99,100,101,103,108,109,110,
111,112,113 he flame photometric detector has been investigated as a detector

for the analysis of chromium87,104,105,106
101

with excellent sensitivity allowing
detection of 79 picograms as shown in Figure 3. Kawaguchi et al.74 have also
used a microwave emission detector with promising results for the analysis of
chromium. Geometric isomers of Cr(TFA), have been separated by gas chroma-
togtaphy27’49’72’100’102’115 and other optical isomers of Cr(HFA), have been

resolved115

.17

75

1.

1ML

FIGURE 3.
Chromatogram of 79 picograms chromium, S/N of 12.6
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Group VIIB

The only member of this group which has received the attention of
chromatographers is manganese in the plus two oxidation state. Manganese has
been studied as the H(ACAC) complex54:98, the thenoy! complex®8, the H(HFA)
complex49. In all cases successful elution, without decomposition, was not
achieved.49

Group VIII

Considerable research has been spent on method development for
these metals. Iron (III), copper(1l), nickel(Il) and cobalt(II) have all been
chromatographed as diketonato complexe818’46'47’55’56’57'58’60'76'84’95’97’
114'116’117’118. For the most part the complexes tend to form hydrates
which readily decompose or are reversibly adsorbed by the column packing. A
notable exception to this is the H(FOD) complex of cobalt (III) which has been
successfully chromatographeéd at subnanogram levels11®. In order to avoid this
decomposition Moshier and Gere89 prepared several amine adducts with H(TFA)
and had limited success in the chromatography of cobalt (II) and nickel(II).

Similar results were reported for dimethylformamide-H(TFA) mixed-ligand com-
plexes of cobalt and nickel(II) by Jacquelot and Thomas35, Recently Buzgett33'34
combined synergic solvent extraction and gas chromatography to obtain the
successful resolution of iron(II), nickel(II) and cobalt (II) as the mixed-ligand
H(FHD) and DBSO complexes as shown in Figure 4. Ruthenium (III) has been
separated from cobalt (II) as the HHFA) chelate120 and analyzed by electron
capture detection. Several attempts have been made at the chromatography of

thodium 18+40,47,49

with good success being reported. Rhodium complexes have
also been determined using the flame photometric detector87'104’105.

Ag described above, many of these metals have been eluted as com-
plexes with -diketones but have shown signs of apparent decomposition.
Apparently this decomposition is caused by the labile nature of the complexes.
To form more stable complexes, Bayer et 81.121’122 synthesized the ligand 1,1,1,
5,6,6-hexafluoro-2-hydroxylpent-2-en-4-thione, H(THFA) and successfully
chromatographed the bis complexes of nickel, palladium and platinum. Belcher
et al.123 reagoned that complexes of the a-b typegs, that is those preferring both

first and second row donor atoms, might form complexes of high stability with
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5% DEXSIL 300 GC
on 80/100 W-HP
147 X 1/4” 8.8,

150 to 200 at

8 C/min,

N

N

DBSO

08so

u
N “@

Chromatograms showing the separation of Iron (II) and Co (II) from Ni (II). Condi-
tions Temperature program 150°C to 220°C at 8° C/min.

sulfur donor ligands. To demonstrate this point, Belcher and co-workers123,124

125,126,127,128 synthesized 1,1,1-trifluoro-2-hydroxylpent-2-en-4-thione, H(TTFA)
and have reported separation of nickel, palladium and platinum and quantitative
analysis for nickel. Stephen et al.128 pave also chromatographed cobalt, nickel
and palladium H(TTFA) complexes.

Belcher and co-workers have found excellent success with bidentate

126,130,131 4,14 Uden and co-workers have developed

132,133,

B-ketoamine derivatives

ultratrace techniques for these complexes of nickel, copper and palladium
134,135

Group IB

With one exception, the gold hexafluoromonothioacetylacetonate

complex122, all the volatile complexes of these metals have been those of
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copper. Copper complexes with various f-diketones have been formed and
attempts at the gas chromatography of the resultant chelates have been success-
£,118,47,49,51,54,55,56,57,60,81,85,86,95,116 wpep attempts at trace level
analysis have been made the complex rapidly loses chromatographic integrity. In
an effort to circumvent this problem an attempt at the synthesis of mixed-ligand
complexes of H(FHD) and DBSO was made33:34, Copper did not form the
mixed-ligand species but was extracted and chromatographed as the bis-diketonate.
This complex also showed adsorption and decomposition problems when low
concentrations were injected.

Complexes of copper with nitrogenlzz'lao’lsl'132'133’134’135’136’

137 122,126

and sulfur containing ligands have met with better chromatographic
success. Bayer et al.122 nag reported the synthesis of volatile H(HTFA) complexes
and Belcher et al.126 have chromatographed H(TTFA) complexes. By far the
greatest success including ultratrace analysis has been achieved by Uden and co-
workerslm)’lm'132'133’134’135 using bi and tetradentate keto-imine complexes.
As shown in Figure 5 these complexes are extremely stable and show no adverse
column properties in spite of the relatively low yolatility.

Miyazaki et al.136’137 have prepared copper and nickel chelates of
some B-diketo-amine derivatives of H(ACAC) and salicylaldehyde, some of which
are reported to be thermally stable. Richardson and Sievers!38 reported the
synthesis of bis(hexafluoroacetylacetone)ethylenedi-imine and its copper complex

but did not report any gas chromatographic studies.

Group IIB

The gas chromatography of these metals has been an unfruitful area.
Yamakawa et al.94 reported the elution, with decomposition of zinc and cadmium

al 49 chromatographed zinc

as the acetylacetonate complexes. Later Tanikawa et
trifluoroacetylacetone and reported sharp symmetrical peaks, however, eluent
composition was not confirmed. Volatile and stable zinc H(THD) complexes have
been studied by Sievers and Schwarberg51 and Bayer et al.122 gnd have reported
the synthesis of volatile zinc and mercury hexafluoromonothioacetylacetonates but

no gas chromatographic studies were performed.
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a) v)
4.96 pg 62 ng
Cu9pnTFA2) Cu{pnTFA2)
Attn. x 4 Attn, x 4096

FIGURE 5.

Chromatograms (Hewlett-Packard Ni’ ECD) of Cu(pnTFA, ). Column 3 ft. x 4 mm
1.D. glass, 1.5% Dexsil 300 GC on Chromosorb W at 260°C.

Scandium, Yttrium and the Lanthanides

The volatile complexes of the lanthanides and scandium are of consi-
derable interest to chromatographers. This interest has existed since the beginning
of inorganic gas chromatography when Lederer15 suggested the possibility of
separation of the lanthanides as H(ACAC) complexes. The first chromatography of
this family was performed by Duswalt1® when he successfully eluted scandium
acetylacetone. Since this time scandium has been successfully chromatographed as
several S-diketonate complexes by numerous research group553’58’60’64’80’85’139’
140,141 considerable interest in the gas chromatography- of lanthanide
g-diketonates has also been shown14:20,21,22,32,46,52,563,57,78,143,144,145,146,
147,148 Separations were not achieved and low levels of the complexes could
not be eluted.
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As discussed above, this decomposition problem was related to the
hydration of the lanthanide complexes. In 1970 Butts and Ba.nks%’182 reported
that mixed-ligand complexes of HHHFA) and TBP had increased stability and
achieved limited separations of the lanthanides. Subsequently Sieck27:118 gng

149 investigated numerous mixed-ligand systems and achieved some

Utsunomiya
resolution of the lanthanides. The first resolution of the lanthanides on an every
other one basis, as shown in Figure 6 was reported by Burgett28’29’30’31. This

system also proved unsuitable for trace level analysis.
The Actinides

Uranium and thorium as uranyl and as thorium (IV) have been
successfully chromatographed f-diketonates. For the most part the complexes with

T T T DET T T 1T T
E
A C
. B
Z
)
a1
4
[
msoL G -
g H
&
3
o
lil | Jl | |
02 4 6 8 101214161820

RETENTION TIME IN MINUTES
FIGURE 6.

Gas chromatogram of a mixture of FHD and DBSO mixed complexes of Yb, Er, Dy,
Gd, Nd and Ce. 4 min hold at 172°C, temperature increase 4°/min. A-Cycloxhexane
H(FHD); B-DBSO; C-Yb(FHD), - 2DBSO; D-Er(FHD), - 2DBSO; E-Dy(FHD), -
2DBSO; F-Gd(FHD), - 2DBSd; H-Ce(FHD), - 2DBSO, :
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H(ACAC)?%, H(TFA)#9:60.84 H(FOD)150 and trifuloropivaloylmethane®? have
shown signs of decomposition on chromatography. Mitchell found that uranyl

and thorium complexes with H(HFA) could be quantitatively extracted as a volatile
species when a mixed-ligand system was incorporated37. This synergic system of
H(HFA)-TBP was further studied by Sieck27 and resulted in a method for the

separation and quantitative determination of uranium and thorium38,

Lead

The successful determination of lead by the gas chromatography of
volatile complexes has been the goal of many researchers in inorganic gas chromato-
graphy. Unfortunately this goal has not been achieved. Arakawa and Tanikawa
have reported the chromatography of lead as the H(HFA) complex but no eluent

al.75 studied numerous lead

identification or quantitation was reported. Belcher et
B-diketonates by GC, TGA, and Mass Spectrometry but found that even the
thermally stable chelates could not be quantitatively chromatographed due to
strong column interaction. Recently Bayer et al.122 reported the preparation of
a stable, volatile lead compiex with hexafluoromonthioacetylacetone but no
chromatographic data was shown. Burgett34 has studied the synergic solvent
extraction of lead with HHHFD) and DBSO and found that rapid quantitative
extraction could be achieved but the complex decomposed on chromatographic

analysis.
Conclusion

As has been shown in the preceding paragraphs, the development of
the gas chromatographic analysis of metal chelates has progressed admirably since
its suggestion in 1955. Several exciting and useful analytical methods have
already been developed and considerable research is still proceding. While many
problems still remain the development of the technique of synergic solvent
extraction, mixed-ligand complex chromatography, the synthesis of new hetero-
atomic ligands, and the advent of new liquid phases should soon increase the
number of unique techniques for analysis of metals. With even a fraction of the
scientific enginuity already demonstrated, it may well come to pass that the
analysis of metals by gas chromatography will become as common as the gas

chromatography of hydrocarbons.
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