


THE; RADIOCHROMATOGRAPHIC ANALYSIS OF 
FRESH WATER RESOURCES 

by 

STUART P. CRAM 
(Principal Investigator) 

PUBLICATION NO. 15 

FLORIDA WATER RESOURCES RESEARCH CENTER 

RESEARCH PROJECT TECHNICAL COMPLETION REPORT 

OWRR Project; Number A-012-FLA 

Annual Allotment Agreement Numbers 

14-01-0001-1628 (1969) 
14.31·0001·3009 (1970) 
14-31-0001-3209 (1971) 

Report Submitteq: October 28, 1971 

The work upon which this report is based was supported in part 
by funds provided by the United States Department of the 

Interior, Office of Water Resources Research as 
Authorized under the Water Resources 

Research Act of 1964. 



TABLE OF CONTENTS 

Page 

ABSTRACT --------------------------------------------- iii 

PROJECT PUBLICATIONS --------------------------------- iv 

INTRODUCTION ----------------------------------------- 1 

PART I. CHARACTERIZATION OF THE IRRADIATION STABILITY 
OF SO~ffi CHROMIUM BETA-DIKETONATES FOR GAS CHROMATO
GRAPHIC SEPARATIONS IN NEUTRON ACTIVATION ANALYSIS - 8 

1. Experimental ----------------------------- 8 
2. Results and Discussion ------------------- 13 

PART II. THE QUANTITATIVE GAS CHROMATOGRAPHIC 
SEPARATION AND ANALYSIS OF RADIOACTIVE, VOLATILE 
METAL BETA-DIKETONATES ----------------------------- 21 

----------------~l~E~~imen~l ----------------------------- 21 
2. Quantitative Column Elution -------------- 22 
3. Counting System -------------------------- 25 
4. Chelation Studies ------------------------ 29 
5. Results and Discussion ------------------- 31 

ACKNOWLEDGEMENTS ------------------------------------- 44 

LITERATURE CITED ------------------------------------- 45 

ii 



ABSTRACT 

The study of radiochromatographic separations for 
the neutron activation analysis of trace level metals in 
fresh water sources is reported. Chromatographic separations 
of metal beta-diketonates were developed for post-irradiation 

--separatToiis 0 Wlie-ll-the {race metars-were complexed before
irradiation, radiation degradation was found to be a function 
of the solution concentration, presence of excess ligand, 
irradiation time, and the neutron flux spectrum. Trifluoro
acetylacetone and heptafluorodimethyloctanedione complexes 
of chromium were quantitatively recovered after irradiation. 

Quantitative elution from the chromatographic column 
of the beta-diketonate complexes of Cr, Mn, Fe, Be, Lu, Gd, 
and Cu were studied and found to yield recoveries between 
52 and 98%. Extensive studies are reported which describe 
the optimum conditions for separation and account for de
composition and adsorption losses in the system. The 
development of sampling systems, counting geometries, and 
sample trans fer l-iues are reported which must be carefully 
considered when analyzing mUlticomponent metal chelate 
mixtures. 

Cram, Stuart P. 
THE RADIOCHROMATOGRAPHIC ANALYSIS OF FRESH WATER RESOURCES 
Completion Report to the Office of Water Resources Research, 
Department of the Interior, October, 1971, Washington, D.C. 20240 
KEYWORDS: neutron activation*/ gas chromatography*/ 
activation-chromatography coupling*/ fresh water/ trace analysis. 
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INTRODUCTION 

Research in the field of water resources and water 
quality is highly dependent upon the development of new 
analytical techniques which are specific, sensitive, repro
ducible, rapid, and suitable for automation. Because of 
the shortage of analytical chemists in this country, and 
particularly analytical chemists working in water quality 
research, new analytical methods of analysis which incorpo
rate the above criteria have not been designed and developed 
to solve many of the existing problems in this field. The 
work dis.cussed in this report is directed toward the 
development of two such analytical techniques, i.e., neutron 
activation analysis and gas-liquid chromatography, and the 
coupling of the two complimentary techniques for u1tra
trace metal analysis in aqueous systems. 

Numerous instrumental methods for elemental analyses 
in water samples have been reported (1-5), although the 
number of methods applicable to trace analysis (defined here 

~~~~~~~~as-being less than 1 ~gr of any given~~Tial) is con~T~~~~~
ably more restrictive. The methods of elemental analyses 
reported to date have generally been very limited in scope, 
and the breadth of these techniques at the trace concentra-
tion level in water analysis has been limited by a number 
of considerations. First, the wide diversity of matrix 
materials represents a limitation on the sensitivity of any 
chemical analysis, as the relationship between the chemical 
and physical interactions are affected by the environment 
of the element to be determined. Further, most techniques 
are subject to interferences by the presence of other 
chemicals. The sensitivity of these methods is therefore 
dependent upon the chemical nature of the sample and varies 
from one sample to the next. This effect is particularly 
pronounced at trace concentrations. 

Neutron activation has likewise been investigated 
as an analytical tool for the element analysis of aqueous 
samples (6-8). These investigations have been summarized 
in Table 1 to illustrate the general applicability of the 
technique at the trace level. The sensitivities reported 
do not represent optimum experimental conditions, and 
indicate the sensitivities only for irradiation times of 
one hour at a thermal neutron flux of 4.3 x 10 12 neutrons/ 
cm 2 - sec. 
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TABLE 1 

SENSITIVITY AND APPLICABILITY OF THERMAL NEUTRON 
ACTIVATION FOR ELEMENTAL ANALYSES 

Minimum Detection 
Limi t Ranges,. Jlgr 

10- 5 - 10- 4 

10- 4 - 10- 3 

10- 1 - 10° 

10° - 10 1 

10 1 - 10 2 

10 2 10 3 

Mn, 

Ar, 
Ho, 

Na, 
Rh, 
Nd, 

Cl, 
Pt, 
Tb 

F, 

Ca, 

Si, 

0, 

2 

In, 

Sc, 
Er 

AI, 
Ag, 
Yb, 

K, 
Hg, 

Mg, 

Os 

S 

Fe 

I, Au, Eu, Dy 

V, Br, Cs, Hf, 

Co, Cu, As, Se, 
Cd, Sn, Sb, Ba, 
Lu 

Ti, Zn, Ge, Mo, 
Ce, Ru, Rb, Zr, 

Cr, Ni, Nb, Pb, 

Ir, Sm, 

Sr, Ga, 
W, La, 

Pd, Ta, 
Te, Pr, 

Y, Tm 



Thus it can be seen that neutron activation offers 
the advantages of dynamic applicability and high sensitivity. 
Further, the sensitivity of the method is invariant with the 
nature, size and concentration of the sample. The sensiti
vity is determined by the nuclear parameters of the element, 
such as the half-life, cross-section, neutron flux, etc., 
and are constant regardless of the chemical system being 
investigated. 

The inherent sensitivity and precision of neutron 
activation analysis at the submicrogram concentration level 
is dependent upon the accuracy with which the activated, gamma 
emitting radionuclides can be identified and measured. Many 
elements have sensitivities that do not differ by more than 
a factor" of 100, and consequently, the bulk of the photo
electric peaks are easily masked when multiple activities 
are induced by activation (9). This interference is 
espeeially serious when the major el-emental constituents 
with large thermal neutron cross-sections are activated. 

Partial resolution of gamma-ray spectra can be 
obtained by variation of the experimental conditions, such 
as the irradiation and decay times. This approach is not 
practlcaI when a sample contains even tra~e~crurrtS-U£-N~ar,------------
AI, V, l<1n, Br, I, Au, etc., because these elements have 
large activation cross-sections and reach very large specific 
activities during neutron irradiation, subsequently masking 
the activities of the other radionuc1ides in the pulse 
height spectrum. Although Ge(Li) scintillation detectors 
considerably enhance the resolution of gamma ray spectra, 
their depletion depths presently limit their physical size 
and thereby their counting efficiency. Numerous proposals 
(10-12) have been reported wherein the instrumental . 
resolution and interpretation of a gamma ray spectrum have 
been simplified by post~irradiation chemical separations. 

The importance of post-irradiation separations in: 
neutron activation analysis has been reviewed (9) and 
clearly substantiated in the literature (13-16). Currently, 
solvent extraction (17, 18), extraction with hydrated 
antimony pentoxide (HAP) (19), and'adsorption on Mn0 2 (20, 
21) are the most common non-chromatographic separation 
techniques. Paper chromatography (22), thin layer chromato
graphy (23, 24), ion exchange (25) and ion exchange membranes 
(26), and isotopic exchange (27) have been successfully 
combined with gamma ray spectrometry in order to give 
significant improvements in the analyses. 
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.An automatic group separation system for the determi
nation of 40 elements was reported by Samsahl, ·etal. (28), 
which is based on ion exchange chromatography and solvent 
extraction. Recoveries of ~90% for 29 elements in biologi
cal samples in about 2 hours were reported with a mean error 
of 3% in the analyses. A number of automatic or semiauto
matic group separation systems for different kinds of 
materials have been reported (28-31). Perhaps the most 

--------------ex-t-en-siveandanalytical1-y useful s chemehasbeen reported 
by Morrison, etal. (32,33). They have developed a group 
separation scheme which enabled them to measure 41 trace 
level elements in the Apollo 11 lunar samples by NAA. Their 
method combines solvent extraction, separation with HAP, 
and ion exchange to give six groups which can be counted 
without ·serious interferences for trace amounts. 

Gas and liquid chromatographic separations can be 
expected to become of increasing- impoI"tance in neutron 
activation analysis (NAA) for the separation of radionuclide 
interferences in complex gamma ray scintillation spectra. 
Chromatographic separations are rapid, highly efficient, and 
can be developed without the use of carriers. Further, these 
separations can be optimized with respect to time, resolution, 
or sample size as required so thar-til~~eparatiITn of siroTt~-----------
lived isotopes, multicomponent mixtures, or trace constitu-
ents, respectively, may be effected. These separations are 
very important in trace analysis as they effectively give 
an infinite resolution of the pulse height spectra and enable 
the theoretical lower limits of detection to be realized. 
The popularity of the Ge(Li) detector is attributed to its 
high resolution and the minimum amount of "wet" chemical 
separations required. Gas chromatography with large volume 
NaI(Tl) detectors, however, can be automated, and even 
operated remotely, and therefore possesses all of the 
advantages of Ge(Li) detectors and has the additional 
advantage of having a much higher counting efficiency. 

Gas chromatography provides a quantitative post
irradiation separation and effectively enchances the 
sensitivity of activation analysis by: 

1. Removing matrix activities 
2. Resolving overlapping photopeaks 
3. Reducing the dead time of the analyzer 
4. Isolating single radionuclide species in order 

to increase the quantitative precision of 
pulse height analysis and reduce the amount of 
interpretation of pulse height spectra and 
data reduction.· 
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Only a few papers have sought to develop gas and/or 
liquid partition chromatography for the separation step in 
NAA. From a recent review of radiochromatographic separa
tions and analyses, it is clear that radiochromatographic 
separations have been used extensively in radiation chemistry, 
hot atom chemistry, and biochemistry but not for the separa
tion of photon emitting radionuclides (34), Cram and 
Brownlee (35-37) first reported the use of gas-liquid chro
matography for the clean-up of pulse height spectra in the 
functional group analyses of the halogens by (n,y) reactionso 
The advantages and workability of gas chromatography for 
high speed post- irradiation separations was demonstrated by 
eliminating the interferences Na 24 , A1 28 , Br 8D , and 1 128 from 
the F 20 spectrum. Further, this previous work resolved the 
1.63 Mev photopeak of F 20 from the 1.64 Mev peak of C1 38 in 
less than 5 seconds so that the analysis for fluorine with 
the 10,7 second half-life could be used directly. For the 
acti vation analysis of fluorine w·i th an (n, y) reaction, 
nigh speed and high efficiency separations are imperative 
if meaningful analytical results are to be obtained. Even 
though the higher atomic weight members of the halogen series 
(i.e" Br and I) have considerably longer half-lives and 
larger activation cross-sections, they too must be chromato-

.. graph i Lally s e parat e d f Qx_an a 1 y sis ___ a t trace con ceI1"tX9- t ions. 

However, organic analyses are rather limited in scope 
if one is restricted to (n,y) reactions, and thus it has 
been necessary to develop gas phase, partition separations 
for the activation analysis of the metallic elements. (As 
in the case of the organic functional group analyses, the 
materials to be separated must have a vapor pressure of at 
least 1.0 mID Hg at the separation temperature, and must 
be thermally stable at that temperature.) 

Metal analysis by gas chromatography has been shown 
to be both practical and useful (38). Volatile metal 
chelates such as the beta-diketonates, have been most often 
used in these analyses. The use of metal chelates has 
enabled more than three quarters of the elements in the 
periodic table to be separated and eluted from a gas 
chromatograph easily, quickly, and with high resolution. 
Trace analysis studies (39-41) and'the development of new 
ligands (42) have helped make metal analysis by gas 
chromatography a powerful tool with a wide range of applic
abili ty. It is the inherent speed and selecti vi ty of gas 
chromatography combined with the chemistry of the metal 
chelates which makes the technique such an excellent 
separation method for neutron activation analysis. 
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The synthesis of the metal chelates using beta-diketone 
ligands such as 1,1,1-trifluoro-2,4-pentanedione [H(tfa)], 
1,1,1,5,5,5-hexafluoro-2,4-pentanedione [H(hfa)], and 1,1,1, 
2,2,3,3-heptafluoro-7,7-dimethyl-4, 6-octanedione [H(fod)] is 
usually simple. The chelates can be made either before or 
after irradiation of the metal mixture. Post-irradiation 
synthesis has the advantage of avoiding irradiation of the 
ligand and chelate. Each radionuclide is chelated quantita
tively and is therefore in a form suitable for efficient 
separation. This advantage is often outweighed by the 
disadvantage of increased decay time due to additional sample 
treatment of the radionuclide between irradiation and 
counting. In order to take full advantage of the speed 
inherent. in the technique, chelation before irradiation is 
usually necessary. 

The irradiation stability of the metal chelates is 
important and corrections must be made for decomposition in 
the reactor. The radiolysis of reactor irradiated Cr 
chelates of [H(tfa)], [H(hfa)], and [H(fod)] has been studied 
(43). No thermal degradation in the reactor was found, but 
radiolysis losses of up to 10% were reported when the 

~--------------I~'~I~r~adiation-t±me was onl~~~a1f lif~~ chromium~.-----------
It has been shown that Szilard-Chalmers reactions involving 
the central metal atom of a metal beta-diketonate yield 
retentions (percentage of radioactive atoms in the original 
chemical compound) as low as 4% (44). 

Szilard-Chalmers reactions involving solid metal 
chelates and the use of annealing to increase their reten
tions have been studied (44-58). The recoil and metal
ligand bond cleavage of chelates after (n,y) reactions have 
been used for iostope enrichment (45,46) and the metal is 
believed to exist as a cation in solution (44). Szilard
Chalmers reactions following (Y,n) reactions have also been 
discussed (47). Lazzarini (48) has studied the effect of 
the ligand field on Szilard-Chalmers reactions by studying 
the retention for 28 complexes of Co(III). Annealing 
studies have been carried out on Cr tris-acetylacetonate 
(49-51) and Co tris-acetylacetonate ~56), which are 
similar to the chelates used in this work. Repair of 
reactor irradiation damage can result from heating the 
chelate (44, 49-58) or exposing it to y-radiation (51,54). 
Thus, there is a moderate amount of annealing before a 
sample leaves the reactor. For the Co tris-acetylacetonate, 
each type of treatment has about the same effect (54), which 
is reported to be due to localized heating during y
irradiation. Preheating of solid samples before neutron 
irradiation will also increase retention (55), and the 
presence of an electron donating atmosphere around a solid 
chelate during annealing has been shown to increase 
retention (44,57). 
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Gainer and Ponta (58) have studied thermal annealing 
of Cr tris-acetylacetonate in methanol solutions. The 
retention was 32% after 2 hours of irradiation at 2.3 x lOll 
neutrons/cm 2 -sec, and increased with heating. In the plots 
of retention versus annealing time at constant temperature, 
the plateous had heights which were temperature dependent. 
At 95° C, 80% retention was obtained, but above 95° C, the 
retention reached a peak and fell off due to decomposition. 
Gainer and Ponta also found exchange bet,veen 51 Cr 3 + in 
solution and the chromium in the chelate. The work described 
in this report used both the annealing described by Gainer 
and Ponta and the technique of adding excess ligand to the 
solution to be irradiated in an effort to obtain quantita
tive yields of the irradiated chelate prior to gas chromato
graphic separation. 
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PART I 

CHARACTERIZATION OF THE IRRADIATION STABILITY OF SOME 
CHROMIUM BETA-DIKETONATES FOR GAS CHROMATOGRAPHIC 

SEPARATIONS IN NEUTRON ACTIVATION ANALYSIS 

Chromium beta-diketonates l,'lere chosen as model 
compounds for this study because the gas chromatographic 
separations of these materials have been studied extensively 
(38,40,59-64) and because of their physiological and 
toxicological importance at trace concentrations (65-81). 
Trifluoroacetylacetonate [Cr(tfa)3], hexafluoroacetylacetonate 
[Cr(hfa)3] and heptafluorodimethyloctanedione [Cr(fod)3] 
complexes of chromium were studied in order to measure the 
ligand effect on the stability during and after the irradia
tion, and the reactivity towards recombination reactions 
in the presence of excess ligand. The quantitative 
recovery of the chelates is then reported as a function of 
the type of ligand, irradiation time, solution concentra
tion, and the effect of the presence of excess ligand. 

1. Experimental 

The chromium chelates were irradiated as standard 
benzene (Nanograde, Mallinckrodt Chemical Works) solutions. 
The Cr(hfa) 3 was purchased from Pierce Chemical Company, 
and the Cr (tfa) 3 and Cr(fod) 3 were synthesized follm'ling 
published procedures (63,64). The ligands for the 
syntheses were purchased from Peninsular Chern. Research 
Corp., and the metals from Fisher Scientific Company. 

Quartz (General Electric Company) break seal vials 
were dral,'ln from 9 mm tubing and used as sample containers. 
These vials were leached, filled with the solution to be 
irradiated, and sealed with a torch after the solutions 
were frozen out. In this manner the vials were sealed 
air tight and, because of the lm'l sodium concentration, 
could be handled immediately after irradiation. 

The irradiations were performed in the University 
of Florida Training Reactor (UFTR) and the Georgia 
Institute of Technology Research Reactor (GTRR). The UFTR 
is a water cooled, MTR type reactor. At a steady state 
power level of 60 Kw and a thermal neutron flux of 1 x 10 12 

neutrons/cm2 -sec, the temperature in the sample position 
was 60.5° C as measured with an iron-constantan thermocouple. 

8 



The GTRR is a heterogeneous, 1 Mw, D20 moderated and cooled 
reactor. Since the outlet coolant temperature of the GTRR 
was only 1° C higher than the UFTR, the irradiation 
temperatures were assumed to be the same in both reactors. 
A comparison of the irradiation facilities used is given 
in Table 2. It should be noted that the irradiation times 
were adjusted to give the same integrated flux in both 
reactors. 

The gamma ray pulse height spectra were measured 
with two 3 inch x 3 inch NaI (Tl) crystals (Type l2Sl2/E-X, 
Harshaw Chemical Company). Nuclear Chicago Model 10-17 
scintillation preamplifiers were used with RC amplifiers 
(Model 27001, Nuclear Chicago Corp.), superimposed in a 
mixer amplifier (Model 30-35, Nuclear Chicago Corp.), and 
counted in a 400 channel pulse height analyzer (Model 
34-27, Nuclear Chicago). Data was readout on an ASR Model 
33 Teletype and an X-Y plotter (Model 850, Data Equipment 
Company) . 

A four column gas chromatograph (Series 4000, 
Victoreen Instrument Company) with an electron capture 
detector (Model 4008-3, Victoreen Instrument Company) was 

------------lJu.,lS-ad-fn-r--the-s-B_pzI" at i on s . Ih e-----Ble c t ron cap tll re de t e ct..o~r _______ _ 
was operated in the DC mode because this model was at 
least six times more sensitive for Cr(tfa)3 in the DC mode 
than in a pulsed mode, even though the pulse period 'vas 
varied from 25 to 125 ~sec with a pulse width of 0.5 ~sec. 
Also the background noise in the DC mode was less (ca, 
3.5 x 10- 12 amps). Peak areas were integrated with a 
digital integrator (CRS-lOO, Infortronics Corp.) and a 
Hewlett Packard Model 7l27-A strip chart recorder was 
connected in series with the digital integrator for an 
analog display. The chromatograph was modified to bring 
the Teflon column into the injection port and to run up to 
the sensitive area of the detector in order to avoid 
decomposition or adsorption of the metal chelate in the 
instrument. The chromatographic system is shown in Figure 
1. 

An extensive study of column materials and condi
tions showed that the conditions reported in Table 3 gave 
the most reproducible and quantitat.ive results for the 
metal chelates and their degradation reaction products. 

When the column effluent 'vas to be analyzed by mass 
spectrometry, the samples were trapped in V-shaped glass 
melting point tubes in a dry ice-acetone bath. For 
activation analysis of the effluents, low sodium quartz 
melting point tubes (General Electric Company) were used 
for the traps. At all other times a two stage absolute 
trap was connected to the detector outlet to prevent radio
active or toxic chelates from being vented to the room. 
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TABLE 2 

IRRADIATION FACILITIES 

Georgia Tech 
Research Reactor 

University Florida 
Training Reactor 

Irradiation time 7.0 hrs 4.0 hrs 

Thermal flux 5.6 X.l011 neut/cm2-sec 1 X 10 12 neut/cm2-sec 

Power level 1 Mw 60 Kw· 

Moderator D20 and Graphite Graphite 

Irradiation position Vertical thimble Center vertical port 
(reflector) 

Cd ratio 2000:1 1:1 

Gamma flux 1 x 10 6 R/hr 2.4 x 10 6 R/hr 
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TABLE 3 

CHROMATOGRAPHIC CONDITIONS FOR THE 
SEPARATION OF THE METAL CHELATES 

Column = 20 feet of 1/8 inch o.d. Teflon 

= 5% QF-l on 80/100 mesh Chromosorb W, AW (DMCS) 

Carrier gas flow rate = 60 ml/min of N2 

Detector polarizing voltage = 30 volts 

Temperature 

Injection port 

Column 

Detector 

Cr(hfa) 3 

100 0 C 

150 0 C 

12 

Cr(tfa)3 

200 0 C 

160 0 C 

Cr(fod) 3 

200 0 C 



Mass spectra were run at 70 eVa on an RMU-6E mass 
spectrometer (Hitachi Div., Perkin Elmer Corp.). The batch 
liquid inlet system was heated to 75 0 C for Cr(hfa) 3 and 
125 0 C for the other chelates. 

2. Results and Discussion 

Since these metal chelates are knmvn to be thermally 
unstable, standard benzene solutions of each of the chelates 
were prepared, sealed in the quartz vials, and heated in a 
laboratory drying oven at 61 0 C for a period of time equal 
to the time of irradiation. Chromatographic analysis of the 
solutions with the electron capture detector showed that 
there was no measurable thermal degradation at this tempera
ture. Therefore the degradation which is reported for the 
irradiated samples must be due to radiolysis effects alone. 

In order to further isolate the variable parameters 
which effect chelate degradation, a Cr(hfa)3 solution was 
sampled periodically from 1 to 168 hours following irradia-

~~~~~~~~t~n-in order to follow~ Szilard-Chalmers effect due to 
decay recoil reactions. This study showed that all of the 
measurable degradation appears to take place in the reactor, 
within the limits of the measurement error. 

J 

The effect of the irradiation time on the radiolysis 
degradation was also studied. Cr(hfa) 3 was chosen for this 
study because it was the most labile of the beta-diketonates 
studied. Figure 2 shows that the Cr(hfa) 3 is markedly more 
unstable in a reactor under a thermal neutron flux of 
~ 10 12 neutrons/cm 2 -sec. Therefore it is not at all feasible 
to use the hexafluoroacetylacetone ligand for chromium 
analyses by GC-NAA as only about 50% of the chromium will be 
recovered for counting after an irradiation corresponding 
to ~ 0.03% of the saturation activity for Cr 51 • 

The determination of the concentration dependence of 
the radiation degradation was of paramount importance in 
choosing the most stable ligand system and in order to do 
quantitative analyses. Concentrations from 2~5 x 10- 2 

mg/ml to 5.3 mg/ml were used. This range was chosen in 
order to give a signal to noise ratio of ~lOO:l at the low 
concentrations (which corresponds to 1.2 x 10- 2 ~gr of chelate 
per 0.5 ~l sample injected) and the maximum concentration 
was limited by the solubility of the chelate in benzene. 
The samples were chromatographically analyzed before and 
after irradiation at each concentration and the fraction of 
metal chelate remaining was calculated at the average of the 
peak areas for at least five replicate determinations. 
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Typical chromatograms of Cr(hfa) 3 before and after irradia
tion are shown in Figures 2 and 3. After irradiation of 
the low concentration solutions of Cr(hfa) 3, three major 
peaks were found in the chromatogram. Peak A was identified 
as hfa by a comparison of retention times. Peaks Band C 
were trapped for analysis by mass spectrometry and gamma 
ray spectrometry. The former was identified as Cr(hfa) 3 
but peak C was not posi ti vely identified. The mass spectra 
showed a parent peak at a mass to charge ratio of 644 but no 
chromium photopeak was found in the pulse height spectra 
after extended counting periods. 

The ratio of the peak heights of peaks Band C was 
found to be a function of concentration as the ratio of B 
to C increased with increasing concentration. This is the 
expected resul t and consis tent with the Szilard- Chalmers 
theory if the major degradation products resulted from 
cleavage of the metal-ligand bond. Such an equilibrium 
should be affected by the presence of an excess of ligand 
in favor of the recombination reaction and give larger 
recoveries of the metal chelate. 

The_resul_ts o£ the_Cr(hfal_3_s tudy __ are Sh01'LU_iu _._. __ _ 
Figure 4. The percent of metal chelate recovered from a 
benzene solution ranges from 81 to 96% and the recovery is 
seen to be significantly less in the presence of excess 
hfa (from 40.5 to 90.0% recovery). These results are seen 
to be consistent at all concentrations but cannot be 
explained for this system. 

A series of Cr(tfa) 3 solutions were also studied in 
order to determine the ligand effect. These solutions were 
similarly analyzed chromatographically before and after 
irradiation. The chromatogram of the Cr(tfa)3 and 
Nanogram benzene showed only the solvent and chelate peaks 
and no other peaks were discernable above the baseline 
noise (3.5 x 10- 12 amps). Figure 5 shows the results of 
this series of experiments. The chelate recoveries ranged 
from 90 to 98% with increasing metal chelate concentration 
which is in marked comparison wi th the less stable hfa 
chelate. The aliquots containing excess ligand were not 
analyzed because the tails of the excess ligand peaks 
obscured the remaining chromatogram due to detector 
poisoning. Savory et al. (81) used sodium hydroxide to 
hydrolyze the excesS-ligand before analyzing by electron 
capture. However, he reported recovering only 80 - 85% 
of the chelate. Since at least 90% of the irradiated 
chelate could be recovered without excess ligand and 
because of the uncertainty of the hydrolysis effect, the 
effect of the excess ligand was not measured. 
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Chromium heptafluorodimethyloctanedione solutions 
were run under similar conditions and analyzed as before. 
These solutions Ivere also found to be clean before 
irradiation within the limits of detection. The recoveries 
shown in Figure 6, are seen to increase with concentration 
from 90.0 to 100.0%. The results of the Cr(tfa)3 and 
Cr(fod)3 studies were particularly pleasing as they 
indicate that these chelates are stable to irradiation 
times up to 7 hours and are analytically useful for 
chromatographic post-irradiation separations in neutron 
activation analysis. 

The relative irradiation stabilities of the three 
chromium beta-diketonates was found to be Cr(fod) 3 ~ Cr(tfa) 3 

> Cr(hfa) 3. The amount of Cr(hfa) 3 recovered is more a 
function of concentration than are the metal chelates of 
the other ligands. The presence of excess ligand appears 
to be detrimental to the quantitative recovery of the 
Cr(hfa) 3. The chromatograms showed no radiolysis peaks to 
obscure the chromatogram with either Cr(tfa)3 or Cr(fod)s 
and this study has clearly shown these to be the chelates 
of choice for chromium analyses. 
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PART ·11 

THE QUANTITATIVE GAS CHROMATOGRAPHIC SEPARATION AND ANALYSIS 
OF RADIOACTIVE, VOLATILE METAL BETA-DIKETONATES 

It has been shown that in order to obtain reproducible 
chromatographic peak areas with the metal chelates, several 
injections of the chelate solution must be made to "condition" 
the coulmn before quantitative measurements are made (38). 
This suggests that the first few injections leave chelate in 
the instrument, and only after these chelate adsorption 
sites are filled can a sample be eluted quantitatively. 
Gainer and Ponta (58) have s~own that radioactive chromium 
ions in solution will exchange with chelated chromium. 
Exchange reactions might also take place between the chelate 
in the vapor phase and the chelate held on active sites in 
the chromatographic column. Under these conditions, the mass 
of chelate may be quantitatively recovered, but there is no 
assurance that the activity eluted is representative of the 

--------------4o~I~~iginal sampn~l~e~.-------------------------------------------------------------

In order to keep these reactions to a mlnlmum, glass 
and Teflon systems have been used. It has been further 
shown that metal chelates will react with metal columns, 
and it is suspected that metal injection ports will aid and 
even catalyze the decomposition. Treatment of the chromato
graphic system with silanizing agents has also been used in 
practice to decrea.se on-column adsorption. 

Radiotracer techniques have been known for a long 
time and applied to metal chelate synthesis and extraction 
studies (39). However, there has been no application of 
the technique to the determination of metal chelate residues 
in gas chromatography. This determination of metal chelate 
residues is a necessary step in the activation analysis-gas 
chromatographic technique. 

1. Experimental 

The gas chromatograph used in these studies was a 
Varian Model 1200-1 equipped with a 1/4 inch injection port, 
a hydrogen flame ionization detector and a linear temperature 
programmer. The columns were 1/8 inch Teflon (Alpha type, 
TFT-250/ll), 0.095 inch I.D. and 0.016 inch in wall thickness . 

. The seals at each end of the column were made by forcing the 
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column inside a constriction in a Pyrex tube. The injection 
port linear was a 3 mm O.D. Pyrex tube tapered to fit inside 
the Teflon column. All of the columns and their operating 
conditions are given in Table 4. 

Liquid samples were injected with a Hamilton 10 ~l 
syringe and a solid sampler was used to inject the sealed 
ampules (64). Samples to be injected using solid sampler 
were sealed in quartz tubes 2 cm x 2 mm. Both ends were 
sealed with a methane-oxygen torch. After filling, the tube 
was placed inside a 1/8 inch copper tube which was placed 
in a dry-ice-acetone bath. This prevented decomposition of 
the chelate by the heat from the torch. 

Solid sample injection has many advantages. There is 
no solvent to interfere with trapping the effluent or 
obscure the chelate peaks when using a standard gas chromato
graphic detector. The maximum amount of chelate which can 
be placed in the solid sampler without overloading the column 
would require too much solvent for a satisfactory injection. 
In addition, the sealed quartz tube which contains the 
sample during irradiation can be placed directly in the 
so] i d sampl ing device wLthont any of the handling or open 
vessels required for the more conventional liquid injection. 
Several sampling techniques have been developed for gas 
chromatography. The type which uses a plunger to break a 
quartz tube containing the sample is a logical choice for 
the gas chromatography of irradiated metal chelates. 

In order to study the effect of sample size, a series 
of injections from 1 - 10 ~l of a benzene solution of 32 
mg/ml of Cr(tfa)3 were runon column 6. The H2 flow rate 
on the flame ionization detector was 46 ml/min and the O2 
flow rate was 135 ml/min. 

All peak areas were measured with a digital integra
tion Model CRS-IOO (Infortroriics, Inc.). 

2. Quantitative Column Elution 

To evaluate the effectiveness of silanization of the 
gas chromatographic system, a series of 1 ~l injections of 
a solution with 29 mg/ml of Cr(tfa)3 in benzene were 
injected into column 5. The study was repeated with a 
Cr(fod)3 solution of the same concentration on column 7. 
After 4 to 6 chelate injections, 10 ~l of DMCS was injected 
to silanize the system. 
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TABLE 4 

CHROMATOGRAPHIC COLUMNS ~D CONDITIONS 

He Flow 
Column Literat. Length Liquid Solid Rate, Temperature, °C 

No. Ref. ft . Phase Support m1/min IP. Col. Det. Che1ates 

1 39 4 5% SE-52 60/80 mesh I 50 170 80 Be(tfa)2 
Gas Chrom. Z 

2 2 20% High 100/120 meshl 75 170 150 Cr (hfa) 3 
vacuum AW, DMCS 
grease Chrom. P 

3 4 5% QF-1 80/100 mesh 60 120 100 150 Cr (hfa) 3 
Chrom. W 

N 4 4 5% QF-1 80/100 mesh 30 150 100 150 Cr (hfa) 3 
tN Chrom. W 

5 4 5% QF-1 80/100 mesh 60 160 135 160 Cr(tfa)3 
Chrom. W 

6 4 5% QF-1 80/100 mesh 30 170 150 170 Cr(tfa)3 
Chrom. W 

7 4 5% QF-1 80/100 mesh 60 170 150 170 Cr(fod) 3 
Chrom. W 

8 4 5% QF-1 80/100 mesh 30 200 175 Cr(fod)3 
Chrom. W 

9 3 15% QF-1 80/100 mesh 20 165 100 165 Mn(hfa) 2 
AW, DMCS 
Chrom. W 



<, 

TABLE 4 - CONTlfUED 

He Flow 
Column Literat. Length Liquid Solid Rate Temperature, °C 

No. Ref. ft Phase ~ort m1/min IP. Col. Det. Che1ates 

10 64 7.5 10% SE-30 60/80 mesh I ·30 205 170 Fe(fod)3 
Gas Chromo Z 

11 2 20% High 100/120 meshl 75 170 150 Cu(hfa) 2 
vacuum AW, DMCS 
grease ·Chrom. P 

12 83 2 5% SE-30 ·100/200 meshl 60 170 130 Cu(tfa)2 
Chromo W 

13 1.5 20% SE-30 100/120 meshl 30 150 150 Cu(hfa) 2 
N AW, DMCS 
.j::>. Chromo P 

14 82 6 10% SE-30 . 80/100 mesh 30 230 170 Gd(fod) 3 
Chromo W 

15 82 6 10% SE-30 80/100 mesh 30 230 170 Lu(fod) 3 
Chromo W 



In order to evaluate the elution of irradiated chelates, 
solid samples of Cr(hfa) 3 and Cu(hfa)2 were irradiated for 4 
hours in the UFTR at ~/.5 x 10 12 neutrons/cm2-sec and 
injected into columns 2 and 11, respectively. One mg solid 
samples of Mn(hfa) 2 were irradiated 15 min at the same flux 
and run on column 9. After the chelates eluted, the solid 
sampler, charcoal trap, and column inlet, column, and outlet 
system were counted. The quartz fragments in the injection 
port were counted, the injection port rinsed with acetone, 
and the solution counted. Similar system counting was done 
after irradiated solutions had been injected: Cr(hfa)3 in 
column 4, Cr(tfa)3 in column 6 and Cr(fod)3 in column 8. 

In order to separate the effects of adsorption and on
column reaction from the radiolysis decomposition of the 
metal chelates, pure radioactive chelate solutions were 
prepared. These were injected into their respective columns 
(see Table 4) in a series of 5 ~l injections, 1 min apart. 
The series of injections totaled 50 ~l and 100 ~l. After the 
carrier gas had been allowed to flow after the last injection 
for 3 times the retention time of the chelate, the system 
was dismantled and the components counted. The packing was 
cQuIlted5n a 60 x 15 mIll Pyrex petri dish. 

3. Counting System 

All radioactivity measurements were made using two 
3 x 3 inch NaI(Tl) detectors connected to the multichannel 
pulse height analyzer system previously described. A block 
diagram of the counting system is,shown in Figure 7. The 
three different counting geometries shown in Figure 8 were 
studied and they are described in detail elsewhere (34). 
The exponential dilution flask exhibited sever adsorption 
properties and was difficult to heat uniformly, and conse
quently, will not be considered here. 

The spiral coil flow-through geometry consisted of a 
57 inch piece of 1/8 inch O.D. #316 'stainless steel tubing 
with a 0.005 inch wall (Superior Tube Company). It was 
wound in a spiral 2 7/8 inch O.D. x 1 1/8 inch I.D. The 
inlet and outlet arms each consisted of 6 1/2 inches of 
tubing. The charcoal traps were made from 5 inch pieces of 
tubing packed with 1 inch of 40 - 50 mesh charcoal. The 
packing began at the center and extended toward the outlet. 
Some of the charcoal traps were made from the same stock as 
the spiral. . Others were 1/8 inch O.D. Teflon lined aluminum 
tubing or 3 mm O.D. Pyrex. 
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The reversible counting geometry consisted of a 6 inch 
piece of Teflon tubing packed with 2.5 inches of 20% SE-30 
on Chromosorb P, (AW DMCS). This tube was enclosed in a 
larger aluminum tube wrapped with heating wire. Cool air 
could be passed around the Teflon tube inside the aluminum 
tube to cool the geometry. A He purge line was connected 
upstream to help flush the counting geometry. 

The sample counting in geometries connected to the 
system was done in a cave beside the gas chromatograph. A 
heated Teflon tube passed through the oven wall into the cave. 
The cave had 8 inches of lead between the detectors and the 
gas chromatograph, 4 inches of lead on the side, top, and 
back, and no lead on the bottom and front. The inside 
dimensions were 24 x 20 x 8 inches. 

Sample counting, where the traps were removed from 
the gas chromatograph system, was done in a lead cave 40 x 
22 x 12 inches with 4 inches of, lead on 5 sides and 2 inches 
on the bottom. 

The response of the NaI(TI) detector as a function of 
p_~sition was obtained by passing a 0.2 inchlong byO .061 
inch diameter--piece- ofi1l.oleculaT sieve containing CS-137 -

across the surface of the can containing the detector. Two 
perpendicular passes were made. The time sequence store 
mode of the analyzer was used to obtain a plot of relative 
response versus position. 

Three different modes of counting radioactive metal 
chelates were used. Where two or more radionuclides were 
present, a pulse height spectrum was taken and the areas 
under the photopeaks integrated using a PDP-8/L laboratory 
computer (Digital Equipment Corp.). When only one radio
nuclide was present, a single channel analyzer was used and 
the entire spectrum above a fe1.v kev was measured. When 
radiochromatograms were made, the time sequence store mode 
of the analyzer 1.vas used. 

The flow through spiral counting geometry "\'las used 
at 170 0 C with a continuous He carrier gas flow of 30 ml/ 
min to obtain radiochromatograms of Cu(hfa) 2 - Cr(hfa) 3 

mixtures using column 2. The time sequence store mode of 
the analyzer was used 'vith a dwell time of 0.02 min/channeL 

The stop-flow counting geometry was operated in a 
flow-through mode at a constant temperature of 115 0 C with 
a sorbent identical to column 13 inside. The geometry was 
held at 60 0 C to trap effluents, such as the Cu(hfa)2, and 
then heated to 150 0 C to desorb the complex. The procedure 
for repetitive use of the reversible stop-flow counting 
system was: 
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1. Start carrier gas, apply cool air to geometry 
2. Inject sample 
3. Wait 2.5 - 3.0 min, stop carrier gas flow 
4. Count sample 10 min 
5. Heat geometry and allow purge gas to flow for 

15 min 
6. Cool geometry, stop purge gas, and make a 10 min 

background count 
7. Restart carrier gas and trap the next component. 

Irreversible charcoal traps were used to obtain inte
gral radiochromatograms. The metallic traps were cooled 
with dry ice, but the 3 mm Pyrex traps required no cooling. 
The integral chromatograms were obtained by stopping the 
carrier gas flow and counting the accumulated activity in 
the trap. Cu(hfa)z - Cr(hfa)3mixtures were injected as 
solids and counted using this technique. 

4. Chelation Studies 

--------------------4TAh~e-HH+(±t*f~a+)~,H~~, and H(£od) li~~4~r~C~h~em~.--____ ~ 
Research) were all redistilled prior to use. For H(tfa), 
the 107 0 C fraction was collected. The CU(hfa)z and 
Cr(hfa) 3 were used as purchased (Pierce Chemical Company). 
The Mallinckrodt Nanograde benzene was dried over a l3X 
molecular sieve. The Vitreoseal quartz for the ampules 
was obtained from the Thermal American Fused Quartz Company. 

Cr 51 C13 in 1 N HCl, 0.02 mg/ml, 3.7 mCi/ml (Union 
Carbide), Fe 59 C1 3 in-l N HCl, 2 mCi in 0.83 ml(New England 
Nuclear Corp.) and Be 7 Clz in 0.5 N HCl, 2 mCi in 0.5 ml 
(New" England Nuclear) were used as tracers in these experi
ments. 

The atmospheric sublimation apparatus consisted of an 
8 cm x 6 mm O.D. Pyrex tube bent into a "U" shape with a con
necting tube on each end. The apparatus was heated in the 
gas chromatographic oven. The He flO1'l through the tube and 
the heat applied by the oven were sufficient to sublime the 
chelates and move them from the bottom of the "U" through a 
short piece of Teflon tubing to a 3 mm O.D. Pyrex trap 
outside the oven. This trap was maintained at room tempera
ture. 

The vacuum sublimation apparatus was a standard 
design ''lith a 15 mm O.D. Pyrex pot and an 8 mm O.D. cold 
finger. It was connected to a mechanical forepump. 
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Mixtures of 2 mg of solid Cr(hfa) 3 and 1 mg of solid 
Cu(hfa) 2 were sealed in 2 mm x 2 em quartz tubes and 
irradiated for 4 hours at 10 12 neutrons/cm2-sec in the 
University of Florida Training Reactor (UFTR). Solid 1 mg 
samples of Mn(hfa) 2 were sealed and irradiated under the 
same conditions for 15 min. The Cr(hfa)3 and CU(hfa) 2 
mixture was injected into columns 2 and 11 (see Table 4), 
and the Mn(hfa)2 was injected into column 9. No annealing 
treatment was used on either sample. The chromatographic 
column was then dismantled and each component counted. 

Cr(tfa)3, Cr(fod)3, and Cr(hfa) 3 were dissolved in 
Nanograde benzene, irradiated for 14 hours at 6.5 x lOll 
neutrons/cm 2-sec in the Georgia Technology Research Reactor 
(GTRR), and injected without further treatment into columns 
5, 7, and 3, respectivelyo Each of these columns, charcoal 
traps, and injection port liners were similarly counted. 

Thermal annealing of irradiation damage in Cr(tfa)3 
was studied by irradiating two benzene solutions: one 
containing 30.2 mg Cr (tfa) 3 and 2. 7 mg H (tfa) (10 % exces s) 
in 1 ml of benzene, and the other contained 30.4 mg Cr(tfa) 3 
and L7mg H(tfa) CIOOt_S!xce;;sJ_iI1 J_mlQf b~Ilzenefor 14 
hours at 6.20 x lOll neutrons/cm2-sec in the GIRR.Part-of 
the sample with 10% excess ligand was injected into column 
5 without treatment. The rest was annealed (heated) 9 hours 
at 100 0 C and then injected. The sample with 100% excess 
ligand was annealed 9 hours at 100 0 C in its sealed irradia
tion vial and injected. All three columns were dismantled 
and counted. 

Hot Cr(tfa)3 was ~repared by synthesizing the chelate 
using Cr spiked with Cr s as the starting material. Forty 
mg CrC1 3 • 6 H20 was spiked cmd dissolved ,in 1.5 ml H20 
in a 5 ml round bottom flask. Three hundred mg of urea and 
86 mg (10% excess) of H(tfa) were added, and the mixture 
refluxed at 100 - 115 0 C for 7 hours. The insoluble product 
was filtered, washed with H20, and air dried. The product 
was dissolved in ether and placed in the atmospheric sublima
tion apparatus. After the ether had evaporated, the tempera
ture was raised to 150 0 C for 15 min. Forty-seven mg of 
purple product was recovered from the trap under a flow rate 
of 10 ml/min. 

Radioactive Cr(fod)3 was also prepared by synthesizing 
the chelate using chromium spiked "\vi th Cr Sl as the starting 
material. Fifty-two and one-half mg Cr(N0 3 )3 • 9 H20 was 
spiked and dissolved in 0.5 ml absolute ethanol in a 10 ml 
round bottom flask. One hundred thirty-four and two tenths 
mg (10% excess) H(fod) dissolved in 1 ml absolute ethanol 
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was added. After heating for 1 hour at 80 0 C, the mixture 
was transferred to the atmospheric sublimation apparatus. 
Heating for 1 hour at 140 0 C with 10 ml/min He flow 
transferred 6.5 mg chelate to the trap. 

A solution containing 43.5 mg Lu(fod)3 and 42.1 mg 
H(fod) in 1.5 ml benzene was prepared. One ml of this was 
irradiated for 14 hours at 5 x lOll neutrons/cm2-sec in the 
GTRR. It was annealed 10 hours at 100 0 C. The sample was 
vacuum sublimed at 115 0 C for 15 min. Thirty-three and one
half mg p"ale yellow chelate was obtained. 

The same procedure was applied to Gd(fod)"3' except 
that the sublimation was for 45 min at 150 0 C. 

Radioactive Fe(fod) 3 was synthesized from FeC1 3 
spiked with Fe 59 dissolved in ethanol. H(fod) was added 
and immediately after mixing, the deep red chelate was 
formed. It was extracted into 2.5 ml hexane and sublimed 
at atmospheric pressure at 140 0 C. Six mg of deep red 
chelate was obtained. The pale red crystals were discarded. 

Radioactive Be(tfa)2 was synthesized from BeS04 . 
4 H20 spiked with Bel. Forty-one mg BeS04 . 4 H20 and 90.0 
mg NaAc were dissolved in 1.5 ml H20. One hundred mg (50% 
excess) H(tfa) dissolved in absolute ethanol was added. 
The white product was extracted into benzene and vacuum 
sublimed at 65 0 for 15 min. Thirty-four and a half mg chelate 
was obtained. 

The Cu(tfa)2 was synthesized according to the method 
of Berg and Truemper (84). A saturated benzene solution 
with excess solid chelate, 65.5 mg total wei~ht, was 
irradiated for 7.5 hours at 10 12 neutrons/cm -sec in the 
UFTR. The sample was annealed at 115 0 C for 7 hours and 
vacuum sublimed at 115 0 C. 

5. Results and Discussion 

Both solid and liquid samples were evaluated in this 
study. The solid sampler's large sample size (1-2 mg) was 
ideal from the standpoint of counting, especially when 
using the flow-through type geometries. However, the 
activity measurements made on the solid sampler and quartz 
fragments in the injection port showed large amounts of 
radioactive residue, most of which was due to Szilard
Chalmers decomposition. There were visible chelate residues 
in the sampler barrel and among the quartz fragments, 
indicating ei ther that the injection port 'vas not hot enough, 
or that the solid sampling technique needed to be improved. 
This contributed to the injection port activity to a small 
extent. 
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The length of the sealed sample tubes which were 
broken by the solid sampler was found to be critical. If 
the tubes were too long, large amounts of glass (or quartz) 
fragments prevented all the sample from leaving the sampler 
barrel. If the sample tubes were too short, they were not 
broken at all, and were forced upward,breaking the injec
tion port liner which surrounded the solid sampler barrel. 
For 0.060 inch O.D. melting point capillaries, the best 
lengths were found to be between 0.406 inches and 0.469 
inches. For liquid injections of 5 ~l or less, the total 
sample activity was so low that long counting times were 
requi red. lVhen a total of 10 0 ~l of Cu (tfa) 2, inj ecte d 
5 ~l at a time (in order not to overload the column) 7 x lOG 
cpm were measured in the trap. If all factors affecting 
recovery are linear, a 1 ~1 injection should have at least 
7 x 10 4 cpm acti vi ty\vhi ch is roughly 70 times b ackgrounc1, 

The results of the injected sample size study aye 
shown in Figure 9. The benzene Cr(tfa) 3 chromatograms gave 
one peak for benzene and two chelate peaks. The second 
chelate peak area was only 10% of the first and it was 
necessary to integrate both chelate peaks together. From 

_these results i tis __ seen_that the 10 ~l sample deyiatE;s __ _ 
significantly fyom linearity and is therefore considered as 
the upper limit of liquid sample injections. 

In terms of eluting the chelates quantitatively, the 
silanization did not produce any measurable improvement. 
Even after 70 ~l of DMCS has· been injected, the chelate 
peak areas were the same as those observed before any DMCS 
had been injected. 

For all of the solid injections the elution efficiency 
was poor. Eighty - ninty% of the acti vi ty was found in the 
injection port, the solid sampler, and the column inlet. 
Both the quartz fragments and the acetone rinse were radio
active. Most of the activity was removed from the injection 
port by this procedure. The only time any radioactive chelate 
was measured was when the sample activity was so high that 
the 5% which was eluted 1vas hot enough to be counted. 

The color and appearance of the solid Cr(hfa) 3, 

Cu(hfa)2, and Mn(hfa) 2 did not change during irradiation. 
Since only 2 atoms in 10 9 of the chelate undergo the (n,y) 
reaction during a 15 hour irradiation at 10 12 neutrons/cm 2-
sec, only a small fraction of the sample is effected by the 
Szilard-Chalmers reaction. Thus, even though these solids 
may have been essentially unaffected by irradiation, the 
chelation of the radioactive atoms was by no means quantita
tive. This was shown by the results of the gas chromatograph 
residue measurements. When solid Cr(hfa) 3 and CU(hfa) 2 were 
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injected into columns 2 and 11, respectively, large amounts 
of activity were found in the solid sampler, the injection 
port, and the head of the column. Smaller amounts of 
activity were found at the middle of the column and at the 
outlet. When a charcoal counting trap was used for the 
above experiment, approximately 50% of the radioactive 
sample '.'Jas found in the charcoal trap. Undoubtedly, there 
was some annealing in the reactor and/or the injection port. 
After the irradiated solid ~m(hfa)2 was injected, no trace 
of Mn 56 was found beyond the inj ection port. There was 
apparently insufficient annealing to rechelate any Ivin 56. 

The Cr(tfa)3, Cr(fod)35 and Cr(hfa) 3 solutions 
behaved the same way as the solids. Very small amounts of 
activity were found in the counting geometry and large 
amounts stayed in the injection port. 

The use of a Teflon injection port liner showed no 
improvement over quartz. The injection port retention was 
not due to the liner material, since hot chelate passed 
through the rest of the Teflon tube satisfactorily. 

_ . _ Th~ results of the Cr (tfa) 3 annealing experiment are 
shown in Table S. The-residUe sLudy1\TaS used-to evaluate -
the purity of the radioactive chelate. The figures from 
an untreated sample similar to this one are included for 
comparison. It can be seen that heating at 100 0 C for 9 
hours in conjunction lvith irradiation with a 100% excess 
amount of ligand is quite effective in minimizing the amount 
of unchelated radioactive metal. When only 10% excess 
ligand was used the results were much better than when no 
treatment was used. Still, the results were poor. Heating 
caused some improvement, but only with 100% excess ligand 
were the results optimum. 

The solutions which were irradiated and not annealed 
were equally unsatisfactory. Here, there lvas no significant 
solid residue in the injection port as most of the metal 
chelate was eluted through the column. Only the small 
number of radioactive nucleii apparently underwent radiolysis 
and were consequently not in a form sui table for chromato
graphic elution. Only after annealing can irradiated 
chelate solutions be used for gas chromatography (see Table 
5) . 

The solution of Cr(tfa)3 which was irradiated with 
100% excess ligand and then annealed gave excellent chromato
graphic results. The sublimation step used in the residue 
study for purifying the irradiated mixture is apparently 
not necessary for efficient elution. Table 6 lists the 
results of the residue studies of the chelates. 
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TABLE 5 

EFFECT OF POST-IRRADIATION ANNEALING 
OF Cr(tfa)3 IN BENZENE 

Activity Recovered, 9.: 0 of Total 
Annealing None None 9 hrs, 100DC 9 hrs, 100°C 

Excess Ligand 0% 10% 10% 100% 

Injection port 
liner 89.7 11.0 2.80 0.88 

Column paCking} 3. 8 35.8 3.0 1. 43 

Column tubing 0.25 0.7 0.38 

Charcoal trap 7.0 52.9 93.5 97.30 

NOTE: Chromatographic analysis run on Column 5 (Table 4) 0 
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TABLE 6 

PERCENT RECOVERY OF METAL CHELATES 
IN CHROMATOGRAPHIC SYSTEM 

Residual Activity:, % of Total 
Column Injection Column Teflon 

Chelate No. Port Liner Packing Tubing 

Cr (tfa) 3 5 0.35 1.36 0.38 

Cr (tfa) 3 
a 

5 11. 06 35.81 0.25 

Cr(tfa) 3 
b 

5 2.80 2.97 O. 70 

Cr(tfa) 3 
c 

5 0.88 1. 43 0.38 

Cr(fod) 3 7 0.35 15.7 0.75 
--- -- --- --- -

-

Be(tfa)2 1 0.07 2.7 3.-b·· 

Fe (fod) 3 10 0.30 23.0 2.48 

Cu(tfa)2 12 1. 30 23.0 3.5 

Gd(fod) 3 14 1.0 35 1.3 

LuCfod) 3 15 0.51 7.0 0.43 

aIrradiated with 10% excess ligand 

bIrradiated with 10% excess ligand and annealed 

cIrradiated with 100% excess ligand and annealed 
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98.16 

52.87 

93.50 

97.30 

83.0 
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The Cr(tfa)3 results were quite good. The poorer 
Cr(fod)3 results may have been due to a higher column 
temperature which would have contributed to decomposition 
on the column packing, since a large portion of the 
activity was found there. . 

The Be(tfa)2 results were similar to those of the 
Cr(tfa)3. The third column, however, appeared to hold a 
large portion of the activity. There was no explanation 
for this. It is not a problem with sample purity because 
the injection port did not contain any more activity than 
it did in the other two runs. 

The Gd(fod)3 data was less accurate than the other 
experiments because the sample had decayed through 3 half
lives considerably before it was counted. This meant that 
a mixture of daughters and other Gd isotopes were present, 
the half-life of which was unknown, and therefore no decay 
correction could be made. The results are accurate to the 
extent that they show nearly 1/3 of the total activity on 
the column packing. This is different from the Lu(fod)3 
result, even though they are both rare earths and both 

--e-xperim~m-ts us e diden ti cal-~olumn5.- This--is--s imi laF- to the -_ .. 
Cr(tfa)3 - Cr(fod)3 results. 

The Fe(fod)3 also left a large residue on the packing 
material. Some was also present on the column tubing, which 
would indicate that the chelate and liquid phase did interact 
and that accurate quantitative results will be difficult to 
realize. The Cu(tfa)2 behaved similarly. The larger 
amounts of residue in the column is due to the low operating 
temperature for that particular experiment. 

In summary, the Cr(tfa) 3, Be (tfa) 2, and Lu(fod) 3 'vi th 
the columns which !Vere used wi th them seem to be good choices 
for gas chromatography of radioactive metals. The rest of 
the chelates seem to be restricted by the nature of the 
column packing. A better choice of chromatographic condi
tions, then, will probably make activation analysis work 
with these chelates feasible also. Further, it is seen that 
reaction irradiation of the metal chelates requires post
irradiation annealing of both solid and liquid samples. 

The relative response of the Na(Tl) crystal as a 
function of sample position is an important consideration 
in the design of counting geometries. Consecutive samples 
need to be held in regions of the same response if repro
ducible results are to be obtained. Figure 10 shows the 
plot of response versus position for the 3 x 3 inch NaI 
detectors used in this study. The region where the response 
decreased by no more than 10% from the maximum was found 
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Figure 11. Cu(hfa)2 activity counted in a stainlesslsteel flow-through counting geometry, after 
separation from a Cn(hfn):,-Cr(hfn) 3 mixture 
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purge gas are applied to flush the geometry. After it is 
cool again it is ready for the next component of the 
sample to be eluted and trapped. Here is complete flexibi
Ii ty, indefini te counting time, freedom from cri tical stop 
flow timing, and complete reversibility. 

Figure 13 shows a 400 channel radio chromatogram ich 
illustrates the reversibility of the geometry. A solid 
Cu(hfa)2 sample was injected into column 13. The activity 
suddenly rises as the radioactive plug enters the geometry. 
Since flow is not stopped the tail of the chromatographic 
peak accumulates and the count rate slowly increases. At 
channel 364, heat was applied to the 60° geometry and the 
trapped chelate started to move. First it moved to a more 
sensitive counting position, as indicated by the steep rise 
in count rate. Then the rate drops to the background level 
as the radioactive material is flushed from the geometry. 
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