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INTRODUCTION

It is difficult to over-estimate the importance of zas
chromatography among quantitative organic analytical tools.
At its simplest, the technique may be used to quantlitatively
determine a large variety of compounds from major to trace
concentrations whether occurring separately or in complex
mixtures, Sample sizes required are extremely small. It
is a convenient, rapid, accurate, and relatively inexpens;ve
technique, With the avallability of high, programmed, and
sub-ambient temperature techniques and new column méterials,
the number of compounds capable of being quantitatively anal-
yzed by gas chromatography is phenomenal. |

Yet, with all of its attributes, gas chromatograpnic
analysis suffers several serious limitations. While being a
powerful quantitative analytical tool, conventional gas
chromatography (g. ¢.) is a poor qualitative analytical tool.
While being a technique of extremely great applicability, the
vapor phase nature of the separation process limits its use
to those species which can volatilize intact. Finally, and
perhaps most important, gas chromatography has become an
organic analytical tool with relatively little application to
inorganic analytical problems. Great strides have been taken
toward lessening each of these limitations.

The greatest publicized efforts of late have been those

directed at applying g. c. to the analysis of metals. The



problem, here, has been to overcome the volatility linmita-
tion. It has lonz been known that many inorganic compounds
or classes of compounds that can volatilize intact such as
certain metal halides (56) and phosphorus halides (23) can be
Sgas chromatographed. One approach to the gas chromatographic
analysis of metals has been, then, to prepare volatile deriva-~
tives of the metals of interest and chromatograph the deriva-
tives. A particularly elegant example of this concept is the
recent work of Juvet and Fisher (56). These workers form the
metal fluorides of molybdenum, tungsten, ﬁranium, and ten
other elements by means of a reactor in the carrier gas line
of a gas chromatograph. The metal halides are swept out of
the reactor as they are formed and onto an analytical column
for separation.

The greatest hope of making g. c. a general inorganic
analytical tool has come from reports of the gas chromato-
graphablility of metal complexes., Activity in this new field
has been intense. Many publications concerning newly dis-
covered chromatographable complexes and improvements in many
aspects of the zas chromatography of complexes appear each
year (41,92). Moshier and Sievers, pioneers in the field,
nave published a book on the topic (76).

The success of these approaches demonstrates the scope of
conventional gas chromatography. Although representing a very
significant practical advance for gas chromatographic analy-

sis, these approaches do little more, basically, than add
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to the list of gas chromatographable molecules. Both the
complex and reaction techniques operate within the framework
of significant volatility.

The greatest steps toward circumventing the volatility
requirement and at the same time making g. c¢c. a useful quali—
tative analytical tool have come as a result of the introduc-
tioﬁ of '"pyrolysis-gas chromatography" (74). The principle of
the technique is very simple, The sample is thermally de-
graded in the carrier gas line and the degradation products
separated by gas chromatography.

The chromatogram of the degracdation products, the frag-
mentation pattern, should be characteristic of the molecule
degraded, A given compound would be expected to yield a large
number of degradation products, and consequently, a large num-
ber of peaks would be expected to appear in the fragmentation
pattern. The positions and relative sizes of these peaks
could be used for identification of the sample with much
greater confidence than a single retention parameter as would
be obtained 1f the sample were analyzed by conventional gas
chromatography.

Assuming reproducible operating conditions, it would be
expected that the size of the peaks in the pattern would be
related to the size of the sample degraded. As such, fragmen-
tation-gas chromatography should be applicable to quantitative
as well as qualitative analysis.

Most importantly, volatility of the sample is no longer



required. Theoretically, with thils extension, any compound
that yields, upon thermal degradation, organic or inorganic
products which can be gas chromatographed at column tempera-
tures up to 350°C can be identified and quantitatively deter-
mined with little more than a basic gas chromatograph.

Because the primary difficulty in applyinz gas chromatog-
raphy to the analysis of metals is finding metal-containing
compounds of sufficient volatility, it seemed that fragmenta-
tion-gas chromatography, having no volatility requirement,-
might be advantageously applied to the problem. A search of
the literature revealed that the potential of fragmentation-
gas chromatography as an inorganic analytical tool had not
been evaluated.

One means of applying the technique to the analysis of
metals might involve the fragmentation df metallo-organic com-
pounds followed by the gas chromatographic analysis of the
organic breakdown products. In the simplest case, a solution
of a metal-ligand complex containing no excess ligand, a given
volume of solution could be deposited in the fragmentation
chamber, the solvent evaporated and the resulting solid metal-
lizand complex fragmented. The size of the peaks or any given
peak in the fragmentation pattern would be expected to be
propoptional to the total amount of sample fragmented. The
size of the peak(s) could be related to the weight of sample
which is in turn related to the weight of metal present.

Knowing the volume of solution subjected to analysis would



allow the calculation of its metal concentration.

This is, of course, an extremely artificial example. The
absence of excess ligand requires that the metal content be
known before analysis. Nevertheless, the analytical procedure
would be valid. The analysis could be carried out by extract-
ing the metal into an organic phase, depositing a known volume
of the extract in the fragmentation chamber, vaporizing the
solvent and fragmenting the residue. The presence of excess
ligand, as would be expected for any practical analytical -
scheme, simply imposes an additional requirement., The frag-
mentation pattern must be sensitive to complexed ligand.in
some wvay.

The ideal situation would yield a fragmentation pattern
containing breakdown products characteristic of complexed
ligand and those characteristic of uncomplexed ligand. Undcer
these circumstances a peak corresponding to complexed ligand
(2 "complex-sensitive" peak) could be used as a measure of the
amount of metal present in the sample. The'presence of excess
ligand would be of no concern because the uncomplexed ligand
would not contribute to the size of the peak monitored.
Equally ideal would be the case allowing selective degradation
of the metal-ligand complex while leaving uncomplexed ligand
intact.

Fragmentation-g. c. techniques should be applicable to
inorganic analysis under conditions other than the ideal, For

example, although selective degradation of complex might not
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be possible, a selective volatilization of excess ligand might
be possible. In this case, excess limand can be removed along
with the solvent leaving only comvlexed ligand for fragnmenta-
tion. Actually, it is not essential that the entire fragmen-
tation pattern or any part of it arise from complexed lizand
alone., It is essential, however, that some aspect of the
pattern be "complex-sensitive'.-

It was felt that a system suitable to evaluate the poten-
tial of fragmentation-gas chromatogravhy as an inorganic
analytical tool should meet several requirements. It was
felt that the ligand should be a proven solvent extractant so
that any success with fragmentation-chromatographic analysis
could be translated into a workable analytical technique. A
ligand yielding a simple fragmentation pattern was desired to
simplify data interpretation. Because complexes are often
altered by heat, the sample would have to be maintained at a
relatively low temperature prior to controlled fragmentation
which, with the assembly available for these studies, limits
the size of the fragments capable of reaching the analytical
column., As a result, an additional requirement was that a
significant number of low-boiling fragments be formed on
fragmentation. PFinally, it was felt that an ideal system
would be one in which the functionality involved in complexa-
tion was also involved in the degradation mechanism of uncom-
plexed ligand because this would increase the probability of

conplexation directing the formation of a complex-sensitive



veak.

The diphosphine oxides of the following type appear to
0 0

(R)ZE(CHZ)n;(R)Z (n =1,2,3,4)

meet all of the stated requirements. They are proven solvent
extractants (77,78,85). Work on monophosphine oxides (5) indi-
cated that a significant yet simple fragmentation pattern of
low-boiling hydrocarbons mizght be obtained on breakdown of the
diphosphine oxides. Very importantly, this same work resulted
in strong indications that the phosphoryl oxygens were involved
in the degradation mechanism of the monophospnine oxides.

Because they met the assumed requirements, the diphos-
phine oxides were chosen as the complexing agent to evaluate
the potential of fragmentation-g. c¢. as an inorganic analyti-
cal tool, Because the diphosphine oxides were known to be
most useful for the extraction of the uranyl ion and that it
is possible to prepare solid uranyl nitrate-diphosphine oxide
complexes, uranium, as uranyl nitrate, was chosen as the com-
plexed metal for this investigation.

Selection of the diphosphine oxides presents an addi-
tional problen in any study where the overall fragmentation
pattern is of interest. In order to guarantee that any high-
boiling organophosphorus breakdown products that might be
formed reach the analytical column, it is necessary to main-
tain the fragmentation assembly at a relatively high tempera-

ture (approximately 300°C) prior to and after fragmentation.



At elevated temperatures a portionrof the sample night be
volatilized prior to fragmentation and eventually be deposited
on the analytical column. Similarly, undegraded diphosphine
oxlide released during the fragmentation process might eventu-
ally find its way to the column.

If the intaotudiggosphine oxides are gas chromatograph-
able, the fragmentation patterns will contain a peak corres-
ponding to the diphosphine oxide which could easily be miscon-
strued as a fragmentation product. The diphosphine oxides may
be partially chromatographable in that their chromatography is
attended by some degree of thermal decomposition in the inlet
or on the column. In this case, the fragmentation pattern
will contain a poorly shaped peak for undegraded diphosphine
oxide characteristic of column-induced degradation and peaks
characteristic of inlet-induced decomposition. In either case,
the resuit is an easily misinterpreted fragmentation pattern.

An additional danger is that impurities in the diphos-
phine oxides might also reach the analytical column in a
manner analogous to the undecomposed diphosphine oxide. The
presence of peaks corresponding to these impurities would
further complicate interpretation of the fragmentation pat-
terns. |

A search of the literature revealed that no work on the
gas chromatographic analysis of diphosphine oxides had been
reported. As a result, a study of the behavior of these com;

pounds under gas chromatographic conditions was a necessary



prerequisite to thelr use in the fragmentation studies.

It was then noted that whereas the dipnosphine oxides
were becoming important analytical reagents, little has been
reported on their analysis. A titrimetric method (84) has
been reported but is attended by several difficulties and is
not generally applicable. The only other method reported is
a spectrophotometric procedure for the determination of the
diphosphine oxides in aqueous solutions (82). These findings
suggested that a study of the fragmeatation-gas chromatography
of the diphosphine oxides could yield a needed method for the
quantitative determination of these compounds in addition to
aiding in the evaluation of fragmentation-g. ¢. as an inorganic
analytical tool.

In the course of this investigation,it was found that
Judicious selection of chromatographic conditions allowed all
of the diphosphine oxides available for study to be gas chro-
matographed intact. As a result, this thesis is presented in
two parts. Part I is concerned with the conventional gas
chromatography of the diphosphine oxides with particular inter-
est in the behavior of these compounds under chromatographic
conditions and the application of the technique to their quan-
titative determination. Part II deals with the application of
fragmentation-gas chromatography to the diphosphine oxides and
thelr corresponding uranyl nitrate complexes with particular
interest in obtaining some measure of the potential of frag-'

mentation-gas chromatography as an inorganic analytical tool.
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PART I. GA3 CHROMATOGRAPHY OF DIPHOSPHINE OXIDES
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REVIEW OF THE LITERATURE

Among the earliest reported separations of organopnos-
phorus compounds is the separation of triethyl, triphenyl, and
tris(m-tolyl) vhosphate developed during an investization of
the analysis of plasticizers (68). The majority of the publi-
cations dealing with the gas chromatography of orzanophos-
phorus compounds (Table 1) have, however, resulted as support
efforts for studies of various aspects of organophosphorus
cnemistry. .

DeRose, Gerrad, and Mooney (29) present 2 method for the
gaé chromatographic analysis of six dialkyl hydrozen phos-
Phites developed during an investigation of ester-interchanze
in this class of compounds. Feinland, Sass, and Buckler (39)
established conditions for the separation of all of the pos-
sible oxidation products of two organic vhosphines. During a
study of the photochemical phenylation of tri-n-butyl phos-
phite, Plumb and Griffin (90) used g. c¢. to aid in the identi-
fication of the unexpected product tri-n-butyl phosphate and
to monitor products of photo-~initiated air oxidation of
several lower trialkylphosphites. %Walling (111l) used gas
chromatography to identify and estimate products of reactions
of thiol and alkoxy radicals with trialkylphosphites. Denney
and Boskin (24) investigated the reaction of tributylphos=-
phines with episulfides by monitoring the butene generated.’

Sauers and Landesberg (95) identified products of a rearrange-
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Table 1. Organophosphorus compounds for which conditions
are available for gas chromatographic analysis

Class Reference

Alkyl and aryl phosphates 628
Alkyl hydrogen phosphites 29,97
Aryl phosphines and phosphine oxides L3
Alkyl phosphites and phosphonyl esters 23
Alkyl phosphates and phosphites 90
Alkyl phosphines, phosphites, phosphine oxides, 39

pnospnonates, phosphates, and phospninates
Alkyl and aryl phosphine oxides, phosphine 11

sulfides, phosphinates, phosphonates, phos-

phates, phosphinic acids, phosphorylated

amidines, phosphines, and phosphites
Alkyl phosphates 58&
Alkyl and aryl phosphorothioates 113
Alkyl phosphates and organophosphorus 162

pesticides
Organophosphorus pesticides 182,106
Organophosphorus insecticides 12

@Denotes paper dealing primarily with selective phos-

phorus detection.
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ment during phosphoryl chloride-~pyridine dehydration.

General conclusions concerning the gas chromatozraph-
ability of organophosphorus compounds awaited more thorough
consideration of the analytical technique. Shipotofsky and
.Moser (97), although primarily interested in the g. c. of
inorganic phosphorus-containing compounds, reported the separ-
ation of dimethyl and diethylphosphate by columns of di-n-
butyl pthalate and Apiezon K. These authors reported the
necessity of using Fluorobak 80 as solid support claiming ‘that
Chromosorb produced severe tailing.

At about the same time, Gudzinowicz and Campbell (43)
reporféd that the quantitative analysis of a variety of aryl
pnosphines and phosphine oxides was possible by gas chromatog-
raphy with virtually no special precautions. A common sili-
cone liquid phase (SE-30) impregnated on Chromosorb W and
packed in stainless sﬁeél tubing was found to be a perfectly
satisfactory column. The flash heater was maintained at 405°C
without evidence of decomposition. Using a simple 240-340°C
temperature prosram allowed the resolution of triphenylphos-
phine, B-methoxyphenyl diphenylphosphine, di(g-methoxyphenyl)
phenylphosphine, g-methoxyphenyl diphenylphosphine oxide,
tri(p-methoxyphenyl) phosphine, and tri(g-methoxyphenyl) |
phosphine oxide from one another in a single run.

A review (23) on the gas chromatography of organophos-
phorus compounds supported the contention that simple silicone

liquid phases are widely applicable to the separation of these
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compounds. Further defining the regquirements Tor a'system
capable of general application to the gas chromatography of
organophosphorus compounds, the authors stated that care must
be taken to avoid allowing water to enter the system and that
glass columns and on-column injection are often required Tor
quantitative analytical purposes. They further pointed out
the advantage of using silanized supports and urged the use of
programmed temperature techniques for the separation of nmix-
tures containing a large variety of organophosphorus compéunds.

Berlin et al. (11) published the results of a four-year
study of columns applicable to the g. c. of orgzanopnosphorus
compounds and described the use of dimethyldichlorosilane-
treated Chromosorb G as a solid support. Twenty-eight com-
pounds representing eleven classes of organophosphorus com=
pounds were gas chromatographed using a flame ionization
detector with the conclusion that whereas silicone liquid
phases are quite generally applicable,due to the polar nature
and high-boiling characteristics of organophosphorus compounds,
considerable care must be exercised in choosing a column for a
varcticular separation.

The more complicated organophosphorus compounds used as
pesticides and insecticides have been found to be somewhat
more sensitive to heat than most of the simpler organophos-
phorus compounds (47). As a result, the use of neopentyl-
glycol succinate and phenyl diethanolamine have been sugzgested

as preferred liquid phases (47). In at least one publication
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(106) it is claimed that dietnyleneglycol succinate is tne
most generally appllicable ligquid phase for pesticide analysis.
Regardless of the reported complications involved in using
silicone liquid phases for pesticide analysis, a large cdegree
of success has been reported with their use (12,18,106).

An advance in the chromatographic analysis of organophos-
pnorus compounds as important as any other is that resulting
from the development of phosvhorus-selective detectors.

Karmen (58) described a phosphorus-halogen-specific flame ion-
ization detector, Burchfield, Rhoades, and Wheeler (18) intro-
duced a microcoulometric detector sensitive to only phosphorus,
sulfur, and halogens. At least one paper has apreared on the
application of flame photometric detectors to selective phos-
phorus detection (16). McCormack, Tong, énd Cooke described an
emission detector, based on microwave excitation, capable of
being phosphorus-selective (73). The use of any of these
detection systems results in greatly simplified chromato-
graphic conditions and sample preparation.

Gas chromatography has become an effective analytical
tool for the quantitative determination of organophosphorus
conpounds. Its use in aiding in the identification of orzgano-
phosphorus compounds has been demonstrated repeatedly. The
reported (3) use of tri-n-butyl phosphate as stationary phase
for the study of diluent effects in solvent extraction further
demonstrates the value of gas chromatograpny to organophos-

phorus chemistry.
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TQUIPMENT, MATERIALS AND PROCEDURES

Equiopment

All of the mzas chroumstograms were obtained with a Beckman
GC-4 model gas chromatograph equipped with thermal conductive-
1ty and dual hydrogen flame ionization detectors, flash vapor-
ization and on-column injection ports, vprogrammed column
temperature module, and electrical discharge pyrolysis-gas
chromatography capability. Injection of samples was by Hamil-
ton micro-syringe. A Bristol model 560 Dynamaster recordér
was used to record the chromatograms. Peak areas were deter-
mined with the aid of a Disc Integrator. .

Column preparation was aided by vibration of packed
columns with Burgess Vibro-gravers.

Infrared spectra were obtained with a Perkin-Elmer model

21 Infrared Spectrophotometer.

Materials

The diphosphine oxides (Table 2) were obtained from labor-
atory stock and used without additional treatment. The prepar-
ation and properties of these compounds have been described
(77,78,85,94).

The uranyl nitrate-diphosphine oxide complexes were
obtalned by mixing equimolar amounts of uranyl nitrate and
diphosphine oxide in n-propanol and filtering the precipitate.
The complexes were recrystallized from n-propanol.

The identities of the uranyl nitrate complexes MHDPO-U,



Table 2, Nomenclature and structures of the diphosphine oxides
Structure Abbrevi- Name
R n ation
C
-CCCC 1 MNDPO Methylene-
c bis(di-neohexyl phosphine oxide)
-C
ccccee 1l MEBDPO Methylene--
bis(di-2-ethylbutyl phosphine oxide)
-C
0 0 ccceeccece 1 MEHdDPO Methylene-
bis(di-2~ethylhexyl phosphine oxide)
(R)2P(CH2 )y P(R) >
-CCCCCC 1 MHDPO Methylene-
bis(di-n-hexyl phosphine oxide)
-CCCCCC 2 EHDPO Ethylene-
bis(di-n-hexyl phosphine oxide)
-CCCCCC 3 PHDPO Propylene~
bis(di-n-hexyl phosphine oxide)
~CCCccce L BHDPO Butylene-

bis(di~n-hexyl phosphine oxide)

[
~J
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o

z4DP0-U, PHDP0O-U, and BHDPO-U were confirmed by comparison of
their infrared spectra with standard svectira. The expccted
shifts in the phosphoryl band vositions were noted in MEBZDPO-
U, MZEDPO-U, and MNDPO-U spectra and taken as evidence cf
complex formation.

The extent of complexation ( =90% for each) was assayed
by comparison of the sizes of complexed and uncomplexed phos-
phoryl bands, and noting the size of the divhosphine cxice
peak obtained on injection of solutions of the various uranyl
nitrate complexes into the gas chromatograph. Such an assay

was found sufficient fop these studies.

Cis,trans-pentene-2 (mixed isomers), hexene-1l, and n-

heptane were obtained from Phillips PetroleumvCo. Tritenzyl
amine and neocuproine were obtained from Eastman Organic
Chemicals.,

Stock helium was used as the carrier gas for all of the
studies employing thermal conductivity detection. High-purity
(Zero-gas) helium was used for studies involving flame detec-
tion. The high~-purity carrier gas and "Zero-gas" hydrogen and
air for flame detector operation were obtained from Matheson
Company, Incorporated.

Liquid partitioning agents and solid supports were
obtained from Applied Science Laboratories. Stainless steel
and copper tubing was obtained from laboratory stock and
flushed with acetone before use. Glass tubing was obtained

from Fred S. Hickey Corp., Shiller Park, Illinois. Swagelock
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fittings were obtained fron Hawkeye Valve and Fittiag Company,
Des doines, Iowa.
The columns used in these studies are ziven in Tavle 3.

In each case, tre solid support is 100/120 mesh. The column

preparation procedure is described in the folliowing section.

Procedures

Columm preparation

t 1s necessary to elaborate on the metnocd used for
column preparation because it involves a new support coating
technique.

Many procedures are recommended for cozating solid sup-
ports prior to packing analytical columns (49,83,99) and zafter
packing columns with uncoated support (4,15). Coating a sup-
port after it has been packed (in-place coating) is said to
result in reproducible columns (4) but has the definite dis-
advantage that only enough packing is made to fill the single
column. In this thesis work, it was desired to prepare a
larze enough batch of packing material to pack several columns
of different characteristics such that the influence of these
cnaracteristics could be studied without danzer of irrepro-
ducitle packings complicating the results. Thus, a "pre-
packing' method of support-coating was of greater interest.

Three significantly different techniques were noted for
the coating of supports prior to packing; the classical method

(49,99), a frontal analysis technigue (99), and a procedure



Table 3. Types of columns used in this study of the gas chromatography of the
diphosphine oxides ‘

Column Number

ft., 0.25 inch o.d., 5% SE-30/DMC3-Chromosorb G (glass)
ft., 0.25 inch o.d,, 5% SE-30/DMCS-Chromosorb G (copper)
ft., 0.25 inch o0.4., 10% SE-30/DlC3S-Chromosorb ¥W(glass)
ft., 0.25 inch o.d., 10% SE-30/HMDS~Chromosorb W(glass)
ft., 0.25 inch o.d., 10% SE~-30/Celite (glass)

ft., 0.25 inch o.d., 5% Apiezon N/DMCS-Chromosorb G(glass)
ft., 0.25 inch o0.d., 5% SE-52/DMCS-Chromosorb G (glass)

e I T T =

ft., 0.25 inch o.,d.,, 0.5% SE-52/silicone treated glass beads (glass)

O 00 N O WD

4 ft,, 0.125 inch o.d., 5% SE-30/DMCS-Chromosorb G(glass)

1.5 ft., 0.125 inch o.d., 5% SE-30/DNCS-Chromosorb G(glass)

—
o

8 ft., 0.25 inch o.d:, 5% SE-30/DMCS-Chromosorb G (glass)

)
=~

0¢
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involving the suction of the liquid phase solution through the
support (83). It was found, as has been previously pointed
out (99), that the classical method results in poor liquiad
phase distribution. Tests also showed that whereas the
frontal analysis technique improved the distriovution, coating
uniformity remained less than desired. The suction technique
seemed to yleld a more uniform coating but required the use of
large amounts of liquid phase. The technique develcped at
this lLaboratory takes advantage of the frontal analysis pro-
cedure for coating the support and the dryinzg procedure used
by the workers presenting the suction procedure of packing
preparation.

In the technique used here, a solution of the liquid
phase in a suitable solvent (one being volatile and capable
of dissolving the liquid phase) is passed through the solid
support contained in a cylindrical vessel (much like a liquid
chromatography column but approximately three inches in diam-
eter) tapered to form a spout at one end and plugged with
glass wool (or containing a glass frit). When solution stovs
emerging from the bottom of the column, the column is tapped
to insure the absence of excess solution in the—damp support.
The solvent is then removed by heating the vessel with heat
lamps (two) while passing purified air up through the bottom
of the column,

Because support materials used in gas chromatography are

only slightly adsorptive, the chances of chromatographic
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fractionation of the liquid phase on passage throuzgnh the sup-
port bed are very small (99). To insure the absence of frac-
tionation, it 1s sugzested that two wetting volumes (the vol-
une of solvent required to just wet the support) be passed
through the support.

Knowledge -of wetting volumes allows the calculation of
the liguid phase concentration réquired in the solution to
produce a desired percentage coating. It has been found tnat
it is possible to predict and reproduce percentage coatings at
least as well as is possible with the classical coating pro-
cedure. More 1mportaﬁt. coating uniformity is much better
(Table 4) than obtained with the classical procedure and is
also improved over the reported frontal analysis technique.
Table 4, Comparison of the uniformity of liquid phase coating

obtained from the classical and "new" support-
coating techniques

Mesh Weignht of coated support (gm.) Percentage coating (%)

Classical New Classical New

20 0.08 0.32 37.4 29.8
L0 0.61 0.24 35.2 23.8
60 1.05 0.21 28.7 23.3
80 19.87 1.68 16.5 19.2
100 24,87 35.83 14.0 16.0
>100 0.60 2.13 12.6 14.9

After drying, the coated support is poured from the vessel
and sieved to remove any particles large enough to complicate
packing. The sieved material is then packed into glass or

metal tubing.
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Chromatozravhic studies
-k

I All of the columns of Table 3 were used to assess the
general chromatographic behavior of the diphosphine oxides.
Generally, 5.0 to 10.0 #l. of 0.05 I solutions of the samples
in 1,2-dichlorobenzene or 1l,2~dichloroethane were injected.

In all studies, the retention positions were measured with an
engineering rule calibrated in 40 units to the inch., Ieasure-
ments were made from the alr peak when thermal conductivity
detection was employed and from injection for ionization de-
tection studies. Peak areas, given in disc units (1/100 of
one sweep of the integrator pen) times detector attenuation,
were determined with a Disc Integrator.

Collections for infrared studies were carried out by
allowing the effluent from the thermal conductivity detector
corresponding to the diphosphine oxide peak to condense in a
small mortar. For smaller amounts of sample, the effluent was
allowed to condense on small KBr windows.,

The chromatograms of Figures 1 and 2 were obtained for
5.0-k1, samples of 0.05 M solute using column 1 (Table 3) at a
temperature of 290°C, an inlet temperature of 320°C. and a
carrier gas flow rate of 150 ml./min. The data from this
column were used for the adjusted retention correlations
(Figures 6 and 7).

Column 1 (Table 3) was used to obtain the chromatogram
for MNDPO (Figure 3) by programming the column temperature

from 120 to 280°C for 13 minutes. The size of the sample was
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5.0 pl. of 0.05 M MNDPO. Column number nine yielded the separ-
ation in PFigure 4 at a temperature of 280°C and flow rate of

22 ml./min., with the injection of a solution containing 5.1,
11.3, 14.7, 4.1, and 5.3 ug. of MNDPO, MEDPO, EHDPFO, PEDPO,

and BHDPO respectively. MEBDPO and MEHDPO were run separately
under identical conditions and their peak positions super-
imposed on the above chromatozram.

Adsorption studies were carried out using column nunter
one at a temperature of 285°C. flow rate of 130 ml./min., anéd
an inlet temperature of 300°C. High column temperature,
inlet-induced decomposition studies were carried out with
column seven at a 140 ml./min. carrier gas flow rate and a
column temperature of 285°C. Low column temperature studies
were carried out at ambient temperature with column-type seven.
Programmed temperature studies were carried out using column
number one. Column number ten, operated at a carrier gas flow
rate of 22 ml./min. and column temperatures of 270 and 290°C
for MNDPO and EHDPO respectively, was used to obtain the quan-
titative analytical data of Table 8, Response factors were
obtained using the same column and flow rate as used for the

MNDPO and EHDPO analyses but at a column temperature of 280°C.
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INVESTIGATIONS AND RESULTS

Conditions have been established for the zas chromato-
graphic sepvaration of the diphosphine oxides. Chromatograms
show that excellent peak shapes and good separations can be
expected. In general, conditions for chromatographing the
diphosphine oxides differ little from those applicable to

most high-boiling compounds.

Gas Chromatographic Conditions

Ligquid phase

The necessity of operating at high columm temperatures
limits the choice of liquid partitioning agent to the sili-
cones, some Apiezons and several more selective phases such
aS‘polysulfone and Versamid, Because the diphosphine oxides
nave significantly different boiling points it could be ex-
pected that a simple "boiling point" liquid phase would show
sufficient selectivity to allow their separation. Thnis expec-
tation is borne out.

The majority of the work described in this thesis was
carried out using the methyl silicone SE-30 or the methyl
phenyl silicone SE-52 as the liquid phase. No significant
differences in separating ability was noted for these sili-
cones.

Several Apiezons were also tested but ruled out as use-

ful for the separation of the dipvhosphine oxides because of
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Significant column bleeding. In addition, peak shape was
generally broad making baseline resoclution difficult.

S0lid suvpport

The choice of solid support was found to be very impor-
taﬁt to the success of these studies. Untreated diatomaceous
earths coated with five to ten percent silicone liguid phase
always resulted in significant tailing of the peaks and in
relatively broad peaks. Greater success was realized using
any silanized support presumably because of decreased support
adsorption of the sample,

Whereas Chromosorb W treated with either nexamethyldi-
silazane (EMDS) or dimethyldichlorosilane (DHCS) greatly
improved the peak shapes, the DiiCS-treated support was found
to be somewhat superior. In agreement with other workers (11),
the use of DMCS-treated Chromosorb G resulted in peaks of
greater symmetry than elither of the above columns containing
Chromosordb W,

Silanized glass beads were also investigated zs a poten-
tial support because sample adsorption would be expected to be
less than with a silanized diatomaceous earth., Columns of
0.5% SE-30 on 60/80 mesh beads were found to result in skewed
peaks for the diphosphine oxides. The low capacity of glass
bead columns indicates that the peak asymmetry is associated
with column overloading. Greater column bleeding was also

noted.



Construction materials

It was found absolutely essential to employ an all-zlass
system in the analysis of the diphosphine oxides. The use of
copper columns always resulted in a relatively sharp peak
superimposed on a broad, hump-like, trace. Such a peak shape
is a strong indication of column-induced thermal decomposition
of the sample. Similar behavior was noted with stainless
steel columns. |

It is also essentiai that the inlet be glass-~lined.
Without the liner, peaks in addition to those corresponding
to either the sample or impurities in the sample appear in the
chromatogram. Such behavior is indicative of inlet-induced
decomposition.

Iron filings present in commercial glass bead supports
also enhance the danger of thermal decomposition during the
gas cnromatography of diphosphine oxides. These iron filings
must e removed prior to the preparation of glass bead columns.

Module temperatures

The research of Bailey and co-workers (5) on the stabil-
ity of tertiary alkyl phosphine oxides suggests that the
diprosphine oxides can be expected to be resistant to thermal
decomposition up to the maximum operating temperature (350°C)
of silicone columns. Provided a glass system is used, this
expectation is borne out.

Flash vaporization inlet temperatures of from 220°C to
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400°C have been employed. A temperature of 400°C is unneces-
sary and does result in a small amount of deconposition. &
temperature of 220°C is sufficient for WND20, HEEDPO, MIDPRO
and KMEEDPO but results in a broad peak for EIFDZ0 and no peaks
for PHDPO and 3HDPO. An inlet temperature of 290 + 10°C has
been found to result in sharp traces for all seven diphos-
vhine oxides with no thermal decomposition.

Cholce of column temperatures is somewhat more limited.
With a four-foot column of five per cent SE-30 on DKCS-
treated Chromosorb G and a carrier gas flow rate of 150 ml./
min., optimum column temperatures (those yielding a symmetri-
cal peak in approximately five minutes) for MHDPO, EEDPOC,
PHDPO and BHDPO are 255, 270, 275 and 280°C. Althouzh obtain-
ed under somewhat different conditions, Figure 4 demonstrates
the capability of isothermal column overation at 280°%. =&
column temperature of 290 + 10°C has been foundvmost useful
for isothermal separations regardless of small variations in
column dimensions. . The value of vrogrammed temperature column
operation is demonstrated with IMNDPO (Figure 3).
_ Inlet-line, detector-line and detector temperatures are
set in accordance with the inlet and column temperatures.
Detector-line temperatures of 420°C have been employed with-

out complication.

General comments

The conditions given for Figures l1l-4 are typical of those
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Figure 1. Isothermal gas chromatograms of MHDPO, EHDPO
and PHDPO in 1,2-dichlorobenzene
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employed. Although the majority of the work reported was
carried out using four-foot, 0.25-inch o.d. columns, several
other column lengths and dlameters have been enployed. Elgnt-
foot, 0.25-inch o.d. columns were found superior to ;he
shorter columns for the resolution of the impurities in NEDPO.
Smaller diameter columns (0.125-inch o.d.) result in less
sample loss to column adsorption. Very short columns have the:
advantage that 1ower'temperatures may be used. The quantita-
tive analysis of EHDPO and MNDPO (Table 8) was carried out
using a 1.5-foot, 0.125 inch o.d4d. column.

Because high temperatures are required, success iﬁ gas
chromatographing the diphosphine oxides is quite sensitive to
rather nminor procedural changes. On-column injection has been
found completely inferior to flash vaporization injectiozn.

- The importance of the cholce of the solid support has already
been pointed out. Column conditioning procedures can zlso
have an effect. A silicone column conditioned at 34%0°C for
L0 hours was found inapplicable to the analysis of EHDPO,
PEDPO and BHDPO whereas one conditioned a2t 320°C for 36 hours
was perfectly satisfactory for all of the diphosphine oxides.

As is reported for other organopnosphorus compounds (11,
23), programmed temperature techniques can be beneficially
applied fo diphosphine oxide separations. A program allowing
isothermal column operation at 270°C for approximately twelve

minutes with a subsequent increase to 300°C over a period of
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three minutes allows almost baseline resolution of the seven
diphosphine oiides with the same column as used to obtain the
chromatogram of Figure 4.

Both thermal conductivity and hydrogen flame ionization
detection have been employed in these studies. The obvious
advantage of flame detection is the ability to use much
smaller samples with the resulting improvenent in the shapes
of peaks and retention data reproducibility (96). Both detec-
tors are well suited to the analysis of the diphosphine oxides.

The mere presence of a peak on injection of a sample into
a chromatograph is not evidence that the sample is cnromato-
graphable. The peak could as well correspond to a degradation
product of the original sample or to an impurity. To be cer-
tain that the peaks assigned to the diphosphine oxides do so
correspond, the thermal conductivity detector was employed znd
the column efflﬁent corresponding to the assigned peaks col-
lected. The collected material was submitted for infrared
'analysis and the spectra compared with standard spectra of
unchromatographed dipnosphine oxide. Pigure 5 shows the
agreement between standard and sample spectra for BHDPC. Cox-
parable band position agreement was found for all of the di-
phosphine oxides, It can be confidently concluded that the
peaks assigned to the diphosphine oxides do so correspond.

The absence of new bands in the sample spectra supports the

contention that little if any decomposition attends the gas
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chromatograpnhy of these organophosphorus conmpounds.

Establishment of peak correspondence allows a meaningful
consideration of the retention data. The extent of column
adsorption of the diphosphine oxides, the extent of the
thermal decomposition of these compounds under chromatozraphic
conditions, and the applicability of gas chromatogzraphy to the
analysis of diphosphine oxides are considered in later sec-
tions of this thesis. Several comments on the retention
behavior of the diphosphine oxides can be made here.

Adjusted* retention times of six diphosphine oxides are
presented in Table 5. An examination of these data reveals
the order of fetention of the diphosphine oxides to be BEDFO
> PEDPO > EHDPC > MHDPO ~ MEHDPO > MEBDPO. HNNDPO was unavail-
able at the time of these studies but subsequent work indi-
cates that this compound is retained slightly less than is
MEBDPO (see Figure 4). The same order of retention of the
diphosphine oxides can be expected for any column containing
a non-selective (silicone or hydrocarbon) liquid phase.

The adjusted retention times in Table 5 are useful as a
measure of the tlime required for the analysis of the various
diphosphine oxides. Because adjusted retention times are
greatly dependent on chromatographic conditions, the analysis

times derived from the adjusted retention times of Tabi; 5

*Adjusted retention parameters are those measured from
the peak of a non-retained compound (generally, air) rather
than from the point of injection.



37

are valid only when the diphosphine oxides are analyzed using
the same chromatographic conditions as were employed to obtain

the adjusted retentlion times.

Table 5. Retention data for the diphosphine oxides

Ad justed

Sample retention time2 (min.) Retention indexP
MHDPO 3.6 4970
EZDPO 6.1 5540
PEDPO 7.7 5870
BHDPO 10.1 6230
MNDPO - 3600
MEBDPO 1.5 3630
MEHDPO 3.9 5070

@Prom airpeak for a 4-ft., 0.25-in. o.d. column of 5%
SE-30 on DHCS-treated Chromosorb G operated at 290°C with
a flow rate of carrier gas of 150 ml./min.

Pivove column with columa temperature program of 240~
340°C in 15 minutes.

Retention indices (35,64) for the diphosphine oxides are
also presented in Table 5. Because retention indices are less
sensitive to chromatozgrapnic conditions than are adjusted re-
tention times, the presented values of the retention indices
may be employed with greater confidence than thé values of
the adjusted retention times for the gas chromatographic
identification of the diphosphine oxides.

" Because of the unavailability of n-alkanes emerging in
the vicinity of the diphosphine oxides under the isothermal

operating conditions suitable for this study, the programmed

column temperature method of Habgood and Harris (45) was used
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for the computation of the retention indices. Using a four-
foot SE;BO column with a linear fifteen-minute temperature.
program covering the range 240-330°C allowed the alkanes n-
octadecane and eicosane to be resolved from the solvent (1,2-
dichlorobenzene) and displayed the diphosphine oxides prior to
the end of the program. These retention indices are necessar-
1ly less accurate than those that would be obtained with iso-
thermal column operation.

The availability of the adjusted retention parameters for
the diphosphine oxides allows a further test of two concepts
inportant to the identification of compounds from gas caronm-
atographic data (51,63). One of these is that a linear rela-
tionship exists between the logarithm of the adjusted reten-
tion parameters and the boiling points of compounds of similar
structure on columns containing non-selective liquid phases.
This relationship, in terms of adjusted retention distances,
is demonstrated in Figure 6 for the diphosphine oxides.

An examination of Figure 6 shows that there is a definite
relationship between the boiling points and the adjusted re-
tention distances of the majority of the diphosphine oxides
studied, The point for tri-n-octylphosphine oxide (TOPO) is
included as a measure of the deviation from the predicted
retention behavior to be expected from a given change in
structure of the chromatographed compound. The greater than

expected (on the basis of ‘boiling points) retention of MEHDZO
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might be associated with the slightly greater hydrocarbon con-
tent 6f this diphosphine oxide as compared to the diphosphine
oxides with six-carbon alkyl chains. The possibility that the
relative hydrocarbon content of diphosphine oxides influences
the retention behavior of these organophosphorus compounds is
supported by the large retention seen for TOPO (having three
eight-carbon chains per P-0 group).

The second concept that can be tested with the retention
data for the diphosphine oxides is that postulating that the
structural groups of a compound contribute additively to the
logarithm of the adjusted retention distance of the compound
and contribute to an extent independent of the compound of
which the group is a part. This concept has been best estab-
lished for homologous series. In this case, the "structural
group" is the methylene group.

The diphosphine oxides MHDPO, EHDPO, PHDPO, and BEDPO may
be visualized as being formed by the sequential addition of a
methylene group to the methylene bridge separating the phos-
phorus atoms in these compounds. As such, the four diphos=-
phine oxides make up a homologous series, A plot of loglo
[adjusted retention distance] versﬁs the number of carbons in
the methylene bridges would be expected to yield a straight
line as 1s observed for other homologous series. This rela-
tionship is demonstrated in Figure 7 for the diphosphine

oxides, A low value for the retention of the lowest member
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of a series is commonly observed (63).

The gas chromatography of the uranyl nitrate-diphosphine
oxide complexes was briefly considered. The use of nigh inlet
temperatures (450°C) resulted in small peaks of poorly repro-
ducible areas emerging at the positions characteristic of the
diphosphine oxides. This suggests that a small amount of
ligand is stripped from the metal-ligand complex at high inlet
temperatures. At lower (270°C) inlet temperatures, a small
peaX of reproducible area appeared at the position in the -
chromatogram characteristic of the ligand. The size of the
peak suggested that only the uncomplexed ligand present in

the briginal sample was chromatographed,

Loss of Sample to the Column

Liquid phase and solid supvport adsorption are common
occurrences in gas chromatography (72,89,96). The problem is
especially severe when samples of low volatility are chromato-
graphed. Adsorption loss is further complicated for samples
of significant polarity.

Results of the loss of sample to the column can include
poorly reproducible retention data. Scholz and Brandt (96)
claim that for severe cases of support adsorption alone, the
reproducibility of retention data can be as poor as 23%.
Equally important is the fact that the area of the peaks can
be dependent on column history in addition to the size of the

sample., This results from the fact that adsorption is a
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function of the number of adsorption "sites" and this nunmber
can decrease with an increasing number of injections because
of irreversible sample adsorption. Allowing the column to be
heated and purged with carrier gas for the period of a day or
less can remove a significant number of adsorbed molecules
with the resulting regeneration of adsorption sites. The net
result of this behavior is difficulty in obtaining peaks of
reproducible areas,

Dependence of peak area on injection-number

The dependence of the area of a peak on the number of
injections of the sample would seem to offer a simple way to
obtain a measure of the amount of the sample lost to the
column, Injection of a given size sample is continued until
no change in the area of the peak 1s observed with subsequent
injections. ZXnowledge of the size of the sample and constant
peak area allows the computation of the units of area per
given welght of sample., Provided that the detector responds
linearly to the size of the sample, the difference between the
area of the peak obtained with the first injection and the
last injection yields the weight of sample lost on the first
injection., This procedure can be repeated to determine the
amount of sample lost on each succeeding injection showing a

loss to the column,

Several factors limit the value of this procedure. For

one, detector linearity over the range of the sub-microzram
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anounts ol sample that might be lost to the fractioﬁal milli-
gram samples that might be injected is only a fair assunntion.
More important, it must be assumed that an exactly equivalent
amnount of sample is injected each time, This is rarely
achieved in practice. Finally, a column used for such a study
with one solute cannot confidently be used for another because
adsorption sites would be neutralized by the original solute.

Regardless of its limitations, the technique offers a
simple way to assess the seriousness of sample-loss and ta
insure that loss is at a tolerable level. Using a simple
four-foot, 0.25-inch o.d., 5% SE-30 on DHCS-treated Chromosorb
G column at 285°C and sample sizes of 224 and 45C ug. for
MEDPO and BHDPO respectively showed that the area of the peaks
was independent of injection-number after only two injections
of KHDPO but persisted to four injections for BHDPO. Thirty
per cent of the original sample was lost on the first injec-
tion of BEDPO while only three percent was lost for HHDPO.
Although the exact values of the percentages lost are suspect
for the reasons described, the values can be used as a2 reasure
of the relative seriousness of sample~loss for the various
diphosphine oxides. Loss would be expected to be somewhat
less than MHDPO for MNDPO and MEBDPO while EHDPO, PHDPO, and
MEHDPO would be expected to exhibit behavior intermediate to
MHDPO and BHDPO.

Using the same type of column as described above, a
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solution containing 100 mpg. each of MHDPO, ZHDPO, PHDPO and
BHDPO was successively injected to determine the number of
injections necessary to yleld peaks naving a constant area.

It was found that four injections of this solution were suffi-
cient to cancel the danger of noticeable sample-loss for the
period of one day. With subsequent use, the same column
exhibited no significant adsorption of the sample after only
three injections of any diphosphine oxide.

The number of injections required to saturate the adsorp-
tion sites can never be predicted as it is a function of the
particular column, column history, and the sample. It has
been noted, however, that this number seldom exceeds four for
four-foot silicone/DNCS-treated Chromosorb G columns at 290°C
regardless of the diphosphine oxide chromatographed. The
danger of sample-loss must be kept in mind anytime quantita-
tive analysis is attempted.

Dependence of retention on sample size

Scholz and Brandt (96) noted a sample size dependence of
retention data for polar samples chromatographed on columns
expected to exhibit support adsorption. These workers reasoried
that if this behavior was related to adsorption, it should be
representable by the Freundlich isotherm y = kPl/n where "y
is the weight of adsorbate per unit mass of adsérbent, "ph is
the equilibrium pressure, and "k" and "n" are empirical con-

stants dependent upon the nature of the solid and gas. Assurm-
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ing that "y'" is proportional to specific retention volume (the
more the adsorption the zreater the retention) and Y2V is
proportional to sample size the authors obtained

specific retention velume = k(sample size)l/n.
Plotting loglO[specific retention volume ] versus loxyglsample
size] for methanol and n-propanol yielded straight lines for
each, the methanol data yielding a much larger slope than the
n-propanol data., The authors concluded that adsorption was
probably playing a part in the retention behavior of the
alcohols and that, on the basis of the slopes, methanol was
adsorbed to a greater degree than was n-propanol.

A similar study was carried out with the diphosphin
oxides. Figure 8 shows plots of loglofadjusted retention
distance] versus 1logig [microliters of sample] for the diphos-
phine oxides. The linearity is seen to be good arnd the sloves
(Table 6) vary as might be expected. From these data it can
be .postulated that the order of seriousness of adsorption is
BHDPO?> PHDPO > EHDPO > M¥HDPO > MEBDPO ® MEHDPO. MNDPO was
unavailable at the time of this study. For purposes of com-
parison with more commonly chromatographed species, tribenzyl-
amine and 2,9-dimethylphenanthroline yielded relative slopes
of 0.86 and 0.51 respectively under identical chromatographic
conditions. |

The greater relative slope for MEDPO than for KEHDPO

rules out the possibility of the greater retention of MEIDPO
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than MNADPO being a result of adsorption. This supports thne
contention that the retention behavior of the diphosynine
oxides 1is significantly influenced by the size of the alkyl

side chains.

Table 6. Relative extent of the loss of sample to the cclumn

Compound Relative slope?
MIDRO 0.71
2EDPO 0.c2
PEDPO 0.90
BHDPO 1.00
MEBDPO 0.62
¥MZHD20 0.62

2Slopes of the plots of Figure 8.

It is also interesting to note that the relative slopes
of Table 6 increase very regularly from MEBDPO and MEEDZO to
BEDP0, The study of the dependence of the areas of the peaxs
Tor the diphosphine oxides on the number of injections sug-
gests that BEDPO is much more greatly adsorbed than any other
diphosphine oxide. Experience in chromatographing the diphros-
phine oxides suggests, in fact, that BEDPO is peculiar in the

very great amount of sample lost to the column (much greater

than PEDPO).

Stability Under Chromatographic Conditions

Several approaches were used in the investigation of
inlet- and column-induced thermal decomposition of the di-

phospnine oxides. Reasoning that any decomposition induced
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by the inlet under normal chromatographic conditions would be
_ihcreased by increased inlet temperatures, the influence of
low, normel, and high inlet temperatures on the appearance of
chromatograms was chosen as the means of investigating the
seriousness of inlet-induced decomposition. 3Similarly, the
influence of column temperature on the appearance of cnhnro-

matograms was used to investigate column-induced decomposition.

Inlet-induced decomposition

Hieh column temperature Although the reproducibility

of the positions and sizes of the minor peaks in the chromato-
grams of the diphosphine oxides strongly suggest that the
peaks correspond to impurities rather than to decomposition
products, the possibility of their corresponding to inlet-
induced decomposition products of the diphosphine oxides can-
not be ruled out. To test this possibility, the flash vapor-
ization inlet was operated at 270 and 390°C with chromato-
grapvnic conditions such as to display the peak characteristic
of the diphosphine oxide and the minor peaks.

I7 the minor peaks correspond to decomposition products,
these peaks would be expected to increase in size at the
expense of the major peak as the temperature of the inlet is
increased., Monitoring the ratio of the total area of the
ainor peaks to the area of the major peak should be a sensi-
tive method of detecting decomposition. The sensitivity of

thnis ratio for MEDPO, MEBDPO, and MEEDPO to an increase of
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80°C in the inlet temperature is given in Table 7.

Table 7. Influence of inlet temperature on the ratio of thne
area of the minor peaks to the area of the najor
peak in chromatograms of KiDPO, MZHDPO and WZZDFC

Compound. Ratio® x 103, 290°cP Ratio® x 103, 3700C®
MHDPO 92 105
MEHDPO 153 155
MEBDPO ' 130 133

8area of the minor peaks to the area of the major peak.

bInlet temperature.

The slight decrease in the ratio for MHEDPO seecems too
small to be reflecting decomposition. The constancy of the
ratios for MEBDPO and MEADPO indicates that the peaks in these
chromatograms are not due to decomposition products. Greater
confidence can be placed in the data for MEBDPO and MEHDPO
than for MHDPO because the minor peaks are more prominent than
for MHDPO.

It should also be pointed out that no new peaks appeared
in the chromatograms of MHDPO, MEHDPO, and MEBDPO when the
temperature of the inlet was raised from 270 to 390°C. Inlet
temperatures of up to 420°C have been employed with some di-
phosphine oxides without the appearance of new peaks.

Low column temperature Pyrolysis of tertiary alkyl

phosphine oxides has been shown to result in the formation of

l-olefins in a manner analogous to the formation of olefins
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from the pyrolysis of esters of carboxylic acids (5). Texr-
peratures for fifty per cent decomposition of phosphine
oxides without beta-hydrogehs sucn as trimetnylpncsphine
oxlde are reported to be in the vicinity of 700°C wnereas

the avallability of beta-nydrogens lowers this temperature to
490°C. As a result, the most likely mode of decompositiocn of
the diphosphine oxides at the inlet temperatures used (<00°cC)
i1s the formation of olefins from the alkyl side chains. Yon-
itoring the amount of loﬁ-boiling hydrocarbons formed at
various inlet temperatures offers an additional means of
measuring the extent of inlet-induced decomposition of the
solute.

This approach has several advantazes over the ratio
technique discussed above. Because column temperatures suf-
ficient to allow the gas chromatography of five- and six-
carbon hydrocarbons are very low for silicone columns, coluzn
bleeding 1s reduced to near zero and it is possible to operate
at maximum detector sensitivities. This allows the detection
of sub-microgram amounts of breakdown products and thus a
confident measure of the severity of the decomposition. Since
the areas of the hydrocarbon peaks can be related to the
welghts of the hydrocarbons, the technique also allows an
exact measure of the extent of decomposition (actually, of
that decomposition resulting in the formation of small hydro-

carbons).
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A four-foot column of five per cent SE~-52 on DiCi-
tréated Chromosorb G packed in 0.25-inch o0.d. glass tubing
operated at ambient temperature with a carrier zas flow rate
of 120 ml./min. was found to yield separate peaks for cis-
and trans-pentene-2 (a singzgle peak), hexene-l, and n-hegtane,
The area per microgram of hydrocarbon was obtained for each
peak and 10 kl. of 0.10 M solutions of the diphosphire oxides
in 1,2~-dichlorobenzene were injected at inlet temperatures of
30°C and 400°C. The presence and sizes of the peaks in the
hydrocarbon region of the chromatograms obtained were noted
for each diphosphine oxide injected.

No hydrocarbon was détected in any of the chromatogranms
obtained for the diphosphine oxides at inlet temperatures of
30°C, At inlet temperatures of 400°C, injections of the
solutes MEDPO, EHDPO, PHDPO, BEDPO, and MEHDPO resulted in
the formation of approximately 0.02 Mg, of hydrocarbon eacnh
while MEBDPO formed 0.04 Hg. This corresponds to the forma-
tion of a maximum of approximately 0.0l per cent hydrocarbon
for MEBDPO and 0.005 per cent for the other diphosphine oxides.

The data indicate that an insignificant amouant of sample
is lost to inlet-induced decomposition under normal chromato-
graphic conditions. Because the detector sensitivity used in
the high column temperature studies was much lower, decomposi-
tion of this magnitude would go undetected. This further

supports the contention that the minor peaks in the diphos-
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phine oxide cnromatograms are impurities.

Programmed column temperature In view of the adbove

work, it is extremely unlikely that any inlet-induced decompo-
sition is occurring. The possibility that decomposition
products were formed but undetected as a result of ererging
under the solvent veak or major peak, though small, existe.

To evaluate this possibility, the diphosphine oxides were
injected at a normal inlet temperature (300°C) and the temper-
ature of the column was programmed from 120 to 320°C over =
period of fifteen minutes. XNo peaks other than those observed
in the isothermal chromatograms weré visible.,

Colum-~induced decomposition

Column-induced decomposition 1s generally recognized by

poorly shaped peaks. The symmetrical nature of the peaks for

»
(o}
ct

the diphosphine oxides suggest that such decomposition is
occurring.

To further test this possibility, a solution of X¥EDZPO,
EHXDPO, PHDPO, and BHDPO was chromatographed at 270°C and at
300°C. No additional peaks or changes in the shapes of the
peaks (other than the expected broadening) were observed.
During the course of these studies, MNDPO was chromatographed
at column temperatures of 250°C to 320°C without observing any
indication of column-induced decomposition.

It must be recalled that these observations (both the

inlet and column studies) apply to glass systems. Use of
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metal columns or lnlets that are not glass-lined results

extensive decomposition.

Quantitative Analysis
The much greater sensitivity of the hydrogen flame ioni-
zation detector as compared to the thermal conductivity
detector makes the ilonization detector the one of cnoice for

1

the quantitative analysis of low concentrations of the diphos-
phine oxides. The injection of one aicrogram of HHEDPO hag
been found to yield a peak one thousand times as larze with
the ionization detector as with the conductivity detector.

Fer the analysis of macro levels of the diphosphine oxides,
the thermal conductivity detector is as useful as the ioniza-
tion detector.

Areas and heignts of neaks may be used with egual confi-
dence in the analysis of the diphosphine oxides over srall
ranzges of concentration. Figure 9, constructed from data
obtained with the icnization detector, demonstrates the rela-
tionship between the heights of the peaks for various diphos-
phine oxides and the welgnts of the diphosphine oxides sub-
jected to analysis. Over the range of sample size cited in
Pigure 9, the plots for all of the diphosphine oxides except
BHDP0 pass through the origin. The BEDPO curve yields a peak
height of zero at approximately two micrograms of injected
BED?O.

Table € demonstrates the accuracy and precision of an
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analysis of LZHDPO and an analysis of MNDPO. The analyses

were carried out by injecting 1.0 #l. of solution of each
diphosphine oxide and converting the areas of the sawmple

peaks to micrograms of diphosphine oxide with the aid of cali-
bration curves. Bach point on the calibration curves repre—
sented the average area of three injections of eacnh standard
while the area of the sample peak was determined from four
injections of the sample.

Table 8. Results of the gas chromatogranaic snalysis of
BHDPO and MNDPO

Sample Knowm (Mg) By analysis {(pz)
Fean Banze
EEDPO 1.92 1.GL 0.19
0.64 0.54 0.02
MNDPO 2.61 2.60 0.15
1.37 1.26 0.10

It is useful to determine response factors (the area of
the solute peak per given weight of the solute) for the diprnos-
phine oxides. Separate solutions of MHEDPO, EHDPC, PHDPO,
3HDPO, MzHDPO, and MNDPO in 1l,2-dichloroethane were prepared
to contain 1.06, 2,02, 0.97, 1.01, 1.37, and 2,02 milligrams
of diphosphine oxide per milliliter of solution resvectively.
Known volumes (1.0 microliter) of each solution were injected
at least three times and the areas of the peaks correspondiag

to the diphosphine oxides were measured. Dividing the average

area of the peaks for each diphosphine oxide by the weight of
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the diphosphine oxide injected into the chromatorraph and
multiplying by the detector attenuvation yieclded tne flase

ionization detector response factors of Table 9.

Table 9§, BResponse factors for the diphosphine oxides and

elcosane

Sanple Response factor® Relative response ver
microgsranm cf carivon

Zicosane 304 1.00

YEDPO 152 0.64

EXD?0 131 0.55

PEDPC 173 0.72

BHED20 174 0.72

¥NDPO 146 0.562

MEZHDPO 157 : 0.63

8Peak area (disc units x 10"4) per microgram of sample.

A comparison of the response factors of the diphosphine
oxides with that of a hydrocarbon gives a measure of the
influence of the non-hydrocarbon portion of the sample on the
flame ionization detector response. DBecause tne response to
hydrocarbons is the maximun possible for this type of detec-
tor, the comparison also gives a measure of the percertaze
maximum response for the diphosphine. oxides. Resporse factors
per microgram of carbon were computed for the diphosvhine
oxides and were compared to the corresponding factor for
elcosane. The relative response factors are presented in
Table 9.

These data show that the detector response to the diphos-

pnine oxides can be expected to be approximately sixty ver
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cent of" that to hydrocarbons. Although no extensive correls-
tion between the structures of the cdiphosnhine oxidec and the
detector resvonse is possible, it is interesting to note that
a significantly higher relative response is obtzined for di:
phosphine oxides containing three- and four-carbon methylene
bridges than for those containing shorter bridges.

The response factors of Table 9 may also be used to con-
pute detection limits for the diphosphine oxides. The sgignif-
icance of these limits is hizhly dependent on the maznner in
which they are defined. Assuning that a peak large enougn to
be "detected" is one yielding an integrator trace of ten units
(1/10 of one sweep of the integrator pen) at maximum detector
sensitivity, it can be shown that the gas chromatographic anal-
ysis of the diphosphine oxides is applicable to concentrations
of the order of 10-9 to 10-10 M., Such a detection linmit is of
little value.

A peak large enough to yield an integrator trace of ten
units is much too small, particularly for a peak of any apprec-
lable width, to have much quantitative analytical value. ore
importantly, operation of a flame ionization detector at its
maximun sensitivity is generally very difficult., This is
especially true for any analysis requiring high column temper-
atures.

A readily accessible quantitative detection limit is

more useful., Defining the smallest peak large enough for



gquantitative analysis to be one yielding an arsa of two-
hundred units (two complete sweeps of the intexzrator nen) &t
1/100 of the maximum detector sensitivity and assuming that
ten microliters of the sample-contalning solution will be
subjected to analysis allows the computation of the rore near-
ingful quantitative detection limits. With the detection
linit defined as above, thé response factors of Table 9 yield
the detection limits of Table 10. iphosphine oxides »nreseant
at concentrations lower by a factor of ten than those pre-
sented in Table 10 may be quantitatively deteramined without

serious complications. The true detection limits reside =t

sore level between the ideal and the quantitative limits.

Table 10. Quantitative detection limits of the diphosphine

oxides
¥olarity x 106'
¥eEDPO zEDPO PEDPO BIDPO ¥MNDPO ¥ZED20
2.9 3.3 2.4 2.3 3.0 2.3
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SUMNMARY

Conditions are establisned for the zas chromatograpvhy of
diphosphine oxides. A four-foot, 0.25-inch o.d. column of
five ver cent SE-30 impregnated on DNMCS-treated Chromosort G
operated at 290°C with a carrier gas flow rate of 120 xi./nin.
is found to be generally applicable to the zas chromatogravihic
analysis of the diphosphine oxides NMNDPO, ME3DPO, KEZDZO,
MHDPO, EiDPO, PHDPO, and BHDPO provided that all-glass con-
struction is employed. The use of a metal column and/or ﬁetal
flash vaporization inlet results i a significant amount of
sample decomposition. The use of non-silanized solid supports
results in poorly shaped chromatographic peaks for all of the
diphosphine oxides.

The peaks assigned to the diphosphine’oxides are shown to
so correspond by the comparison of the infrared spectra of the
unchromatographed diphosphine oxides wifh the spectra of the
column effluent corresponding to the chromatozraphic pveaks of
the diphosphine oxides. For columns containing siliéone
liquid phases (SE-30 or SE-52), the order of retention of the
diphosphine oxides is BHDPO > PHDPO > EEDPO > MEHDPO > ¥iDFO
> MEBDPO > MNDPO. The adjusted retention distances of the
dipnhosphine oxides BHDPO, PHDPO, EHDPO, MHDPO, and HEBDPQO are
related to their respective boiling points. The adjusted re-
tention distances of EHDPO, PHDPO, and BHDPO are also related

to the number of methylene groups in their respective methy-
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lene bridges.
Inlet- and column-induced decomposition of the dinhos-
phine oxides is studied by examining the influence of the

o

inlet and column temperatures on the appearance of the chron-
atograms of the diphosphine oxides. MNo evidence of either
inlet~ or colunn~induced decomposition of these compounds is
noted for normal chromatographic conditions.

The seriousness of the loss of the diphosphine oxides to
the column during the gas chromatography of these samples ‘ic
exanined by studying the dependence of retention data on the
size of the sanmple injected into the chromatograzph and by
noting the number of injections required to vroduce peaks
naving constant areas. These studies indicate that the anxount
of sample lost to the column is insignificaht or can be mzde
insignificant,.

The response of the flame ionization detector to the
diphosphine oxides is measured and the response factors are
computed., The response factors are used to compute quanti-
tative detection limits for the divhosphine oxides and are
compared to the response factor for eicosane to obtain a
measure of the influence of the phosphoryl groups on the
response of the detector to the diphosphine oxides. The
quantitative detection 1limit for the diphosphine oxides is

-6

found to be approximately 10 M., Although no extensive cor-

relation between the response factors for the diphosphine
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oxides and the structures of these compounds is possitle, =
larger relative (to eicosane) response is noted for the di-

hosphine oxides containing three- and four-carbon methylene

)

bridges than for those containing shorter bridges. The
results of the gas chromatographic analysis of HNDPO and

EHDPO are presented.
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PART II. FRAGMENTATION-GAS CHROMATOGRAPHY OF DIPHOSPHINE
‘OXIDES AND URANYL NITRATE-DIPHOSPHINE OXIDE
COMPLEXES
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REVIEW OF THE LITERATURE

General Comments

One of the early advocates of combined pyrolysis-gas
chromatography as an analytical tool is Janak (53). His
enthusiasm appears to have been well based as is evidenced by
the acceptance of the technique by workers in many fields.
Kirk (62), in discussing the growing importance of the tech-
nique in criminalistics states, "It now appears that none of
the methods that are used for 1dent1ficatioh and 1ndividuél-
ization surpass pyrolysis-gas chromatography in the ability to
discriminate closely between similar samples®., Xuelemans (59)
sums up the value of the technique as a structural analytical
tool in his "label" of pyrolysis-gas chromatography'- “poof
man's mass spectroscopy". Perry (86) states, "The day may
not be far away when this technique occupies a position as
important as mass and infrared spectroscopy in the identifica;
tion of any organic (and many organo-metallic) compounds",
Although in an earlier phase of development, quantitative
analytical applications have also met with considerable suc-
cess (14,36,54,67,100,105). Applications of the technigue
have continued to grow,

A literature review of the field covering the period 1960
to 1963 (74) contains more than (200 entries. In this period,
L4 papers appeared concerning the pyrolysis-gas chromatography

of polymers, 42 concerning hydrocarbons, 21 applying the
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method to esters and another ten for organic aclds. Eighty-
six compounds or compound classes {(ranging from quaternary
ammonium hydroxides (20,107), through classes like soil humic
acids (79) and alkaloids (53) to specific compounds like
bicycloheptatriene carboxaldehyde (17) ) are presented as
having been studied by the pyrolytic method. Bibliographies
on the literature of gas chromatography since 1963 (41,92)
contaln an additional one hundred references to the use of
pyrolysis-gas chromatography. ‘In the past six months, micro-
organisms have been characterized by the technique (93)and
improved methods for the analysis of amino acids, peptides
and proteins (75) as well as hydrocarbons (22) and polymers
(30,66,66)have been reported.

Although a very simple extension of conventional gas
chromatography, the fragmentation method presents many chal-
lenging problems and exciting potentialities. By far the
most frulitful application of the technique to date is to
structural confirmation by way of comparison with standards.
True structural analysis is hampered by'difficulties in
ldentifying the fragmentation products for any species other
than simple hydrocarbons but progress has been made with the
application of the retention index concept (32,35,45,64),
Quantitative analytical applications have been hampered by
the difficulty of obtaining reproducible fragmentation condi-

tions,
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Fragmentation Units and Applications

Pyrolyzing the sample in a chamber separate from the
éhromatograph is the oldest technique employed and has the
advantage that fragmentation can be carried out under special,
(70), carefully controlled conditions. After pyrolysis, in a
sealed glass ampule, the sample is transferred to the carrier
gas line by any one of a number of methods (63,103,105). The
ampule is then broken and the carrier gas 1s allowed to flush
the pyrolysis products onto the znalytical column. The quanti-
tative determination of the hydroxyethyl group of hydroxyethyl
starch was carried out using this method (105).

Great emphasis has been placed on making the technique =z
one-system method, that is, in developing procedures by which
the sample can be degraded in the gas stream thus avoiding
the extra steps in sampling end sample transfer. One of the
more successful techniques has been the use of electrically
heated filaments or ribbons on which the sample is deposited
(6,13,55,57,86). In those cases of insufficient solubility
to allow solution and deposition, the sample is often placed,
as the solid, among the coils of the filament or wrapped in =
suitable material and placed in the coil., VWith the sample in
place, the filament assembly is placed in the carrier gas line
and purged with the carrier gas. The sample is then degraded
with a burst of current through the filament, the temperature

being controlled by the voltage applied. As they are formed,
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the degradation products are swept out of the fragmentation
chamber and onto the head of the analytical column where sep-
aration occurs.

Filament techniques have found great application to
polymer studies (2,7,30,66). Biochemically importaent species
such as purines and pyrimidines (54), phorphyrins (67), amino
acids and proteins (75,115) snd alkeloids and oils (53) have
also been found conveniently handied by filament pyrolyzers.

Closely related to filament pyrolysis is the cup tech-
nique of Nelson and Kirk (80,81) used in the study of barbit-
uric acids. In this case, the sample 1is deposited on a small
electrically heated Ycup" rather than filament. 4 sinilar
unit is reported by Perry (87) for the analysis of zinc
dialkyl dithiopnosphates.

What might be called "in-line reactors" have also re-
ceived considerable atteantion as ffagment&tion units (13,21,
22,32,36,46,57,86). These units are also eiectrically heated
but do not invoive filaments. The heztling element is geaerslly
coiled around or embedded within 2z cylindrical reactor with a
central tubular cavity'that is part of the carrier gas flow
line. Provisions are made to allow the introduction of solid
samples (usually in a ‘quartz boat) into the heated zone (91).
Generally, these units can also be used by way of syringe-
injection of the sample.

The simplest in-line reactor is the flash vaporization

inlet of a normal gas chromatograph. Burke (19) describes
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this "direct injection" technique. A4 unit slightly more cou-
Plicated has been reported by Dhont (32,33) asz highly satis-
factory for the structural characterization of aromaztic

D4
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compounds and identification of functional groups
carbon aliphatic compounds. Cox has described & mlcrorezctior
for polymer analysis (21). Kuelemans and co-workers (22,59,
60,61) have described in-line reactors yielding highly repro-
ducible fragmentation patterns for the vapor phase degradation
of hydrocarbons. Vassallo (109) has described z modified ~
thermobalance furnace as a2 fragmentation unit. Smith, Wetzel,
and Kosters (100) have reported the use of an in-line reactor
in the qualitative and quantitative analysis of benzoates.
More elaborate reactors have been reported. An electri-
cal discharge pyrolyzer (101,102) in which the semple is
degraded by a high voltage-low current arc is reported.
Martin and Ramstad (71) have described a flash pyrolysis unit
in which the sample is pyrolyzed by flashing intense radiant
energy from either a carbon arc or xenon flasn tube., A paper
(98) has recently appeared describing an induction pyrolyzer.
The majority of the cited units may be used for any
sample ranging from slightly volatile to non-~volatile. With
modification, many may be applied to the vapor phase fragmen-
tation of easily volatilized samples, Oocasionally.'two
versions of the same unit are made available; one for vapor |
pPhase and the other for solid fragmentation. The electrical

discharge pyrolyzer (101,102) is one such case.
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Although many problems confront those interested in
developing fragmentation-gas chromatograchy to its poteatial,
the problem of producing a controlled, reprcducible fragmenta-
tion device for solid samples is outstanding. In cdiscussing
the extreme sensitivity of Tregmentation patterns to frasmene
tation conditions, Juvet, Tanner, and Tsao (57) point out that
fragmentation tempersture and time, sample =size, carrier gas
flow rate, fragmentation chamber geometry and construction
materials can all have influences. Perry (86), in comparing
filament pyrolyzers with in-line reactors, points cut tha
the sampling technigue used with filament pyrolyzers maxes it
very difficult to determine the exact amount of'sample frage-
mented; that residual solvent can coantribute to the fragmenta-
tion pattern, filaments can catalyze decomposition, measure-
ment of filament temperature is difficult'and at best yields
an approximate temperature and that the lifetime of coiled
filaments is often short and attended by a change in operating
characteristics., Other workers (57) point out that while in-
line reactors would seem to be better fragmentation units,
pattern reproducibility is not significantlyAimproved with
their use in s0lid sample degradation.

As a result of the feproducibility problem.'Juvet.
Tanner, and Tsao (57) have proposed a photblytic degradation
mechanism, and reported the application of mercury-sensitized

photolysis to a large number of compounds. A high degree of
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reproducibility was reported.
Chromatography and Data Treatment

Conditions required for the gas chromatography of the
products of fragmentation do not differ from those of conven-
tional gas chromatogréphy} It must be kept in mind, however.
that the conditions chosen will dictate the fragments detected
and the shapes and retention data of the various peaks. Once
chosen, chromatographic conditions must be reproduced if
reproducible fragmentation patterns are desired.

Whereas the ablility to select the fragmentation products
detected can be a great asset, the detection of only a small
number of products can be a serious complication in any case
where the important types of degradation products are not
known prior to the analysis. The availability of programmed
temperature techniques capable of operating from sub-ambielnt
to high temperatures lessens the complication. The pyrolyzate
may be subjected to such a programmed temperature separation
using a screening column, the fragmentation region of interest
chosen, and conditions developed for the high resolution of
the important breakdown products. These conditions would then
be used for subsequent analyses.

Methods used for quantitative analysis with fragmentation-
gas chromatography are, for the'most part, identical to those

used in conventional gas chromatography. Generally, the
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amount of sample present 1s related directly to the area cor
height of a given peak in the pattern or to the ratio of peak
sizes when internal standards are employed. Smith, Wetzel
and Kosters (100) determined the extent of decomposition of
benzoates by simply monitoring the ratio of peak sizes of the
decomposition products to the undecomposed benzoate. BEBhat-
nagar and Dhont (14) used a conventional internal standard
technique in the analysis of benzene clathrate. Ettre (36)
has studied the quantitative analysis of polymers using peak
ratios, The ratio of ethanol to acetonitrile served as a
measure of the extent of haematoporphyrin contamination in a
given grade of protoporphyrin (67). Examples of quantitative
analysis based on the slzes of single peaks are also avail-
able (54,105).

Characterizing fragmentation patterns for qualitative
analysis presents a different problem, Whereas gqualitative
reproducibility on a given column under given conditions far
surpasses quantitative reproducibility of the patterns, coum-
parison between columns often results in very poor reproduci-
bility. This is a result of the fact that the position of the
‘peak 1s very dependent on chromatographic conditions and is
the important parameter for qualitative analysis.

This difficulty is assoclated with the long-standing
problem of the preparation of reproducible columns. As such,

the most fruitful approaches to characterizing breakdown
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patterns have been those applying retention parameters of
loﬁ sensitivity to chromatographic conditions. Of these
parameters (35,37), the "retention index" (33,35,45,64)
seems most useful.

Dhont (33) presents fragmentation patterns in a manner
analogous to the presentation of mass spectra but with reten-
tion index in place of m/e. A relationship between boiling
point and retention index has also been used to identify
certain fragments (33). Other workers (57) take advantage
of a relation between retention indices of product and parent
peaks to characterize fragmentation patterns. .

Franc and Blaha (40) removed the requirement for the
reproducibility of the position of the peaks by limiting the
number of fragments formed. These workers degraded samples
to Hp, CO, CHy, and CO2 and characterized the breakdown pzt-
terns in terms of the relative amounts of each formed. It is
shown possible to identify aromatic ring substituents in this

manner.
- OQrganophosphorus Compounds

Relatively little has been reported on the application of
fragmentation-gas chromatography to the analysis of orgzno-
phosphorus compounds. Work on phosphates and thiophosphates
(65,87) has resulted in a convenient way to characterize the

alcohol used in the preparation of these esters, A thorough
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investigation of the pyrolysis of tertiary phosphine oxides
(5) was aided by a preliminary study using in-line pyrolysis.
One additional reference {(34) to organophosphorus fragmenta-
tion-gas chromatography is cited in a review (23).

Studies of the behavior of many organophosphorus com-
pounds on pyrolysis have been reported. Baumgarten and
Setterquist (9) investigated the mild pyrolysis of alkyl
phosphates as a sequel to other workers studies of the
pyrolysis of esters of carboxylic acids and reported that-
the pyrolysis of phosphates yields olefins through a mechan-
1sm analogous to that involved in the pyrolysis of esters of
organic acids. Quantitative recovery of olefin was reported
for dialkyl and trialkyl methyl phosphates. Studies of the
radiolysis (114) and pyrolysis (QB) of tri-n-butyl phosphate
yielded similar results. The general value of the pyrolysi
of organophosphorus compounds in synthetic organic chemistry
is exemplified by the large number of pﬁblications on the
topie (8,10,25,26,27,28,42,108,110).

The work of Balley, Muir, and Marktscheffel (5) on the
thermal stability of tertiary phosphine oxides is especially
pertinent to this thesis work. These workers found that the
monophosphine oxides yielded l-olefins as a result of the
cleavage of the C-P bond at pyrplfsis temperatures ranging
from 350-600°C. Finding extremely high thermal stability for

trimethyl and triphenyl phosphine oxide suggested the impor-
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tance of beta-hydrogen in the pyrolysis mechanism. It was
reported that the data were well interpreted using a cyclic
mechanlism analogous to that of ester pyrolysis. Sinilar
results have been reported for alkyl phosphoramidatés (8)
and alkyl phosphinates (10).

The secondary phosphine oxide remaining after the removal
of an alkyl group was found to either air-oxidize to the cor-
responding phosphinic acid or disproportionate to a phosphine
and phosphinic acid. The secondary phosphine oxides resulting
from the pyrolysis of compounds containing alkyl groups of

four or more carbons were found sufficiently stable to isolate.
Metal Complexes

The only report of the fragmentation-gas chromatography
of metal complexes 1s that of Burke (19). In studying direct
injection as a pyrolysis tool, copper and chromium acetylace-
tonates were found to yield reproducible amounts of unbroken
ligand which could be used to determine both the number and
type of ligands bound to metal.,

Although not involving gas.chromatography, the work of
Wendlandt, Iftikhar, and Stembridge (1i2) is worthy of note.
Thése workers used pyrolysis-wass spectroscopy and demon-
strated the ability of the complexed metal to influence the
relative amounts of breakdown products formed on the pyrolysis
of metal~-cupferrates. Studies (31) of thermogravimetric anai-

¥sis have also shown complexation to influence breakdown mcdes.
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EQUIPMENT, MATERIALS AND PROCEDURES

Equipment

A diagram of the Beckman GC-4 electrical discharsze frag-
mentation-gas chromatograph assembly (102) is given in Figure
10. The components are listed with the figure. Figure 11
glves an exploded view of the sample tube assembly and dia-
grams the sample loading procedure.

Control of flow rates of the carrier gas is maintained
with flow controllers for the c§1umn lines and a pressure
controller for the sampie tube line. Discharge vecltage is
controlled with a variac (3500-volt maximum). The voltage
control is calibrated in percentage of the maximum voltage to
the nearest 2.5%. Discharge current is read from a meter in
milliamperes. Currents from 0.4 to 90.0 milliamperes may be
used., The discharge time may be set at five to sixty seconds.

The switching valve is used to direct the appropriate
carrier lines through the sample loop (a coiled stainless
steel tube of ten cubic centimeter capacity). In the "purge"
position, carrier gas passes through the sample tube, sample
loop, and, finally, is vented to the atmosphere. In the
"inject" position, carrier gas is passed through the sample
loop and into the analytical column.

The valve compartmenf allows heating of the fragmentation
portion of the assembly. Of necessity, the switching valve,

sample loop, and sample tube are operated at the same,
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constant temperature.
Materiels

The diphosphine oxides and corresponding uranyl nitrate
complexes used in these lnvestigations are those described in
"Part I" of this thesis. The standard 3,3-dimethylbutene-l
was obtained from Columbla Organic Chemicals. The standards
3-methylpentene-2 (mixture of cis and trans), 2-methylpentane,
2-pethylpentene-2, trans-3-methylpentene-2, cis-3-methyl- -
pentene-2, trans-hexene-3, 2-ethylbutene-l, 2-ethylhexene-l,
and 2,3-dimethylbutene-2 were obtained from Aldrich Chemical
Company, Inc. Acetylene and allene were purchased fron
Matheson Company, Inc. All other gaseous and liguid hydro-
carbon standards were obtained from Phillips Petroleum Company,
Special Products Division. Ethylene dicholoride was obtained
from Mallinckrodt Chemical Works.

Three basic column types were prepared. A 4-ft., 0.25-
inch o.d., glass column of 5% SE-30 on DHMCS-treated Chromosorb
G and a comparable column of 0.125;1nch o.d. glass were pre-
pared using the procedure given in Part I of this thesis,

A 20-ft., 0.25-inch o.d., copper column of 10% SE-52 on DiCS-

treated Chromosorb W was prepared by the classical procedure.

Procedures

QOperation of fragmentation unit

Por all studies reported here, the sample tube was
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loaded with carbon wool, assembled, and pre-~arced for sixty
seconds at 85 to 90 ma.with the switching valve in the "in-
Ject" mode. After cooling, the tube assembly wzs disassembled
and a solid sample of approximetely 0.10 mg. for the ligand
and 0.15 mg. for the complex was welghed onto the carbvon wool
in the tube on a five-place Ainsworth balance, A small plug
of silica wool was placed over the sample and the sample sand-
wich pressed against the inner surfeace of the electrode
positioned to contact the carbon wool side of the sandwich,
The other electrode was then placed in position and the
assembly placed in the fragmentation module such that tre
electrode contacting the carbon wool wes the downstrean elec-
trode., Carrier gas was allowed to purge the ssmple tube with
the switching valve in the "burge“ position. The flow rate
through the tube was measured with a soap bubble flowmeter to
insure thgt the flow rate was not so high as to allow fragmene
tation products to escape the sample loop under the chosen
discharge conditions. After setting the discharge time and
the voltage and allowing sufficient time to purge the systezn
of air and/or solvent, the discharge was initiated. When the
discharge terminated, sufficlient time (normally five seconds)
was allowed for the carrier gas to sweep the tubing connecting
the sample tube to the sample loop and the switching valve was
actuated to deposit the fragmentation products contained in
the loop onto the head of the gnalytical column. Normal gas

chromatographic separation ensued.
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It was found absolutely essential to prohibit any carrier
gas leakage about the sample tube. Lezkage was found to re-
sult in poor discharge current stability (fluctuation of cur-
rent about its mean during a given discharge) and reprcduci-
bility (agreement of mean current from discharge to dis-
charge). Sample sizes much in excess of 0.20 mg. were also
found to effect stablility and reproducibility. Table 11
demonstrates these influences and the current behavior that

accompanied the work reported in this thesis.

Table 11l. Discharge current stability and reproduclilbiliity

Relative standard deviation (%)

Conditions Stability Reproducibility
Given sample tube 1.8 0.6
Tube to tube -—— 2.9
Tube with leak 4,2 10.7
Tube with 0.1 mg. sample 1.5 2.4
Tube with 0.2 mg. sample 1.9 2.3
Tube with 0.3 mg. sample 4.9 6.4

It was found that the deposition of solutes from solution
is possible. Solutions, several microliters in size, were
deposited on the carbon wool, the solvent driven off in the
valve compartment, and the residue fragmented with acceptable
results. Celite coated with sample has also been used.

Data treatment

Retention behavior was measured in terms of retention
distances using an engineering rule calibrated with forty

divisions to the inch. Retention was measured from the point
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of injection or from the lnitial retention d{;tance of methane,
All retention parameters correspond to peak-retention.

Peak areas were determined with a Disc Integratdr. Cne
"disc unit" of area corresponds to one~hundredth of a single
sweep of the integrﬁtor pen at maximum detector sensitivity
(area equals disc unité counted times the.detector attenua~
tioﬁ).' Peak heights were measured to the neare;t 0.5% of
full-scale. Both peak heights and peak areas were corrected
for background.

Discharge "severiéy“ was defined as the reading of the
variac setting (in per cent) multiplied by the resultihg Cur=
rent in milliamperes. Since the maximum voltage is 3500
volté. the discharge severity may be converted to watts by
multiplication by 0.035.

Average relative abundénce (ARA) values were determined
by dividing the peak area of the component of interest by the
total peak area of the pattern to yield peak area-ARA or by
using peak heights to obtain peak height-ARA, A measure of
the reproducibility of ARA values is given in Table 12, Al-
though the reproducibility of this parameter is much lower
than deslred*, no better method of treating the data was found.

Peak height-ARA was used extensively because of the ease

with which it may be computed. Peak area~-ARA values were not

*This poor reproducibility 18 most likely the result of
this attempted application of the Beckman fragmentation
system and not a characteristic of the unit.
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found to improve the reproducibility of the data or to result

in ARA dependences differing from those found using peak

heights. The primary disadvantage of peak helght-ARA is that

it is not physically meaningful.

Table 12, Precision in the determination of the pegck neighnte
average relative abundance of 3,3-dimethylbutene-l

in the ambient column temperature fragmentation
patterns for MNDPO and MNDPO-U

Sample ARA + © Rel. std. dev. (%)
MNDPO (solid) 3.9 + 1.1 28
MNDPO on celite 3.2 + 0.7 22
MNDPO from solution 2.2 + 0.6 27
¥MNDPO-U (solid) 9.7 + 1.9 20

Studies

The programmed temperature patterns were obtained witn
the 0.l125-inch o.d. column at a carrier gas flow rate of 22
ml./min. and the temperature-time profile of Figure 12.
Sample sizes of 0.10 mé. for the ligand and 0.15 mg. for the
complex were.employed when welighing was possible. Samplie
sizes were estimated for MEBDPO, MEHDPO, and MHDPO until
fragmentation patterns comparable in size to the others were ...
obtained. A discharge setting of 30% resulting in a current
of approximately 60 ma,was used for all of the samples. The
discharge time was 30 seconds and the valve compartment was
maintained at a temperature of 270°C. BRetention positions of

the diphosphine oxides, methyl di-n-hexylphosphine oxide and
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tri-n-hexylphosphine oxide were obtalned by injection of these
compounds and chromatograpning them under conditions identical
to those employed for separating the fragmentation products of
the diphosphine oxides.

The Cy-C¢ fragmentation patterns (those patterns contain-
ing only the one-~ to six~carbon fragments; also termed "ambient
column temperature fragmentation patterns") were obtained with
the 20-ft., SE~52 column operating at air-dump temperature
(slightly below ambient) with a carrier gas flow rate of 120
ml./min. Discharge conditions were the same as those for the
programmed temperature patterns with the exception that the
valve compartment was maintained at 100°c. Sampling procedures
were the same as those for the programmed temperature study.
Comparison standards (hydrocarbons) were prepared by mixing
equal volumes of liquid standards and bubbling the cdesired
gaseous standards into the appropriate mixture. Tne standard
chromatograms presented were synthesized by superimposing the
peaks obtained on injection of various standard mixtures
which were chromatographed under conditions identical to thcse
employed for the separation of the products of fragmentation
of the diphosphine oxides. The method of retention index cal-
culation is given in the Appendix.

The C1-~Cy region of fragments was examined using the same
conditions as were used for the Cy-Cg reglon except that the

column was operated at 0°C with the aid of the sub-ambient
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temperature module. The standard chromatogram was synthe-
sized from peaks obtalned on injection of gaseous sanples
("gas-tight" syringe) of the hydrocarbons.,

The column, column operating conditions, and sampling
procedure used in the C;-Cg pattern studies were also used in
those studlies involving the dependence of ARA values on dis-
charge severity, discharge time, flow rate, and enhanced
secondary breakdown conditions. The same column, but oper-
ated at 80°C , was employed in the internal standard 'cancele
ing" study (Table 18),

Studies involving the areas and the shapes of direct-to-
detector traces were carried out by swagelocking the exit-line
of the sample tube directly to the detectof. The necessary
carrier-to-fuel ratio was maintained by the use of the carrier
gas make~up line. The influence of discharge severity and of
discharge time on the total areas of fragmentation patterns
was studied using this technique.

Thé calibration curve given for the quantitative deter=-
mination of MNDPO using MEBDPO as the internal standard was
obtained by depositing the MNDPO and MEBDPO onto the carbon
wool from dichloroethylene (4 pl. samples). The 20~ft. coiumn
was operated under conditions identical to those employed in
the investigation of the C1-C4 region of fragrents but with a
fragmentation time of 20 seconds and discharge voltage setting

of 35% (resulting current = 80 milliamperes).
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INVESTIGATIONS AND RESULTS

The qualitative behavior of the diphosphine oxidss and
the uranyl nitrate-dipvhospnine oxide complexes upcn fragmen-
tation was investigated primarily to find whether complexztion
eXerts any effect on the fragmentation patterns. The investi-
gations also yleld information concerning the general mcde of
degradation of the diphosphine oxides and allows an assescsnent
of the value of the technique as a gqualitative anzlytical tool
for the diphosphine oxides., Programmed column temperaturé and
amblent column temperature fragmentation patterns were
obtained for all seven ligénd. metal-liga§§>pairs. Sub-
ambient column temperature patterns were obtained for EKDPO,
MNDPO-U, EEDPO, PHDPO, and BHDPO, Quantitative studies of the
influence of the operating parameters on the fragmentation of
the ligénd and the complex, an interpretation of the fragmen-
tation data and an assessment of the potential of fragmentz-

tion-gas chromatography as an inorganic analytical tool con-

clude this section of the thesis.

Qualitative Breakdown Patterns

Progranmed temperature patterns

Obtaining fragmentation patterns which include the high-
boiling degradation products requires that the temperature of
the valve compartment be maintained sufficiently high (270°C )

to allow these products to reach the analytical column. As a
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result, the reproducibility of the peak sizes is dininicshed
probably because of pre-~fragmentation volatilization of the
sample and an increased chance of undegraded diphosphine cxide
leaving the discharge zone during fragmentation. Beczuse of
this diminished reproducibility of the pattern sizes and the
fact that the high temperatures may ealter the complexes prior
to controlléd fragmentation, gquantitative correlations of
these fregmentation patterns with complexation influences are
subject to serious error.

For the diphosphine oxides and corresponding compiexes,
such patterns are useful only in a qualitative sense. They
may be uéed to obtain a general indication of complexation
effects, HMore important, they can be useful in obtaining an
indication of the manner of breakdown and in assessing the
va;ue of the technique as a structural confirmation tool for
the diphosphine oxides.

The absolute size of the fragmentation patterns and the
relative sizes of the peaks within the fragmentation pattérns
were found to be poorly reproducible. The positions of the
peaks in the fragmentation patterns were found very repro-
ducible if chromatographic conditions were held constant.

The fragmentation patterns chosen for presentation are those
obtalned with the slightest change in chromatographic condi-
tions, that is, over the shortest possible period of time.

These fragmentation patterns are presented in Figures 13
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through 19, Figure 12 shows the program employed superimposed
on the breakdown pattern of the EHDPO-U complex. The csame
program was employed for all of the patterns presented. The
numbers below each patterﬁ are the detector attenuations
corresponding to thé given reglons of the chromatograms., To
compare absolute peak sizes, each peak area must be multiplied
by the attenuation employed.

A comparison of the patterns for the ligands and ligand=-
metal complexes for MNDPO, EHDPO, PHDPO, and BHEDPO indicates
no significant effect of complexation on the gualitative

nd

)

aspects of the patterns (on the positions of the peaks
approximate relative'sizes of the peaks). Those peaks appear=-
ing in one pattern but not the other are generally suffi-
ciently small to make it possible that they were undetected

in the particular pattern obtained.

A comparison of the patterns for the ligand gnd ligande-
metal complexes for MHDPO, MEBDPO, and MEHDPO appears to
indicate the possibllity of a complexation effect for these
samples. In view of the bulk of the work carried out, it
seems more likely that the differences in the patterns are
due to the difficulty in sampling the waxy MHDPO and MEBDPO
and the liquid MEHDPO and/or fo the impurities in these
ligands rather than to complexation.

A comparison of the relative peak sizes in the patterns

for the ligands and ligand-metal complexes generally shows
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a good number of differences. NMany of these differences are
smsix and probably do not reflect influences of complexztion.
Some are sufficiently large to indicate they are complex-
sensitive. The danger of drawing definite conclusions cf
this type from these patterns has been pointed out.

Although no serious attempt was made to identify the
fragmentation products, the regions of the chromatograms
where undegraded diphosphine oxide, methyl di-n-hexylphospnine
oxide, and tri-n-hsxylphosphine oxide emerge were established.
The monophosphine oxides were found to emerge in the seventeen
to nineteen minute region (see Figure 12) with the diphosphine
oxides emerging after twenty minutes. Judging from the
chromatographability of c¢rzanophosphorus compounds (11,23) and
using the determined elution positions as a gulde, it can be
postulated that the earlier emerging peaks may correspond to
tertiary alkyiphosphine oxides with alkyl substituents of less
than six carbons, secondary alkylphosphine oxides, and phos-
phines, These products might be expected on the basis of thne
work on the pyrolysis of the monophosphine oxides (5).
Although the formation of phosphinic acids is als§ predicted
(5), difficulties encountered in chromatographing di-n-hexyl-
phosphinic acid on the column employed in these studies sug-
gest that phosphinic acids would not appear in the chromatow
grams,

It is of interest to note that the peaks corresponding
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to undegraded diphosphine oxides wgre not observed. In those
cases where peak pocsition agreed with that of the diphosphine
oxide, the peak was always very small. This appears to indli-
cate that little, if any, of the sample 1s voliatilized eithner
because of the high temperature of the valve compartment or
during fragmentation. Yet, as discussed later, there is
significant evidence that volatilization, perticulerly durin
fragmentation, does occur.

This behavior might be expiained by the fact that, as

e 3
LalL

found in the ccnventional gas chromatography study, me
inlets and columns result in the decomposition of the diphos-
phine oxides. Any diphosphine oxide volatilized fronm the
fragmentation tube prior to or during fragmentation must pass
through the sample loop before reaching the analytical column.
The stainless steel sample loop at 270°C. is, in effect, an
unpacked metal column. As such, it would be expected to
degrade any diphosphine oxide entering it. It is worthy of
note that this uncontrolled decomposition would be expected
to further decréase the reproducibility of patterns.

The qualitative (positions and relative sizes of the
peaks) differences between the fragmentation patterns of the
uncompléxed diphosphine oxides appears to be sufficiently
great to allow the use of tﬁe technique for the identifica-
tion of these compounds. Since the diphosphine oxides can be

gas chromatographed intact, the practical value of fragmenta-
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tion-gas chromatography for their identification is ninimel.

s the

(=

An interesting potentiel application of the technigue
identification and guantitative estimation (as showm possible
later) of diphosphine oxides on chromatographic supports.

C1-Cg fragments

Because only those fragmentzstion prcducts volatile encuzgn
to pass through the valve compartment can reach the analytical
column, operation of the valve compartment at a lower tezpera-
ture (100°C.) imposes a limitation on the type of fragments
visible in the fragmentation pa;tern} It has been found that,
typical of the pyrolysis of organophospnorus coumpounds (5,8,
9,10,65), the diphosphine oxides degrade with the formztion
of characteristic low-boiling hydrocarbons. As such, the
volatility limitation is not serious in the rragmentation-
gas chromatography of diphospnine oxides.

The ability to operate at relatively low, constant column
temperatures has certain advantages., For one, lower teumpera-
tures normally allow higher detector sensitivitiés aémé'result
of decreased column bleeding. -Also, isothermal operation
allows a greater confidence in retention data making peak
identification easier.

Figures 20 through 26 compare the ambient column tempera-
ture fragmentation patterns (those patterns composed of one-
to six-carbon fragments) of the diphosphine oxides and corres-

ponding ligand-metal complexes. As for the programmed
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correspond to detector atienuztions
ponds to that of the Cl-Cé ctardord chromotogran (Figure 27).
Other operating conditicns are given in Ithe
section, Part II, of the thesis., For reascns ancliozous to
those described for ths preceding study, the chromatosrais
bresented are those obtained cover the srortest possivie

period of time.

A comparison-of thae patterns {Figures 20-26) cshows that
those from MHDPO, EHDPO, PHDPO, gnd BHDPO are essgentially tiae

same except for absoiute size. Simiiar petteras would te

expected beczuse each iigand contains the same elkyl {(n-hnexyl})

o

group., The lesser similarity of ¢

1

ne MHDPO pzttern may be cdue

to sazpling as is menticned above for the programmed ten
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ture patterns.

A comparison cf the patterns for MNDPO, HEEDPO, a2ad
MEEDPO also shows the expected behavior. These patterns are
very different from one other and from those of the n-hexyl
conpounds because each has a different alkyl group. Because
the differences are in positions of peaks as well as sizes, it
can be concluded that the differences are real and not due to
sampling variations.

4 visual comparison of the patterns from the ligand agnd
tne corresponding ligand-metal complex indicates that complex-

-

ation does not direct the foramation of a significant amount of
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ole 13, Peak ascignaoents and retention data fcr tre
standard chromatozram of the C,-Cg hydrocaritons
No.% Comnound Retention Zetention
' index timeD
mirn,
1. Methane 100% 2.6 181.k3
2. ZEthane, Etnylene,
Acetylene - 2.9 -

3. ZFropane 300% 3.3 ~52.07

L. Isobutylene 394 &,1 -4.500

5. n-Butane Lo0% L.3 -0.50

5. XYeopentane 13 L.9 9.3503

7. Pentene-1 492 7.6 29.948

8. n-Pentane 500 8.2 36.076

9. Ztrans-Pentene-2 550 8.8 55.35%
i0. 3,3—Dlnetnjloutcne-l 5135 CL 81,287
11, cis-Pentene-2 518 9.3 28,542
12, Xeohexane 535 1C.5 Lg, 741
13. Cyclopentarne 568 13.5 LG, 252
1k, 2-Xethylpentane 568 13.6 60,271
15. 3-¥ethylpentane 383 15.4 83.282
16, EZexene-1 £g28 15,46 83,485
17. n-Eexane 800 17.6 £& ., 740
18. 2-Zthyloutene-1 602 i8.1 4,682
19. irans-texene-3 505 18.58 67.088
20, trans-Fexena-2 507 18.9 67,284
2l. 2-¥sthylpentene-2 509 19.3 57.30¢2
22, cis-3-lMethylpentene-2 613 19.8 57.702
23, cis-Fexene-2 617 20.5 £8.8%1
2L, Trans-3-¥ethylpentene-2 623 21.6 70,435
25, 2,3-Dimetnylbutene-2 6;2 23.5 73,205

~
G's\','

¥umbers refer

to peak numbers

in

Figure 27.

OPeak retention from the point of injection.

CoC at 1 atm (1).

EJ definition.

€Computed using Kovats rela

tion (64).
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peaks. The tuwo- to four-carbvon fragment regions of the pat-
terns seem highly complex~sensitive. This is a2 dangerous

reglion for guantitative use, however, since most Cp and
szaller fragments probably arise from secondary brezldcim.

At the least, secondery breakdown contributes significantliy

T0 this region. 4lso, it has been found that, at attenuctions
of 2=2 (1/200 of the maximum Getector sensitivity) and lower,
2 noticeablie contrivution is nades to the Cl~C3 region by tne
cerbon wecol used in sazple lcading {this behavior persists

1

even after two sixztye-second Ciscnarzge pre-arcinges of maxminoun

]

severity). In agreement with expectations, relstive neal

1

sizes in thnis region nave bteen found poorly reproducitle,

»

A closer examination of the potterns shows o significant

'- '

nfluence of complexation cn the sizes of the pezks correé-
pcnding to the "characbteristich l-olefins (those expected con
the basis of the pyrolysis of tertiary alkylphosphine oxides
(5)) relative to the total sizes of the patteras. Among the
patterns presented, this effect is especially aprparent Tor

iEBD20 (Figure 25). t umay also be seen in the patterns for
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MNDPO (Figure 20) and EHDPO (Figure 22). The "charscteristic
peak! (that corresponding to the characteristic leolelin; oy
be readily recognized by the fact that, for every patterrn
other than MEHDPO, 1t is the largest peak to appear alter
eight minutes (Figure 27). For MEHDPO, the characteristic
peak is the last vo emerge.

The area-relative zbundance qf the characteristic i-
olefin was computéd by dividing the area of the crarzcteris-

tic peak by the total area of the pattern exclusive of the

o

off~scale methane-ethane region. Because the area of the
peaks is proportional to the ﬁeight of the hydrocarbons caus-
ing the peaks and the detector response is independent of the
minor variations in the structures of the hydrocarbons, tihe
area-relative abundance is z2lso the weight per cent of the
products in the CB'Cé fragment regici. veing characteristic
.l-0lefin. The area-relative abundcances for the patterns cf
Figures 20 through 26 are presented in Table 14,
Table 1l4. Area-relative abundarnces of the characteristic
l-oclefins in the smbient column temperature frege

mentation patterns for the complexed and unconm-
plexed diphosphine oxides

Arez-relative abundance

Diphosphine oxide Unccmplexed Conplexed
MHDPO 0.20 0.46
EHDPO ' 0.26 0.42
PHDPO 0.22 0.41
BHDPO 0.28 0.37
MNDPO 0.10 0.41
MEBDPO 0.26 0.71

MEHDPO 0.12 0.03




In each case, except Tor MEHDPO, the srec-reluaiive abun-
dance of tne characteristic peak is seen to be significantly
greater for complexed than for u.icomplexed ligend. EReveated
tests of the MEHDPO pair showed the arca-relative abundance %o
be larger for complexed than uncomplexed diphosphine cxide by
a factor of about two. The reverse behavicr secen in Figure 26
and Teble 14 is probably 2 sampling effect.

Repeated consideration of this behavior for NDPO,

EHDPO, PHDPQ, and BHDPO continuslly resulted in & larger
averagze abundance (using peck heights in this case) for the
cheracteristic peak from the fragmentation of the coaplexed
ligand than uncomplexed ligand. The average ¢f seven runs

wes employed to deterumine the pezk heilght-average relatlive
avundance of the characteristic peak from the 7
of MNDPO and MNDPO-U presented in the *“XMaterizlsY secticn
(Pert II). Because this behzvior was consistent and the nost
reproducible, the ARA of characteristic peak was chosen as
the complex-sensitive pararmeter to evaliuate the potenticl of
fragmeniotion-ges chromstograpny &5 an inorganic analyticsl
tool.

The fragmentation pztterns of Pigures 20 through 28 =uy
also be presented in tabular form. This is done in Table 13

in terms of the retention index* (35,64) and area of ezch pezk.

*The origin of the relation used to compute retention
indices, method of computztion, and sdvantages of the conmpu-
tation scheme and retention index system are considered in
the Appendix,



Table 15.
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Tabular presentation of the C3-C4 portion of the
ambient column temperature fragmentation patterns
for the diphosphine oxides and uranyl nitrate-
diphosphine oxide complexes

Apparent retention index@ - areal

=
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MHDPO-U EHDPO EHDPO-U PHDPO
310 - 6.6 303 - 32.0 307 - 35.0 299 - 60.0
341 - 0.8 341 - 5,0 344 - 5.0 339 - 16.0
366 = 0.7 368 - 2,0 368 - 2.0 365 - 2.0
396 = 1.6 396 - 4,0 398 - 10.0 396 - 16.0
400 - 1.4 401 - 3.0 401 - 8,0 401 - 14.0
415 - 0.3 417 - 1.0 418 - 2.0 417 - 6.5
428 - 0,2 428 - 1.0 449 - 3,0 427 - 3.0
492 - 1.5 449 - 1.5 493 - 10.5 L47 - 12.0
500 = 0.5 493 - 3,5 501 - 2.5 492 - 8,0
592~ 12.6 502 - 1.0 592%- 66,0 500 - 2.0
600 ~ 1.2 592~ 23.6 600 - 12.5 512 - 1.5

607 - 1.2 592¢. 44,0
BHDPO ~ BHDPO-U MNDPO . ¥NDPO-U

299 - 26,0 308 - 62,0 300 - 12.0 300 - 20.0
338 - 4,0 342 - 11.0 341 - 5.0 339 - 9.0
365 - 1.8 367 = 1.5 366 - 6.5 366 - 15.0
394 - 4.3 397 - 22.0 394 - 36,0 393 - 94,0
398 - 3.8 400 - 19.5 414 - 32,5 415 - 4.0
4ibh - 2,0 416 - 4,0 430 - 1.0 428 - 1.0
b26 - 1.0 430 - 2.0 448 - 0.5 449 - 1.0
492 - 4,0 492 - 16.5 5156~ 11.5 498 - 5,0
500 - 1.4 500 - 2,0 523 - 2,0 5150-115 0
511 - 8,0 511 - 1.0 535 - 5.0 522 - 7.0
592¢. 23,5 531 - 0.8 535 - 6.0

600 - 8.1 shly = 4,0

592¢- 98,0

600 - 18.0

aRetention distances from methane rather than air.

Ppeak area in disc units x10

-k

CReference peak for retention index computation.
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Table 15. (Continued)

Apvarent retention index® - arca®
MEZDPO HEBDPO-U H¥EHDEO HEADPO - U
302 - 19.0 304 - 6.2 301 -10é.0 2006 - 1i.0
351 - 5.0 0 341 - 1.8 340 - 52.0 339 - 4.0
380 - 3.0 385 - 1.8 367 - L,O 365 - 1.C
395 - 12,0 3956 - 5.6 393 - 54,0 1394 - 10.0

Lo2 - &,0 LD1I - 2.0 L0z - kE.0 Loi - &.
436 - 2.5 416 - 0.5  hI5 - 34,0  4li - 2.0
428 - 1.5 429 - 0.4 L28 - I1.0 427 - 1.2
g - 2.5 450 - 0.4 LLE - 43,0 Litg - 2.0
476 - 1.3 475 - 1.0 493 - b,0  L73 - 0.4
500 = 5.0 499 - 3.4  L99 . 17,0 492 - G.L
312 - L.5 511 - 3.3 512 - 12.0 L9y - 2.5
519 = 3.0 518 - 2.4 35319 - 0.5 511 - 1.8
563 - 35,0 583 - 4,0 3522 - 1.0 545 - 1.1
602~ 24,5 602°-100.0 331 - 3.0 592¢. L,1
612 - 3.5 sks - 13,0 £&G2 - 0.7
617 - 3.0 59284 2i.5 £13 - O.bL
613 - &.5 862G - 0.7
664 - 62.0 66 - 2.0

a, .

Assumed to be hexzene~l and used as resference Tor reten-
tion index computation.

Certain advantages zccompany such a2 presentation. XNoiting
exact peak positions and sizes makes meaningful coxzarizons of
patterns easier. HHore inportant, presentation of pezk posie
tions in terms of retention indices offers a valuablie nezns
of identifying pesks.

Table 16 summarizes the breakdown: products assigned to
verious peaks in the ambient column temperature fragmentation
patterns of the seven diphosphine oxides. Because the metal-
ligand complexes form the szme products on frzgaentation as

do the ligands, the assignments of Table 16 are equally valid



Table 16, Peak assignments for the C3~Cs portion of the ambilent coluwn tempersa-
__ture fragmentation patterns for the diphosphine oxides

Peak retention index

Fragment MHDPO EHDPO PHDPO BHDPO HRDPO HEBDPO  HEEDFO
CCC/C=CC 310 303 299 299 300 302 301
C=C=C 341 341 339 336 341 341, 340
o 360 368 365 365 366 366 367
C=gC 394 394 396 394 394 394 395
CCCC/C=CC=C 400 401 401 400 ——— Lo2 . hoz
E-cc:cc/cgc 415 417 41y bih bk 216 L15
¢~CC=CC 128 128 h27 426 430 128 428
cécc o b9 7 L 48 419 19
CCCC=C L92 493 h92 492 ——— —— 193
CCCee B99 502 500 500 499 500 499
£-CCC=CC 511 —— 512 511 - 512 512
C "
c=cee —— ——- e S 515 e -

&-CCC=CC ———— e - . ———— 519 519

e, - R



Table 16,

(Continued)

Fragment

MHEDPO

C
CCCCC
CCCCC=C
cccccee

cce(=C)ce

EHDPO

~— e

Peak retention
PHDPO BUDFO

- —

LIRS

PN E  r

index
MWDPO

. KBEEDPO
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for the corresponding fragmentation potterns for the coie
plexes.,

Not all assignments can be mode with eguael cenfidence.
The most éonfident assignzment is that of the choaracteristic
peak (I, ¥dEDPO, EHDFO, PHDPO, BEDPS = 592; I, MNDPO = 351i5;: I,
cnis wzs by way of come
pariscon with standards under vigorous.y controlled conditions
and agrees with the reported worlk on the pyrclysis of organc-
phospnorus compounds., Approxinately equal counfidence can be
placed in those assigaments resulting from close ag:eenent of
fragment and standard retentica incdices. For those czses

Y S

wnere nore than one fragment is noted or those invselving coh-
O

o

pounds for which no standard incex was deterzined {(Tadle 13),
The assignments were nade on tne basis of general observa-

tions of the relative retentions of the hydrocarbons under

«

several different conditions (suca es thelr sub-zibient tese

1 P P )
nererore oe

perature chromatography, next section) and must t
considered 'probzble" agssignuments,

»TATIT

The chnaracteristic Tragmentation protuct for MZEL20 we

[}

found to be 2-ethylhexene-l. It 4s not included in Tzble 106
because its excesszive retention ztles it a poor stendard for
the coumputation of other retentiocn indices and its own retche
ticn index is kmown only apnroxizateliy (Tabie 15, I = 56%).

4L peak in the MEEDPO pattern appezring in the same positicn

-
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O
]
]
&
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N
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as the characteristic peak of n-hexyl Gi

assumed to be hexene~l znd zssigned 2 retention index of 59Z.



The sgreement, using the assumed value, of the lower reienticn
index values of .ZHDPO with thoze of the ctrher diphosshing

oxides supports the assignment of hexence-l to this wezl,
An examination of Tadlie 10 shows that each diphosprin

oxXide degrades with the Tormation of the l-olefin charscter-

istic or its alkyl side chain. For the dipuosphine ociidss

containing the n-hexyl group (HEDPO, EHDPO, PHDPO, and BEDFO),

the characteristic product is hexene-i, MNDPO, containing

containing the 2-ethyibutyl group, forms 2-cthylbutane-l on

Iragmentation, As mentioned sbove, MEHDPO (containing the

2-ethylhexyl group) yields 2-ethyln
fost of the remaining fraguentaticn products in ezch

- . - - 4 - - - . -
pattern can be concsidercd as resulting Trom the Turther orecii-

the four-carbon and smzliler frzgaments, Scme prcoducts, such osg

2,3=-dimechylbutene-2 and hexene«2, umight arise from the theroel
isomerization of the respective iwolerins (3,3-dinsthyibutenc-i
and hexene~l for the zbsve products).

Very few products cther ihan the charmeteristlce lesglelins

peing fo

3

can be visualized acs wed Trowm primory brezkdowm
processes, Pentene-l mrignt arise from prirzory brezakdown of
the n-hexyl diphosphine oxides by abstracticn of a Ve rrother
than 3-hydrogen (leéving & methyl group rather than & hydrozen

aton bonded to phosphorus).
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nethylene bridze. Ixzmination ol the Ci=Cg iragmernt reglon
supports the contention taat sccondery phospnine oxidee could
form. It was of interest to learn wasther both phosphorus-

carbon bonds of the methylene bridze were cleaved,

[

To Test this possibility, the standards of Table 17 werc

chromatographed at 0°C and used to construct a standard crhroz-

SHD?0 were fragmented and the frazmentation patterns (Figure
29) conpared to the standard chromatogram. If such e cieavage

occurs, un enhanced azount of butadiene-l,3 would be expescted

e

ron 3FED20, Similarly, 2HDPCO and EHDPO-would be expected to
vield enhanced amounts of allene end scetylene resuvectively.
A study of Pigures 28 and 29 znd Tebls 17 shows that
pezlts are present which can be assigned to acetylene, zalliene,
and butadiene~l,3. The relztive zmounts of these products

-

Tormed is seen to be independent of the diphosphine cxide

>

Tragtented, Because some formztion of these products is
expected as a result of secondary breakdown of the charactar~
istic l-clefin, it can be concluded that "bridge reiczse® does
not occur to any appreciable extent., A comparison of the
fregmentation patterns froam INDPC and MNDPO-U (PFigure 30)

saows trat no significant effect on the Ci-Cy region of fraz-

ments can be attributed to compliexation.
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Table 17. Peak assignments for the standard carcnatoegram of
C;~Cy hydrocarbons

Numberg Standard Number® - Standard
1 Methane 8 n-Butanec
2 Acetylene 9 Butadienes~1,3
3 Ethane 10 Neopentane
L Propane 11 trans-Butenc-=2
5 Allene 1z . Cls-Butene-2z
6 Isobutane 13 3-Methyloutene-1i
7 Isobutene

8Number of peak in Figure 28,

Effect of Operating Parcmeters

Discharge severity

The influence of discharge severity (percentage of thc_.
maximum voltage setting multiplied by the resulting current
in milliamperes) on the total area of the pattern¥ for INDPO
and MNDPO-U 1s demonstrated in Figure 31. It can be seen thet
discharge severity influences the total weilghkt of products
formed and does so equivalently for both the metal-ligcnd
complex and the ligand. The fact that approxirnctely the scze
area 1s obtained for the complex as for the ligand at auny
given discharge severity suggests that the chosen sample
sizes, 0.10 mg. for the ligand and 0.15 rz. for the complex,
present approximately equivalent amounts of brezkable orzcuic

material for analysis. It is also apparent that mzximun

*A11 work discussed in this and the following chapter
involved the ambient column tempersture patterus.
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e

degradation may be obitained within the accezsible range of

discharge severity of 3600) when the given weights of sczples

These data also allow the selecticn of & dischorse
severity yielding a balance between signiiicant patiern size

end meximum secondary breakdown (as would be expectced (10X,

§

102) for maximum severities). A discharge saverity of zZpurofe
imately 1800 (voltage = 30%, current = mz,.) Was ckosen Tor

those studies requiring constant dissharge severity.

The infliuence of discharge severity on tne peax neigxhte
everage relative abundance of cheracleristic peskx from XHDES

shows & slight decrease on increesing discrharge severity znd
the ARA for the metaleligand compiex incregses with incresse
ing discharge severity.

The larger ARA* for tne metaleligand couvlex and oooCsite
dependence of the ARA on discharge severity for the lizond snd

for the zetal-ligond complex cannot be simply interpreted.

reTat*ve abundance (;nclua*ng thc m°thhnc-etnanb re”1oq) o*
the characteristic l-olefin in the ambient column temperature
fragmentation pattern of the given compound.
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Recalling the work {(5) suggesting the invelvement ¢f thne phc

horyl oxyzgens in & cyclic mecharniesn Yor the Tormaticn of thne
J

l-olefins, it might be predicted that compicxation shoull

-~

& beta~hydrogen frox the alkyl side chains.
The slight decrease in LEA for the ligend on increacing

the discharge severity could be interpreted s&s Cue simnly o

enhanced secondary brezkdcown under the more vigorcus &iscrharge

cornditions. The oppoczite beravicr for compliex is not as read

1ly explained, 1In view ol the reprcducibility problem cnd ¢

reilatively smzll dependence of ARA on the discharge severity

edCiticnal evidence that the cbserved behavisor is ¥real™ isg

A similar study was carried out using EED?0 and EZDPECLU

e ) b N ryrs e
Filoure 33, the same behzvicry waes

and, as can be seen fron I

ocvbserved. Spot checks of the ARBA values For HHDPO, HEDZOLU

and PHDPO, PEDPO-U indiczted similor benovior. Irn view of

.

this consistency, the opposite desendence of LR on Ciscrharg
severity for complexed znd uncozplexed Ligznd must be consid

ered "real',
A possible interpretation of the dependence of ARL on

o, Y - o dm p/ % -
n the next chapter. The

(=Y

dlscharge severity is presented

=

important result of these data in evoluating the poteantial of

the tecnnigque as an iznorganic analyticzl tool is that an

<

<



4 : T :
| ! . x
|
o % !
!
i
i
"
33— X —
,
P
o
®
; X
o
Y oz — —
UJ
99}
L v
(D N
o
< 0
S
G X
Q
P X —
/x
O EHDPO
X EHDPO-U
| | | |
0 5 10 5 20

AVERAGE RELATIVE ABUNDANCE c=cccce xl02
Pigure 33. Variation in the vezk height-azverage relztive
abundance of heZene-l From EHDPO gnd EIDPO-U with

increasing discharge severity at constant dis-
charge time (30 seconds)



0
(AN
-4

n

ity inc

-

seve

e

-~
-\ o

caplie

lizgend ¢

3 onm e, e
[ 2Y

CLLE

Iy

S e

5

daved 50

. Y,
CLEC

Yo e

C;A....._ Py

o
-

O &t

w2

LRI T
G

Szl

tel
i

to

the

S
)

S S T

1

Oiltesil

R T

iy e g e e

vl T

=,

SEen

S

s

EP]
-

-

seve:

a0

SERE sXIoun

iy o -

e~

=
4=

¥y seconds,

nir

»

ing fcr

St

oo s

loe W

.y

e

§
-

7 Giscl

influence ¢!

m;
e ..e

Lnd

b ey 3 SO
DLSHCU o

snm

P
» G SO

S&ie

Tane

J

2
—-—

esseniicl

seenn to be

9]

o3

ST A
——d

-k

lots ©.

2

[l

&%
cC

20-U

’.’?-T
INCEA

D20 ané

LY
RN

of dischzrge time for

A D
IeLEC

s X e

scharge severity piots.

very sigilar to di

@

d

!

igan

is noted for 1

in AR3s

1

time is

e

izand complex as dischar;

~
ELe

the extent of frzguentsz

con

ime

fect of discharge t

o
i

‘he e

The effect orn .2A is not easily

tion 1s as would be expected,

ffect

explained but might be reasonable because whatever e
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FRACTION OF MAXIMUM DEGRADATION

Pigure 35.
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Variation in the extent of degradation of MND2O
and MNDPO-U with increasing discharge time at
constant discharge severity for 0.10 and 0.15
mg. samples respectively



131

Y]

at 2 given discharge time might be exvected to result in «
greater difTerence if allowed to operate for a longer tize.
Flow rate

The influence of purge-line carrier gas flow rate on
ARA was briefly investigated., Figure 36 demonstrates this
influence for MNDPO,

The increasing ARA with increasing Tlow rate can be

-

exblained simply on the basis of a decreased probadbility of
secondary breakdown at higher flow rates. The faster the-
flow, the more rapidly the primary breakdown products can
leave the discharge zone.

It is seen that slight fluctuations in fiow rate dc not
result in significant chaﬁges in ARA., Because flow. rate does

exert a measurable effect on ARA, data that are to be con-

pared must be obtained at approximately equal flow rates.
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INTERPRETATION OF RESULTS
Bnhanced Secondary Breakdowm

Enhancea secondary breakdown was studled by comparing
Tfragmentation pstterns of MNDPO obtzained with the sanmple
placed in its normal downstream position with those teined
with the sample placed near the upstrezn electrode., If the
mechanism of fragmentation involves breakdown of the so0lid
sample and the subsequent volatilization of the fragments

(primarily 3,3-dimethylbutene-1i for MNDPO), it would be

H

expected that placement of the sample nearer the upstrca
electrode would result in a lower ARA because the volatilized
Tragments would have a greater chance of undergoing secondsery
breakdown than if they were formed negrer the doﬁnstream
(exit) electrode.

When fragmentation patterns were compzred, it was fouand
that the ARA was actually three times as large under enhanced
secondary breakdown conditions as under normai operating cchne
ditions. it was also noted that the total pattern size was
consistently smaller when the sample was positioned nearer the
upstrean electrodé. |

These findings suggest the possibility of vapor phase
frazmentation of volatilized diphosphine oxide rather than
fragmentation of the solid., Assuning that the proximity of
the solid sample to the exit of sample tube and the direction

of flow of the carrier gas restricts the volume occupied by



[

the diphosphine oxide vaporized at the downstreanm eileCirch

V]

while sllowing that formed at the upstresnm electrede to occcupy
the entire volume of the tube, sllows interpretation cf the
observed pattern sizes and the average relative abundances.
The result of the stated assurption is that the sample origine-
ating at the upstream electrode would be present in & szsiler
vapor phnase concentretion than that originating at tane 4owiie
stream electrode. It is known that smaller vapor phase cone
centrations result in a smaller percentage degradation (10%),

o]
3

pl

therefore, & smaller amount of 3,3-dimethylibutenc-l an

g

smaller total pattern size would be expected to be procduced
by the MNDPO originating at the upstream electrode. Zecause
a swealler concentration of the oiefin results in a2 smeiler
chance of further breakdown (5,61,101), a larger ARA would be
expected,

A similar argument can be applied to the mechanisz for
the fregmentation of the solid to show that ARA actvally

could be larger under the conditions for enhanced seconcéar;

'..I

brezkdown than "normal" operating conditions. However, tota
pattern size would be expected to be independent of sample
placement for the fragﬁentation of the solid because thne saze
amount of 3,3-dimethylbutene-l is assumed to form in either
case.

Other evidence éxists which supports the contention trat

MNDPO is volatilized intact during discharge., The most
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Direct-to~-Detector Studies
If the effluent of the fragmentation tube is piped
directly to the detector, the recorder trace obtained is =z

plot of the weight (indirectly) of prcducts forzmed as o “unCe

@

-y

tion of dlischarge time., The arez of the trace is & mszusure o

n

the total weight of products forued uander the given ccndition

Tydfcal traces for the fragzentation of HNDPO znd ¥ND20-U

are presented in Figure 37. Wheress actual snapes ¢f thre
traces vary somewhat from run to run, it is alwzys noted that

the response for HMNDPO-U is considerably more rzgzged than that
Tor IINDPO. This indicates that the fragments from the con=-

plexed ligand are formed in pulses as opposed to a nore

H

egular formation from uncomplexed ligand.

A regular versus pulse foruation of products can be
interpreted assuning a vapor phase fragmentation mechznisn.
For ligand, the sample can simpliy vaporize into the discharszge
and undergo fragmentation with a resulting "regular¥ formation
of product. For complexed ligand, the process is more compii-
cated. The sample cannct vaporize into the discharge without
a prior rapture of metal-ligand bonds., A milid fragmentation
process must occur before the dipnosphine oxide is free to

vaporize,
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Pigure 37. Direct-to-detector traces for MNDPO and MNDPO-U



basic difference between vaporization and pyroiysic ic
that vaporization is a surlace phenomenon wherceas pyrolyslis
is an internal phenomenocn (59). In fragmentation {pyrciysic
vroducts are fdrmed within the sompie ond then escane (59).
It might be expectgd that this v¥lormglion-ond-~escape® nGCnili-

ism would result in a much less regular evoluticn of preducts
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than wouid result fron
Tne difference in the way the producits are Tormed frgz
MENDPC and MNDPO-U can, then, be the resulit of & aif

o a - A - s o & e STV RO S A
effective-sanpiling., & regulizr vaporizztion of INDP0O =iziht

vield z regular Tormztica of preducts. & reioase o
in pulses might yield a pulse-iike fofz&tion cf Trognments.
In tne course of several lnvesiigations, 1t waz ncted
that increasing discharge severity had different effects on
the "raggedness" of the direci-to-detector trzces for ligand

than for the complex, Alithough no gocd “razgedness" pzrameter

O

[

could be found to charzcterize the disceontinuity in the varie
ous patterns, a general mezsure of the effect can bte obtained
by plotting discharge severity as a2 fuaction of the number of
"oeaks" (pulses) in each trace. This is shown, with a value
of “I"being assigned for eacn peak and "0.5" for each shoulder,
in Pigure 38, It can be seen that increasing severity ine-
creases the discoantinuity of the trace for the metale-ligand

complex but has little-to-no effect on the trace for the

ligand, It is possible to visuallze the different operating
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Figure 38. Variation in the number of peaks in direct-to-
‘detector traces for MNDPO and FNDPO-U with
increasing discharge severity
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35 LD

paraxzeter dependence of complex and ligend and the larzer ARA
for complex than ligand by siuply considering the probabliity
of seccndary breakdown if this effective-sanpling difference
is evoked as the cause,

Consider two frazmentations such that the total amocunt
of sample introduced into the breakdown region is the sazme for
both but in one case the vaporization of sample ls regular

whiie in the other it occurs as—smzll pulses. Ideally, 2 plot

f the smount of sample vaporized as a function of discharge

O

(indirectly, &« direct-to-detector trace) for regular

ct
[y
3
(6]

aporization (I) would look like =z normal distribution curve

4

and for pulse vaporization (II) iike a series of sharp, par-

ially overlepping peaks. Because the same total amount is
vaporized, the area of I ecquals the area of II. Assuning
that sufficient time exists for a given pulse of sample to
cccupy the entire fragmentation tube prior to significant
breakdovmn and that the breakdown products and unbroken sample
of a given pulse leave the fragrentation tube before the next
pulse refills the tube, it is possible to visualize the
influence pulse sarpling may have on ARA,

Because the total areas of above described traces are
equal (zssumed above and essenticlly the situation experi-
zentally in comparing MNDPO and MNDPO-U fragmentation) the
areas (weights of sample) of each pulse are a small fraction

of the total area. If this amount occupies the fragmentation
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tube, the result is a2 much smeller concentration of sanmple
which results in a smaller percentage breakdown (10l) and
lessened seconcdary breskdown conditions with a subsequeat
increase in ARA, The total fragmentation pattern can be
visualized as the result of the summation of these individual
bregckdowns. -

Although this ellows visualization of the process, it
does not offer a valid explanation because it necessarily
assumes that the "pulse" of szmple occuples the voiume of the
discharge tube for the same length of time as does the entire
vaporized sample from uncomplex ligand. The fragmentation
process is much more complicated than z simple release cf
Ciscrete, equal sized pulses of sample. Obviously, the pulses
overlap and are not egual in size,

If the percentage breakdown and subsequent probability of.
seconéary breakdown were directly proportional to concentrae-
tion, the ARA resulting from the series of pulses would equal
that resulting from the more regular vaeporization of sanple
because, naving the same total area, the same amount of sample
is released into the discharge. However, for electriczl dis-
charge pyrolysis, it has been shown (101) that the dependence
of percentage breakdown on vapor phase concentration is not
strictly linear but falls off at lower concentrations. As a
result, the difference between the ARA from an average sized

pulse and that for a very small pulse is greater than that



jus
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betwesn an averzge and larger sized puice, The net resul
e !
an increased ARA for puise soupling.
On increcasing discharge severity, both the nunber of

pulses andéd total area of the direct-to-detector traces for

4
ct
o5
§2
4]

MNDPO-U increase. 1 been found, however, that the ine

crease in severity increazses the discontinuity sonawhat mere

than it does the totzl area. A4As 2z result, the average arez

-

per pulse decreases (more sazll pulses) thus increasing the

ARA, Since "area per pulse® reflects the sizes of the pulses,

1

nis perameter would be expected to better describe LRA

ct

effects for the fragmentation of the conrplexed liga;d't\an
would the total area of the pattern.
Discussicn -

The effective-sarpling concept predicts a significantly
different total rattern size dependence of ARA for complexed
ligand than for uncomplexed ligand. For uncomplexed ligand,
an increzsed pattern size would be expected to result in a
decreased ARA since the proctabiiity of secondary breskdown
increases with increasing sample size (6,61,101). Pattern
size per-pulse is postulated as the more important factor fer
deternining the ARA from the complex, Plots of totel pattern
size (as determined at different discharge severities) as a
Tunction of ARA for MNDPO znd MNDPO-U show a steady decrezase
in ARA with increasing pattern size for MNDPO and no depend-

ence of ARA for MNDPO-U. Significantly, plots of total
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pattern size at constant discharge severity as a functicn of
ABRA for ligand show e pattern size dependence (Figure 39).

NO correlation between total pattern size and ARA frcn cone-
%

(KJ

ligand has been noted. A plot of total pattern size

o

plexe
per pulse versus ARA for FKDPO-U (Figure 40) snhows & general
decrease in ARA with increasing average pulse size,

it must be pointed out taat any conclusicns based con
data involving "“raggedness™ can only be indicative since no
accurate measure of the number of pulses is possible. Tae
strengtn of the argument that complexation effecis are thne
result of pulse sﬁm vling anrd subsequent vapor phase frazmene-
tation lies in the large number of observations interpreieziis

Y ept. T nhas veen shown T
by the concept It = ogen sh

&
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s
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ct
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the metzl-ligand complex than frox

e

charge severity dependence of ARL can be rationalized using
this concept. The difficulties encountered in obtaining re-

producivle values for the ARA zrnd total pattern sizes nmight

<
O
e N
2]
0]
ke
3
O
f);
0
i

ve expected to be associzted with the difficult;
ing the saupling step of the vagor phase degradation prccess.
The ability to obtain larger pattern sizes with smaller sazple
sizes can be understood since the size of the pattern is
dependent on the volatilization process and not necessarily
the amount of solld sauple locded, The small percentzge

fragmentation can be understood as due to the escape of a

large fraction of the sample via volatilization. Since the
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Pigure 39. Variation in the pezk height-relative abundance
of 3,3-Gimethylbutene~l {rom MNDPO with increas-
ing total size of the fragmentation pattern
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Pigure L0. Variation in the pesk height-relative abundance
of 3,3-dinethyibutene-l from MNDPC-U with
increasing total pattern size per pulse
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total amount of sample per pulse can change zs a functicn of
Time, discharge time could influence ARA. The corce

P
sampie can «lso account for the differw

Tunction of the sampling procedure (Table 12).



3
150
QUANTITATIVE ANALYSIS

32 - ., e T sy e Seo g e e s s o dm T o
The difficulty encecuntered of obtaining cuantitatively

Tragmentation-zas chrezateography to guantitatlive analytlicul

19}

~ z - b - ~ - e - W 2 ! 2 o~ - 3] - -
as redroducible os mass spectra and guoted (6) brecldora re-
.- & L 2 - -~ - du e . B e v .,
producibilities of 0.5 per cent Tor Tilament Tragoentotica.

Tre chances are much greater, however, that the voor patitern

reproduciblility is a Tunciion of

ults in the use of fraguentazticn patteras contzining strong

2]

if not major contrivutions froam seconfdzry breakdcwn. This
would be expected to grectly decrease pattern reproducibility.
Egqually ioportant, the sampies fragmented are of significant
voletility. The pre-fragmentation volatilizastion of sanple or
volatilization during fragmentation (as postulated for the

diphosphine oxides) would be expected to severely dininish

cuantitative pattern reproducibility because sucn a vola-

ot

1lization would be expected to be poorly reproducible.
4 means does exist to lessen the reproducibility oroblerm:,
If the sample to be analyzed is spiked with a known amount of

a similar compound (a standard), it is possible to use the



1497

ratio (size of characteristic peak from sample)/(size of char-
acteristic peak from standard) as a measure of the amount of
sample present. It has béen found (Table 18) that this ratio
is much more reproducible than absolute pattern sizes, pezk
sizes, and ARA values, Figure 41 demonstrates the potential
of this approach for the analysis of the diphosphine oxides.

The Tact that complexation does not direct the fermation
of products characteristic of the metal-ligand complex is at
least as detrimental to the application of the fragmentation-
gas chromatography of complexes to guantitative inorganic
anaiysis as is the reproducibiliity problem. If fragmentation
patterns from nixtures of complexed znd unconplexed ligand
contained a peak or peaks characteristic of complexed ligand,
an internal standard technigue similar to that described for
the diphosphine oxides might alliow quantitative inorganic
enalysis, Without the presence of a peak from only the com-
plexed ligand, the metal content of the fragmented sample must
be related to a more minor complex-sensitive aspect of the
fragmentation pattern.

in examination of Pigure 42 shows that a relationship
does exist between the ARA and zmount of complexed ligand
present in a mixture of metal-ligand complex and ligand. This
curve was obtained under conditions approximating those of a
practical analytical procedure. Xnown amounts of uranyl

nitrate were added to solutions containing a given weight cf



Table 18. Sensitivity of the internal standard ratio to opsrating conditions

-

Purge line Discharsge Discharge Sample
Flow rate Ratio? Time Ratio? Voltage Ratio? Size Ratio?
(ml./nin.) (sec.) (#%)b (1)
15 0.67 10 0.62 25 0.71 2 0.68
12 0.67 15 0.72 30 0.67 3 0.72
10 0.70 20 0.78 35 0.68 5 0.68
5 0.76 25 0.76 38 0.70 10 0.68
L 0.67 35 0.78 Lo 0.71

e

8Peak height ratio =

bPercentage of maximum,

e ALV B

2-.ethylhexene~l1/2.-ethylbutene-~1.

gt
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Figure 41, Calibration curve for the quantitative deter-
mination of MNDPO using MEBDPO as an internal

standard
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Figure 42, Variation in the peak height-average relative abundaence of hexene-
with increasing uranyl nitrate concentration in a solution of
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conpartment, and the residuse was frogmented. This piot could

be usad as a calibration curve for the fra
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chroratographic analysis of uranium cnd as such denocanctrates
the possibility of incrgonic anclysis by this technigue.

It a21lso shows, however, that very 1itiis could bz c¢xdsc=-
ted of such a technigue. <he suzll slove (Pigure 42} indi-
cates that sensitivity would be low. In view of the previcus
studies, selectivity would be expected to be virtuaslly =ztzent.

ne precision of the method would ue vefy iow. Recalling thot
calibration curves, such as that of Figure 42, can be obtzined
orly witn a large nunber of runs ccotributing to each point,
the technique would be tedlous.

in short, although it can bte snowmn that fragmentztion-
ges chromatogzraphy is capable of being applied to quantitative
inorganic analysis, the complications and limitations of the

technique in its present form give it little practical value

for such an application.



Blectrical discharge fresmentation—-gas chromstograpny is
appiled toe the diphoschine cxides andl Their solid uranyl
nitrate complexes to evaiuate the technigque asg a meznszs of
identifying the ligzsnds and to find whether ccocunlexation
influences the fragmentation in a menner zllowing the cuanti-

tative analysis of the metzl. The ability to reach definite
bil

conclusions is severely hampered by poor reproducibility of

the quantitative aspects of the obtained fragmentation pat-

Pragmentation patterns obtained by programming the column
temperature are found sulficiently compound-specific to allow
their use in identifying the diphosphine oxides. Tne positions
of the peaks in the prozramzed column temperature fragoen
tion patterns suggest the rupture of tThe methylene bridge znd
tne formation of pnos%a;nes and secondary znd tertiary zikyl
phosphine oxides as nmzjor degradation products. Complexation
exerts no influence on the types of fragments formed but
rnight influence the relative zmounts of fragments formed.

Examination of the Cy-Cg Irazgnent region shows releasc of

cneracteristic olefin fron the a2ilxyli side chazin of the dipiics-
phine oxide to be the primary Tfrogreataticn process contribute-
ing to the ambient coluin temperature fraguenatstion patiteras.

The alkyl substituent of &z diphesphine oxzide may be positively

identified by monitoring the pezk positions of the C1~-C¢ frag-



ments., Complexaticon is found to exert nc inTluence cn the
typres of products formed but does influence the relgtive
coount of characteristic olefin formed., The aversge relative
abundance (ARA) of characteristic product is concistently
larger for coamplex then for ligand.

Ciose examinatlion of the 01—C4 Tragnents suggests tazct

no methyiene bridge release cccurs on fragmentation. Complex-
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creasing the ARA of the characteristic olefin from lizand znd
To increase the ARA from the corresponding metaleligznd come
plex. Increased discharge severity iancreases the total ancunt
of oreakdown eguivalentliy for ccmplex aznd lizand.

Increasing discharge time &lso results in a slight de-
crease in AR24 for the ligand and in increase for the complex.
The influence of discharge tinme on totai vattern size is
dependent on the discharge severity, but is equivaleat for
complex and lizand. Maximum hydrocaﬁbon formation is found to
correspond to approximately Tive per cent of the totzl avail-
able hydrocarbon. Increessing purge line flow rafe is found
to resulit in an increasing relative amocunt of characteristic
olefin in the patterns for MNDPO.

Evidence that diphosphine oxide volatilizes intact with
subsequent vapor phase degradation and of a pulse-like forma=-

tion of products from the metal-ligand complex versus a more



regular Tormation of products
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ttle practiczl value can be assigned to

Dope v
fragrmen—

tation-zgas chromatozraphy of metal-ligand complilexes as an

inorganic analytical tool. 4in internal standard technigue

is found to lessen the difficulties for the guantitative

enalysis of diphosphine oxides.
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The retention index of & colute %, defirned (5%) as
3 4= = d-
- L0ZINnTy - LOETNCq
l-{ = lOO O Uv Sy 3 - 9 OOZ
108+ O'CS [l .LOES;GtS

solute, tg the adjusted retenticn time (distance) of an zn-

aikene of z carbons, and tg, The adjusted retention time

{distence) of an n-alkene of z + 1 cerbons such that
< .
ts g tx = tsﬁ ®

is widely accepted (35) as the best manner of presenting reten=

cation is of interest.

o

tion data when peak identif
To coxzpute the retentiocn index of a given saxmple, the

sazple is chromatographed alcng with n-alkanes differing by

one carvon such that one zlkane emerges just before the sanmple

-

peck and the other emerges just after the szuple. The zé-

@

justed retention times or distances azre measured and the
expreszion above is used to compute the retention index of
-the szmpie. A gravphical metzacd (50) of obtaining retention
indices zay a2lso be used.

It would be best to use the same procedure for the cozru-
tation of the retention indices of the pegks in fragmentation
patterns. Generally, this is not possible since spiking the

sample (with n-alkanes) to be fragmented complicates the

-~

fragmentation pattern., The simpie expedient of pre-determin-

ing the zdjusted retentions of n-alkanes may be employed but

-
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retention index., Use of this reiation allows the equating

of meny retention parameters (&4)}. Hore important, it Turn-

the veaXxs in fragmentztion tatteras.
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computation of the retéention iadices of the pezks in fragmene

Since "pb" is characteristic of the particulsr coclumn used zrnd

[
}

ighly insensitive to most operzting conditions (Tzble 19),

-

1t may be determined once znd the value used with coufidence

for all subseguent computations {provided significant

e

ferent operating conditicns such as different coiumn teumperae
tures, are not employed). An examination of Tzble 20 Zgives a
measure of the agreenent betwezen the values of retention
incices as corputed using tre definition of the retention

irndex and those computed using the L2y expression.
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tion patterns has more Than enocusn advantages to justify the
extra effort in computation., In zddition to being less de-
pencent upcn operating conditicons, the values are descriptive

o

in Zrnzt they immediately classify the position of the pe

[0}
by

withn respect to the position of the n-alkanes., In cervain
cases, reteantion indices may e predicted from bolling points
(35,64), The differcnce in retention indices of z given
cozpound on two different columas (64) or of two compounds

on a given column (35,57,104) can also be used to predict

-
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To solve this problen, peak retenticn distances For the

Tragments in the breakdewn patierns and those used to compute
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retention indices for the reference pezsks were measured T
the initizl retention distances (the point where the leading
eéze of the pezk just leaves the bvaseline) of methzne. Since,
under the conditions employed, this is only approximately
equal to the positicn of a2 non-retazined peak, the reported
indices are referred to zs "apparent® (Table 15).

Such a procedure for calculating retention indices zas

certain advantages. Since methane 1s reported to be present
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