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1. INTRODUCTION

The increasing concern over the use and effects of pesticides and other potential
pollutants in the environment has motivated much research into the trace analvsis of
these compounds. Since the introduction of synthetic pesticides® the problem of harm
to non-target-organisms from persistent residues has grown considerably. In recent
years there has been a significant increase in the use of the less persistent pesticides,
carbamates, ureas and organophosphates being desirable alternatives. However, the
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‘methods of analysis of many of these compounds leave much to be desired by current
standards of ease of analysis. sensitivity and reproducibility. Thus, there constantly
appear in the literature newer and better methods to replace or modify older tech-
niques. The use of fluorimetry in residue analysis has been very limited in the past.
Today. with new instrumentation including better electronics and precise sensitive
optical systems, fluorescence measurements are as simply and conveniently carried
out as spectrophotometric techniques. The development of thin-layer (TLC) scanners
has also expanded the use of fluorimetry to a semiquantitative, and even quantitative,
tool for evaluating chromatographically separated fluorescent spots®—. The recent
resurgence of column liquid chromatography utilizing high pressures and flow veloci-
ties, as well as column packings that approach gas chromatographic (GC) levels of
etficiency. has also broadened the use of fluorimetry for quantitative analysis.

The main restriction on the use of fluorimetry at present is its selectivity. Most
compounds of current interest to the residue chemist are not fluorescent enough to be
determined in trace quantities. Generally. absorptiometric or GC techniques are the
main methods for residue analysis. The concept of fluorescence derivatization for
non-fluorescent compounds is very new and has much potential as a trace analytical
technique. Besides the selectivity of fluorescence itselt. the reactions and reagents can
offer selectivity in the formation of derivatives.

There are four uses of derivatization reactions in residue analysis. One of the
main uses is to impart measurable parameters to the compounds to be analysed. This
type of derivatization has been used for many years in pesticide residue analysis.
Early work usually involved the formation of coloured species which were quantita-
tively evaluated photometrically*-**. The use of bromination''. chloroacetylation'?

‘and trifiuoroacetylation?-* to impart clectron-capture ability to compounds has
received much attention in pesticide residue analysis by GC. Derivatization techniques
in association with TLC are a necessity for visualization of separated spots. The use
of spray reagents for such purposes has been extensively investigated for a wide variety
of pesticide compounds'>=**. The second use of derivatization is for identification.
Chromatographic analysis of compounds is made on the basis of retention time or
R value. However, as more than one compound can exhibit the same characteristics
in a number of ditterent systems. chemical verification of the results is often required.
Cochrane and Chau® reviewed chemical derivatization techniques tor organochlorine
compounds. The use of chemical derivatives for the identification of organophosphate
insecticides. alcohols, primary and secondary amines. thiols and other compounds
by GC has also been reported®—>*. Thirdly. derivatization is also used to aid or im-
prove chromatography. Polar compounds such as phenols, thiols. carboxylic acids and
amines are not often directly suited to chromatography. The use of silyl derivatives® 3!,
esierification reactions?~3* and ether reactions™* for such compounds for GC
analysis has been reported. A fourth use of derivatization i1s to alter the chemical
nature of & compound in order to make it more casily extractable from sample ma-
terial¥®-*'_ This concept is usually associated with steam distillation techniques®>=—3.

Fluorescence derivatization may be used for enhancement of sensitivity for
quantitative analysis. confirmation of residue data obtained by other analytical proce-
dures and also to aid chromatography —TLC and high-speed liquid chromatography

(HSLC). The present work discusses recent developments in fluorescence reactions
for trace analysis. with emphasis on pesticide residue determinations.
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FLUORIMETRIC ANALYSIS OF PESTICIDE RESIDUES

2. FLUORESCENCE ANALYSIS
A. Fluorescence theory

There are many detailed texts on the theory and practical applications of:
fluorescence in both organic and inorganic fields**~*". Gnly a brief account of the
tfluorescence process and factors which affect this phenomenon is given here.

Fiuorescence can be described as the emission of a photon from a molecule
upon its return to the ground state from the lowest electronically excited singlet state.
The excitation of a molecule is usually achieved by irradiation with light of a specitic
wavelength. The lifetime in the excited singlet state is of the order of 10~-10-7 scc.
This is a quantum cffect and the quantum efficiency is the fraction of excited mole-
cules that fluoresce: it reaches 100, for compounds such as fluorescein or Rheda-
mine B. The quantuni encray that is emitied is of lower ener av than the absorbed quan-
tum. as part of the excited-state eneray is dissipated by vibrational relaxation processes.
A shift to longer wavelengths relative 1o the absorption spectrum is thus observed.
This phenomenon is known as the Stokes shift.

Fluorescence only occurs from the lowest excited singlet state. If a molecule is
excited to a higher singlet-state energy levell 1t undergoes vibrational relaxation until
it has reached the lowest excited singlet state. The time for this process is'short in
comparison to the fluorescence decay time. In many molecules which are raised to an
excited singlet state. there are sufificient competing radiationless processes for the re-
turn to the ground state to prevent fluorescence. This fact limits the use of fluores-
cence asan analytical technique but at the same time renders the method more selective.

B. Fuctors affecting fluorescence

(a) Srrucrural effects. As mentioned above. an excited molecule may have
several methods of energy dissipation other than by fluorescence. These processes are
strongly structure dependent. The existence of rigid. planar aromatic structures is
usually favourable to fluorescence. In addition. the presence of electron-donating
groups. such as ~OH and -NH., tends to enhance fluorescence. Steric strain and the
presence of clectron-withdrawing groups. such as -INQ,. ~CN or -Cl substituents.
tend 1o quench or signiticantly decrease tluorescence. Molecules which are able to
rotate. bend or twist have a tendency to lose excited state energy through molecular
collision and other vibrational processes. However. it is not possible to assign a com-
plete set of rules which determines whether a molecule will fluoresce. as there are many

ceptions.

{b) Solvenr ¢ffecrs. The solvent in which a species 1s dissolved (or material
upen which it is udx‘orbcd) may have a considerable intluence upon the intensity and
wavelength of fluorescence. Polar solvents such as alcohols or esters often increase
iluoxuunu. relative 1o non-polar hydrocarbon solvents. The solvent environinent
will often prevent or decrease triplet state excitation in favour of singlet-state excita-
tion and fluorescence, while at other times the opposite effect ts true. Water sometimes
has a gquenching effect on fluorescence through hydrogen bonding. Compounds that
do fluoresce in aqueous media often exhibit marked changes in fluorescence with
changes in pH. All of these effects must be examined in order to develop an analyvtical
method.
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(¢} Concentration effects. Because tluorescence is a quantum effect. the inten-
sity of the emitted radiation is proportional to the concentration of the compound
present. However. at high concentrations this relationship is not lincar due to an
—inner filter” effect where some of the emitted radiation is re-absorbed by the fluo-
rescing molecules or the solvent molecules. This is known as concentration quenching.
For analytical purposes solutions which exhibit this behaviour may simply be diluted
to bring the concentration within the linear range of fluorescence.

C. Analviical considerarions

The selectivity of fluorescence is obtained through structural restrictions: that
is. only certain types of molecules are able to fluoresce. Fluorescent molecules are
characterized by two wavelengths. viz. the excitation wavelength and the emission
wavelength. Thus, while it is casy to detect fluorescent substances in the presence of
non-fluorescent compounds. it is also possible to determine fluorescent materials in
the presence of one another if their characteristic wavelengths dilter enough. The use
of the two wavelengths gives an added degree of selectivity compared to absorption
techniques.

A second characteristic of fluorescence is 1ts sensitivity. Fluorescence is cften
10-100 times as sensitive as absorptiometric methods and tfrequently has o lincar
response relative to concentration over a 1000-fold range.

Fluorimeters and spectroffuorimeters are available from a number of sources.
including Carl Zeiss. Aminco-Bowman. G. K. Turner and Associates. Perkin-Elmer
and Baird Atomic. Attachments have been devised for these instruments to permit
in sirg scanning of TLC plates.

Although the method of dircct quantitative scanning for fluorescence on thin-
layer chromatograms has not been used to any great extent in residue analvsis. 1t has
been used extensively in air pollution work™ -3 and in the analysis of pharmaceutical
and biological systems® 3% A theoretical treatment of the distribution of a spot ad-
sorbed on thin layers has been carried out®™ =" In sitn fluorimetric measurements are
largely independent of spot size and shape®. As has been demonstrated by a number
of authors®™-**_ linear relationships exist over a wide range between quantity of sub-
stance and recorded area of the peak, as long as the concentration of substance is low
cnough to avoid tluorescence by sclf-absorption.

Very Iittle work has been carrted out on fluorescence analysis by HSL.C due
mainly to the fact that HSLC is a new technique and that there is an absence of suit-
able fluorescence detectors. Laboratory Data Control have recently marketed
fluorimeter designed for use with HSLC. Similar detectors for HSLC have been pro-
duced from a converted Turner fluorimeter®™, an Aminco-Bowman fluorimeter =72
or built up directly from components™-=. The theory of HSLC has been covered in
great detail, including the causes of band broadening, efficiency of separations and
interactions between solute, mobile phase and stationary phase™-™.

In fluorimetry. there are three major configurations tor initial irradiation of a
sample and collection of the emitted light, riz.

(1) trradiation of the sample at a 90~ angle and collection by a photomultiplier
tube at an angle of 45 to the sample surfuce.

(2) Vice versa.
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(3) Specifically for some in sirt TLC scanning: irradiation at an angle of 907 to
the TLC plate surface and emission collection through the glass support by a photo-
multiplier tube. This is limited to emissions in the visible region.

For residue determinations, in situ scanning of TLC plates or HSLC offer more
advantages in fluorescence analysis. Solution fluorescence measurements must rely
on sample blanks for a background tluorescence correction, which is not required in
the chromatographic methods.

3. ANALYSIS OF PESTICIDES

Although fluorimetric analysis has been in use for a number of vears in bio-
chemistry. biology and related areas. it has had only limited use in pesticide residuc
work and has been restricted to those compounds which exhibit an intrinsic fluores-
cence strong enough to be analvtically useful. The mitial work on fiuorimetry of
pesticides was carried out in solution. The fluorescence behaviour of compounds such
as Guthion (azinphosmethyl). Potsan, Warfarin. piperonyl butoxide and others was
investigated for possible uses in the analysis of their residues”™. Much work has been
done by Sawicki and co-workers in connection with tfluorescent air pollutants and has
recently been reviewed®'. However. most tfluorimetric analvses of pesticides require
pre-treatment of the compounds to convert them to fluorescent specics.

A. Hvydrolvsis

Most older methods of fluorimetric pesticide analysis involved hydrolysis to
form fluorescent anions. Co-ral (coumaphos)™ was hvdrolvsed in alkali to the hvdroxy-
benzopyran. which was subsequently determined by fluorescence. Hvdrolysis of
Guthion (azinphosmethyl) to anthranilic acid for fluorimetric analysis has been ac-
complished™ ™. A method tor Marctin (N-hydroxynaphthalimide diethyl phosphate)
in fat and meat by hyvdrolysis in 0.3 N methanolic NaOH tor fluoreseence determina-
tion of the liberated naphthalimide moiety has been developed®™. Carbaryl (1-naph-
thyl N-methyvlcarbamate) and 1ts metabolites have been determined by a number of
workers. who used basic hvdrolysis and fluorescence of the free naphtholate anion for
quantitation in a variety of samples™~*_ Frel e al* separated carbaryvl and l-naph-
thol by TLC and used scanning in siru fluorimetry tor the evaluation of the separated
spots after hydrolysis on the plate by spraving with [ & NaOH. The fluorescent
naphtholate anion obtained from each compound could be detected in low nanogram
quantitics. Zectran (d-dimethylamino-3.5-xylyl N-miethylcarbamate) has been de-
termined by fluorescence of its hvdrolysis product™. The fluorescence behaviour of other
carbamate insecticides in neutral and basic media has been reported™. Gibberellin
spray used on cherries has been determined fluorimetrically after treatment with
strong acid™. Benomyl {methyl N-[I-(butylcarbamoy!)-2-benzimidazolyi]carbamate}

A9

has been analysed by fluorimetry after hyvdrolysis to 2-aminobenzimidazole™.

B. Ligvand-exchange reactions

The recent use of metal chelates for the tfluorimetric analysis of pesticides 1s an
mteresting appro:ach to the determination of these compounds. Loefller and MacDou-
gall” analysed DEF after hydrolysis to butylmercaptan, which was distilled into a
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solution of a palladium chelate of 8-hvdroxvquinolinesulphonic acid. The mercaptan
complexed with the metal to free an equivalent amount of the sulphonic acid. Magne-
stium chloride was then added and the fluorescent chelate formed with the sulphonic
acid was determined. Recently Bidleman er al®" simplified the technique and applied
it to the TL.C analysis of organothiophosphorus pesticides. The method involved the
TLC scparation of the pesticides followed by spraying the plate with a solution of a
caleein chelate of palladium. The thiophosphite replaced the calcein ligand of the
chelate to release free calcein. which is highly fluorescent in the uncomplexed form.
Calcein blue was also examined for use with this technique. As little as 10 ng of some
organophosphate insecticides was determined. The method worked extremely well
with mercaptans and should provide a useful method for their analysis. Frei, Mallet
and co-workers™~** have done much work on metal chelate—pesticide interactions.
They studied the eflect of bromination of organothiophosphorus insecticides on TLC
plates before spraying with a metal chelate solution. Bromination oxidized the pesti-
cides to liberate HBr. The HBr then complexed with the mietal of the chelate to free
the ligand. which fluoresced. Thus a fluorescent spot on a non-fluorescent background
was observed. A number of metals and organic chelating agents were examined. The
method was applied to pesticides in water and blucberries™. This same process has
been used to determine trace metals®™. The method involved extraction of the metals
from sample material as their diethyvldithiocarbamate chelates. The chelates were
then separated by TLC and the developed plates sprayved with a dilute solution of a
non-fluorescent caleein chelate. The reaction involved a ligand-exchange process in
which the diethyldithiccarbamate ligand replaced the calcein. which then fluoresced
in the uncomplexed form. A number of difterent chelates were examined for the d
tection of the truce metals. Detection limits varied from 0.1=2.0 ng per spot tor tl
metal 1ons studied.

-
1C

C. pH e¢ffects

The use of pH-sensitive fluorescent indicators as spray reagents for the deter-
mination of sulphur-containing pesticides and amino acids separated by TLC has
recently been examined®-% . The procedure was an adaptation of a hgand-exchange
method of Frei and Mallet™. The separated pesticides were subjected to bromina-
tion directly on the TLC plate. This treatment oxtdized the pesticides to liberate HBr
as a side product. Upon spraving the plate with a neutral solution of DDQ (1.2-
dichloro-4.5-dicyanobenzoquinone). which fluoresces strongly in acid solution. a
fluorescent spot was observed in the area of the sulphur-containing compound. due
to the HBr. The method has general application to strongly acidic compounds sep-
arated by TLC. Detection limits were less than 100 ng per spot for some of the com-
pounds.

D. Polarity

The exploitation of the effect of polarity on the fluorescence behaviour of
various organic compounds has led to an interesting fluorimetric method for pesticide
analysis. A number of 3-hydroxyflavones unsubstituted in the 5 position were tound to
be practically non-fluorescent in non-polar media, while exhibiting intense fluores-
cence in polar environments®. The use of such compounds for pesticide residue anal-
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ysis has been evaluated for polar compounds separated by TLC*. The developed
plates were sprayed with fisetin (1), resulting in a fluorescent spot where the pesticide
was located on a weakly fluorescent or non-fluorescent background.

The. system was not sclective and was applicable to a wide variety of polar com=-
pounds'®®-1. Detection limits were often less than 100 ng per spot of compound.
Linear calibration plots in the region of 0.1-2.0 ug per spot were obtained.

E. Hear trearnen

The analysis of a number of organophosphorus compounds by heat treatment
of the developed chromatoplates has recently been examined'”. The fluorescence
obtained upon heating at specific temperatures and times was quantitatively measured
by in situ fluorescence spectroscopy. The actual mechanism of fluorescence production
is not yet understood. although a number of fluorescent compounds were obtained.
The heat treatment of other pesticides which exhibited natural fluorescence has also
been examined'®®. Heat treatment caused significant shifts in fluorescence excitation
and emission maxima to longer wavelengths. The tluorescence intensity of some com-
pounds also increased greatly upon heating. while others decreased. The detection
limit of Fuberidazole [2-(2-furyl)-benzimidazole]. for example. decreased from 1 ng
per spot to 0.002 ug per spot after heat treatment of the developed plates.

F. Condensairion reacrions

Reactions which alter the chemical structure of compounds in such a manner
as to induce the ability to fluoresce have been receiving increasing attention in recent
vears. Much work has been carried out on the analysis of sugars by fluorigenic deriva-
tization. Trioses™* have been determined by fluorescence after acid treatment and
condensation with chromotropic acid. Hexoses'®® have similarly been analvsed after
coupling with 5-hydroxytetralone to form fluorescent derivatives. Ameline and ji-
naphthalamine were reacted with ketoses, pentoses and disaccharides in- the presence
of phthalic acid to produce fluorescence. which was subsequently measured and equat-
ed to sugar content'™. Rogers er al.'*" condensed hexoses and pentoses with resor-
cinol to form fluorescent furtfurals. Detection limits were reported to be in the fow
nanogram range under alkaline conditions. While these reactions may be of some use
in the pesticides analysis of certain compounds. no work has vet been reported on
such investigations.

The use of fluorigenic laBelling reagents for the fluorimetric analysis of pesti-
cides and other poliutants has been recently examined. Labelling may be defined as
the attachment of a fluorescent ““tag™ to the compound to be detected by replacing
only a proton or single atom of the compound. This difters slightly tfrom other conden-
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sation reactions. which create fluorescent structures via the reaction. Much work has
been done on the analysis of carbonyl-containing compounds, such as aldehydes or
ketones. by fluorigenic labelling. The reactions could be of some use in fluorescence
analysis of pesticides. as many of these contain carbonyl functional groups. The use of
2-diphenylacetyl-1_3-indanedione-1-hydrazone for the fluorigenic labelling of carbonyt
compounds has been used in their analysis'®®. Other hydrazine reagents such as 2-hy-
droxy-3-methoxybenzene hydrazide and >-methoxy-2-nitrosalicyl hydrazide have been
investigated as possible fluorescent reagents for carbonyl compounds'. The use of
o-phenylenediamine for the detection of glvcolaldehyde by fluorimetry and TLC has
recently been investigated!'”. Sawicki er a/'**'** used the fluorescent derivatives of
aldehydes obtained with o-phenylenediamine. o-phthalaldehyde and dimedone for the
TLC analysis of a number of air pollutants. Methyl ketones and «-keto acids have
been determined after forming fluorescent derivatives using 4-hydrazino-2-stilbazole!'*
and ¢-nitrobenzaldehyde!'>. The fluorinzetric analysis of thiels has recently been
attempted'’®. A numter of labelling reagents have keen evaluated. including a fluo-
rescent labelled maleimide. This method could be used in pesticide residue analvsis.
as many sulphur-centaming pesticides can yicld thiols upon reduction or hydrolysis.
Extensive studies on fluorimetric analvsis have been made in amino acid and peptide
chemistry. Fluorigenic reagents for the lakelling of biogenic amines. amino acids.
.- peptides and proteins include 2,2-naphthalenedialdehyde' " sulphoindonyl chloride!'*,
7.7.8.8-tetracyanoquinodimethane!'3 naphthyl isocvanate!” o-phthalaldehyde!™", form-
aldehyde!*!_dansyl chloride (I-dimethylaminonaphthalene-3-sulphonyl chloride!** -3¢,
NBD ' chloride (4-chloro-7-nitrobenz-2.1_ 3-oxadiazole)' " and. most recently.
fluorescamine }{4-phenylspiroffuran-2(3H).I-phthalan}-3.3-dienct!¥-133_ The Ilatter
three compounds show great promise for the determination of pesticides by fluorim-
etry associated with TLC or HSLC. Dansyl chloride reacts with primary and second-
ary amines. plienols, some thiols and. to a lesser extent, aliphatic alcohols. The deriva-
tives are extremely fluorescent. while dunsyl chloride itself’ is non-fluorescent. The
reactions are usually simple and rapid. NBD chloride is a newer. less used reagent for
amine analysis. The interesting ability of this compound to form intensely fluorescent
derivatives witih only primary and secondary aliphatic amines gives it a great deal of
selectivity for use as an analytical technique. A further asset of this reagent is that the
derivatives fluoresce at very high excitation and emission wavelengths (470-480 nm
excitation. 330-530 nm emission) which are often significantly different from most
fluorescent co-extractives. Fluorescamine was only recently discovered as the result
of an investigation of the fluorescent ninhydrin reaction'*3-'**_ This reagent readily
produces fluorescent derivatives with only primary anunes. while the compound itself
and its hydrolysis products are non-fluorescent. A detailed discussion of each of these
three labelling reagents as applied to pesticide residue analysis is presented in the
following sections.

4. REACTIONS OF DANSYL CHLORIDE WITH PESTICIDES
A. N-Meuwhvicarbamatre insecricides

The dansyl Iabelling of these compounds has recently been accomplished™>.
The procedure involved the hydrolysis of the carbamates with 0.1 Af Na,CO; to form
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Fig. 1. Reaction scheme for the dansyl fabelling of N-methylcarbamitte insecticides. 1 = Hyvdrolvsis
of the carbamate: 2 and 3 = labelling of the amine and phenol hydrolysis products: 4 == hyvdrolyvsis
of the reagent by carbonate.

a phenol and methylamine®. The two hvdrolysis products were then labelled with
dansyl chloride and subsequently detected and guantitatively determined by TLC on
silica gel layers by in site scanning spectrofluorimetry. The reaction conditions were
examined and optimum conditions for hydrolysis and labelling established'*. An
overall reaction scheme is shown in Fig. 1. The separation of the phenol derivatives of
a number of N-methylcarbamates has been accomplished by one- and two-dimen-
sional TLC'. The fluorescence behaviour and stability of the derivatives have been
examined™®. Most of the dansyl derivatives fluoresced at similar wavelengths (exci-
tation = 363 nm. emission = 320 nm). Fig. 2 shows a typical dansyl derivative fluo-
rescence spectrum. The method has been applied successfully to the analysis of low
levels of carbamates in water and soil samples with little or no clean-up required'™".
Amounts as low as | ng equivalent of insecticide were detected instrumentally. Visual
detection limits were reported to approach 3-10 ng per spot.

T
Z:;
=3
(&7
o
i©
T T T
350 450 600
Nanometres

Fig. 2. Excitation and emission spectra of the amine and phenol hydrolysis products obtained trom
Bavgon. ————, Phenol: — — —, methylamine.
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B. N-Phenylcarbamate and urea herbicides

The use of dansyl chioride for the fluorimetric analysis of N-phenylcarbamate
and urea herbicides has been examined'!. The herbicides were hydrolysed in 2 N
NaOH to release the anilines. These products were then extracted from the hydrolysis
mixture with hexane and spotted on a TLC plate. An excess of dansyl chloride was
added to each spot and the plate left in the dark at room temperature for 40 min. The
dansy! labelling proceeded on the plate. The dansyl derivatives were then separated by
. developing the plate. A reaction scheme is shown in Fig. 3. This in siru reaction proved
to be cleaner and more quantitative than labelling in solution. Application of this

1.
) " NH.
b R/CH3 H0nH" z -
a-&pnnld o 29 + GHgNHOGHg + CO3
“OCH3 c
2. Ci
NH2 N(CH3)2 N(CH3)2
+ + HCt
<
Gl SO5Cl1 ?02
NH
C1
Ci

Fig. 3. Reaction scheme for the labelling of carbamute and urea herbicides (Example, Linuron). 1
Hydrolysis to aniline: 2 == kabelling of aniline with dansyl chloride.

method to crop sample analysis was also examined'. Linuron was detected in pota-
toes. beets. turnips. peas. strawberries. tomatoes. corn and oranges at levels of 0.1-
0.05 ppm. with only a single partition step as clean-up. As little as 3-10 ng of herbi-
cide were detected visually under a UV lamp at long wavelengths. Instrumental detec-
tion limits using a Zeiss chromatogram scanner approached 1-2 ng per spot.

C. Organophosphate insecticides

Application of fluorigenic labelling to the determination of some organophos-
phate insecticides has been attempted'™*-!'>*. Compounds such as Fenthion (O.G-
dimethvl-OQ-[4-(methylthio)-ni-tolyllphosphorothioate). Ruelene (Q-d-rerr.-butyl-2-
chlorophenyl-C-methyl methylphosphoramidate), GC €306 [dimethyi-p-(methylihio)-
phenyl phosphate] and several others which yield phenols upon hydrolysis were
examined. Detection limits for some of these labelled derivatives have been reported
to be in the low nanogram range. The organophosphate Proban [0.O-dimethyl-O-( p-
sulphamoylphenyl)phosphorothioate] has been directly determined without hydroly-
sis by dansylation of the free amino group on the molecule’. The derivative exhibited
blue fluorescence, as compared to yellow for phenol and alkylamire dansyl derivatives.

D. s-Triazine herbicides

Identification of residues of triazine herbicides by reaction and dansylation has
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recently been attempted'™®. The triazines were found to hydrolyse to cyanuric acid
and alkylamines according to the equation:

C1 OoH
N

CH3 N TN 1N HCI Né'\m
\

/g /”\ = /[% /1k + CH3CHaNHp + (CH3)la CHNHo
N N—‘CH2CH3 HO N OH

H3C

The hydrolysis reaction was carried out in 1 & HCI for 2 h at 150° in a sealed vial'¥.
The hydrolysis solution was subsequently made basic and the mixture then dansvl-
ated'®. Triazines such as atrazine. simazine and propazine yield different combina-
tions of free amines on hydrolysis. thus enabling their characterization using the fluori-
genic labelling technique.

FE. Hydroxvbiphenvis

The analysis of hydroxybiphenyls, which may occur in the environment as
metabolites of biphenyls or polvchlorinated biphenyls. has been investigated using
dircct dansylation of the compounds'™. Various dihydroxybiphenyl isomers were
labelled and separated by TLC'® and HSLC'. The reaction. detection limits. fluores-
cence spectra and stability of the derivatives were examined.

5. REACTIONS OF NBD CHLORIDE WITH PESTICIDES

The use of NBD chloride for the fluorescence analysis of alkvlamine-generating
pesticides has been recently investigated!®. A two-phase reaction system was employed
tfor the hydrolysis and labelling of N-methyl- and N, N-dimethvlcarbamate pesticides.
The residue was hyvdrolysed in 0.1 A/ Nua.COj; and the liberated amine reacted with
NBD chloride in an organic phase (MIBK) above the aqueous layer. An aliquot of the
organic layver was used for chromatography. Fig. 4 illustrates the reactions involved.

o} - R
R 1 OH =
@—0CNHCH3 \®'OH+ NHpCH3 +COg3

H3C\ ~H

. 'H2CH3 @ /7 @ O+ HC

NOZ

Fig. 4. Reaction scheme for the labelling of methyvlcarbamate insecticides using NBD chioride.
I = Hydrolysis of the insccticide}in the aqueous phase: 2 == labelling of methviamine in a methyl-
isobutyl ketone (MIBK) phase.

The method allowed instrumental detection of in some cases sub-nanogram quantities
of pesticides per spot. Fig. 5 shows the fluorescence spectra obtained for the NBD
derivatives of methylamine and dimethylamine using an Aminco-Bowman fluorim-
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Fig. 5. Fluorescence spectra of the NBD derivative of methylamine (——-—) and dimethylamine
( — — —) adsorbed on silica gel.

eter with a TLC attachment. The analysis of Zectran and Mataci! by fluorigenic
Iabelling produced an interesting result. These two carbamates were the only ones to
" vield each two fluorescent NBD derivatives by the described labelling procedure!™.

The second derivative was found to be the NBD derivative of dimethvlamine, resulting
from the cleavage of the dimethvlamino substituent from the benzene rings of these
molecules. The overall reaction scheme is illustrated in Fig. 6. The authors used NMR.

IR-and spot tests to verify the results.

CHi3 O @ _ OH

CHS\ 20H =
OCN‘-{CP. 2= + CHgNHy+ COg3

CHz CH

CH3CH3 CH-N., 3
3 CHS A
Zectran ' ® l NBD
@ Derivative
OH - Dansyl

A Derivative
CHnioNH )
tegi2” CH_,QCH3 ® o
@\ OH ¥ TS
¥

Dansyt or~ CHg CHg
NBD Derivative o
Fig. 6. Reaction scheme for the dansyl labelling of Zectran. 1 = Hydrolysis: 2 == labelling: 3 := con-

version of free phenol to the hvdroquinone: 4 -= labelling of the liberated dimm.lh_vldmmv 5 == oxida-
tion to the corresponding benzogquinone.

Determination of triazine herbicides using hydrolysis and NBD-labelling has
been examined™”. Preliminary work indicated that after hydrolysis of the triazines in
I & HCl for 2 h at 150~ the ring amino groups were cleaved and thus capable of being
labelled with NBD chloride. The method appears promising for the determination 01
triazine residues.
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6. REACTIONS OF FLUORESCAMINE

Unlike dansyl chloride or NBD chloride fluorescamine reacts only with prima-
ry amines to form fluorescent derivatives according to the equation:

The reaction conditions are similar to the dansyl labelling of amines. The reaction
could be carried out on the amine hydrolysis products of carbamates. ureas and tri-
azines with a similar sensitivity to that of dansyl chloride labelling. The analysis of
amino acids™® and protemns’ -39 has already shown the utility of fluorescamine for
the analysis of biological sumples. Because of its specificity. the application to primary
amine-generating pesticide residues appears promising.

7. FLUORIGENIC LABELLING IN SOLUTION AND TLC AND HSLC ANALYSIS

Most earlier fluorimetric methods of pesticide analysis utilized classical so-
lution fluorescence measurements’” . This tvpe of quantitation is not suitable for
fluorescence analysis of pesticide residues because of the rigorous clean-up required
in order to keep blank fluorescence values to a minmimum.

TLC associated with fluorescence and fluorescence derivatization techniques
has solved to a significant extent the problem of fluorescent co-extractives. Chromato-
eraphy creates the means of separating the desired compound from impurities, thus
giving more accurate results. Fluorescent spots have been scraped from TLC plates
and then quantitied in solution'. The recent development of scanning fluorescence
spectrophotometers. as mentioned carlier. has made spot removal unnecessary for
quantitation. as these instruments are capable of quantifving fluorescent spots directly
on the TLC plates™-"°. However. the value of TLC—/in sitie fluorimetry as a method
depends upon the chromatographic preceess itself. The control over the parameters is
difficult. Often TLC layers are slightiy different. the eluting solvent comgosition varies
and the temperature and humidity fluctuate. making plate-to-plate comparisons ditli-
cult. The chromatography itself is often time consuming and irregular.

Extending the use of fluorescence techniques to HSLC has made the field
of fluorescence and fluorigenic labelling an even better alternative to gas-liquid
chromatography. The advantages of HSLC over TLC-in siru scanning are that com-
plete control over solvent comgosition and flow-rate may be attained. that HSLC
has a greater separation efficiency. and that it is more amenable to automation and
data processing. The development of chemically bonded stationary phases for HSLC
permits a new degree of selectivity which is unlikely to be developed in TLC.

At present. there are few fluorescence detectors available for HSLC instru-
ments. The use of a converted Turner Model H1 fluorimeter for HSLC has been eval-
uated®. The detector was found to have a sensitivity range similar to that of the com-
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Fig_ 7. High-speed liquid chromatogram of some dansylated carbamates (phenol moieties). Column,
I m = 24 mm 1.D.: mobile phase. 5% ethanol in hexane: stationary phase, 0.5%, BOP on Zipax®:
lincar velocity. 0.76 cmisec. = Butacarb: 2 = NMesurol: 3 = Carbofuran: 4 = Carzol: 5 =
Mobam: 6 = methyvlamine: 7 = Dioxacarb.
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Fig. 8. Fluorescence emission spectra and relative intensities for phenol dansyl derivatives. Equal
amounts of phenols (4 = 107" moles per spot) were reacted. The spectra are given for the dansyl
derivatives of (1) phenol (500), (2) 2. 4-dichlorophenol (500). (3) 2,4.5-trichlorophenol (475), (4) 4-
chlorophenol (510, and (5) pentachlorophenol (470). Figures in parentheses are wavelengths of

emission maxima.
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mercial HSLC detector marketed by Laboratory Data Control. The Turner instru-
ment also had a filter system to permit measurements at a variety of fluorescence
wavelengths. The analysis of carbamate insecticides by fluorescence analysisand HSLC
of their corresponding dansyl derivatives has been examined!®. Fig. 7 shows a HSLC
separation of a number of dansyl carbamate derivatives. Fluorescent NBD derivatives
of a number of alkylamines have been separated by HSLC'™S3. Hydroxybiphenyls!>®
and some organophosphates!® have also been determined by fluorigenic labelling
and HSLC.

The fluorescence characteristics of chlorophenol dansyl derivatives are shown
in Fig. S

With regard to phenol and lower substituted chlorophenol dansyl derivatives
a hypsochromic shift in the emission maxima of the higher chlorinated derivatives is
observed (Fig. 8). .

The fluorescence intensities of the difterent phenol dansyl derivatives were
compared. Equal concentrations of the phenols were used for the dansylation reaction.
The large difference between the fluorescence intensities of phenol and chlorinated
phenol dansyl derivatives may be partially due to the lower reactivity of the latter
compounds towards dansyvlation. Besides that. the phenolic chlorines exert a consider-
able quenching (heavy atom) effect on fluorescence.

Investigation of the chemical nature of the derivatives was carried out by mass
spectrometry. Mass spectrometric identification of the dansyl derivatives of biogenic
amines has been reported by several workers. Recently. mass spectrometry of dansyl
amino acids was investigated by Seiler ez al.'*7-3. The mass spectra of dansyl derivatives
(Fig. 9) show characteristic major fragments at m/e 170 and 171. The occurrence of
these major fragments indicates ionization of dansyl derivatives. These molecular
ions occur in all the spectra. with niasses corresponding to calculated molecular weights.

130
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Fig. 9. Mass spectrum (70 ¢V) of the 2.4,5-trichlorophenol dansyl derivative.

3. CONCLUSIONS

The recent advances in fluorimetric analysis using derivatization techniques
associated with TLC or HSLC have provided an important and varied basis for future
work in this field. The use of fluorimetry and HSL.C will probably expand over a wider
area in the trace analysis of pesticides, industrial pollutants, drug residues and metab-
olites of these compounds.



268 J. F.LAWRENCE, R. W. FREI

REFERENCES

E. F. Knipling. Food and Drug Administration Papers, 3 (1969) 16.
P. R. Beljaars and F. H. M. Fabry, J. Ass. Offic. Anal. Chem., 55 (1972) T75.
C. R. Engel, Fluorescence News, 3 (1968) 1.
H. Jork. Arch. Pharm. ( Weinheim}, 303 (1970) B102.
H. H. Chang, J. Agr. Food Chen., 17 (1969) 1174,
R_ Hendrickson and W_ R. Meagher, J. Agr. Food Chem., 16 (1968) 903,
A. K. Klein and J. D. Link, J. Ass. Offic. Anal. Chem.; 33 (1970) 524,
D. 1. Sissons and G. M. Telling, J. Chromatogr.. 47 (1970) 328.
D_ J. Sissons and G. M. Telling, J. Chromatogr., 48 (1970) 468.
D. P. Johnson and H. A. Stansbury. J. sy, Offic. Anal. Chem., 39 (1966) 399.
11 W. H. Gutenmann and D. J. Lisk, J. Agr. Food Chem., 13 (19635) 48.
12 R. J. Argaver, Anal. Chem., 40 (1968) 122
3 E. R. Holden. W. M. Jones and M. Beroza, J. Agr. Food Chem., 17 (1969) 56.
14 C. S. Lau and R. L. Marxmill, J. Agr. Food Chem.. 18 (1970) 113,
15 D. C. Abbott and P. J. Wagstatle, J. Clromatogr., 43 (1969) 361.
16 M. Look and L. R. White, J. Chromarogr., 50 (1970) 145,
17 M. A_ El Dib. J. Ass. Offic. Anal. Chem.. 33 (1970) 756.
18 D. C. Abbott. J. A. Bunting and J. Thomson, Analvst ( Londoni. 90 (1965) 356,
19 K. C. Walker and M. Beroza, J. Ass. Offic. Anal. Chenr.. 46 (1963) 250.
20 D_ C. Abbott. K. W Blake. K. R. Tarrant and J. Thomson, J. Chromarogr.. 30 £1967) 136.
21 M. Ramasamy, Analvse £ London; . 93 (1969) 1975,
22 M. Zielinksi and L. Fishbein, J. Gay Chromatogr.. 3 (1963) 142
23 W. P. Cochrane and A. S. Y. Chau. Adv. Chem. Ser., (1971) 11,
24 D_ A. Cronin and J. Gilbert. J. Chromarogr., 71 (1972) 251.
25 L. Gasco arnd R. Barrera. Anal. Chim. Acta, 61 (1972) 253,
26 Al T. Shatik, D. Bradway and H. F. Enos. Bull. Environ. Contam. Toxicol., 6 (1971) 35,
27 L. Eaborn. D. R. M. Wilion and B. S. Thomas., Chenr. Ind. ( Loundon). (1967) 827.
38 L. Fishbein and W. L. Zielinski, Jr., J. Chraomarogr., 20 (1963 9.
29 B. S..- Thomas, C. Eaborn and D. R. M. Walion, Chenr. Conmmun., 13 (1966) 108,
0 C. A_ Bache, L. E. St. John and D._ J. Lisk. Anal. Chem.. 40 (1968) 1241
I G. T. Flint and W. A. Aue. J. Chromurogr., 532 (1970) 478
2 D. E. Clark, J. Agr. Food Chem., 17 (1969) 1168,
3 P. E. Mattsson and W. ). Kirsten, J. Agr. Food Chem., 16 (1968) Y08,
1 G. Yip. J. Ass. Offic. Anal. Chem., 33 (1971) 343,
3
[

S % U e

H. A_ Movye, J. Ass. Offic. Anal. Chem., 51 (1968) 1260.

S. Sumida, M. Takaki and J. Mujumoto. Agr. Biol. Chem.. 31 (1970) 1576,

37 1. C. Cohen and B. B. Wheals, J. Chromutogr., 43 (1969) 233,

38 M. F. Cranmer and J. Freal. Life Sci.. Y (1970) 121.

39 1. Askew. 1. H. Ruzicka and B. B. Wheals, J. Clhromarogr.. 41 (1969) 180,

10 G. D. Paulson and C. E. Portnoy, J. Agr. Food Chem., 18 (1970} IS0.

41 H. A. dMcLeod and K. A, NMceKully, J. Ass, Offic. Anal. Chenr., 32 (1969) 1226,

42 3. R. Lane, J. Agr. Feod Chem., 18 (1970) 409

43 G. E. Keppel, J. Ass. Offic. Anal. Chem., 52 {1969) 162,

41 AL W Westlake. F. A. Guniher and W E. Westlake, J. Agr. Food Chenr.. 17 (1969) 115,

45 G. G. Guilbault (Editor), Fluorescence: Theory, Instrumentarion and Pracrice. NMarcel Dekker.,
New York, 1967.

46 C. A. Parker, Phoroluminescence of Solutions with Applications to Photochemistry and Analvtical
Chemistey, American Elsevier, New York, 1968.

47 C. ). Rowen, Luminescence in Chemisory, Van Nostrand, London, 1968.

45 R. S. Becker, Theory and Interpretation of Fluorescence and Phosphorescence, Wiley-Interscience.,
New York, 1969,

49 C. E. White and R. . Argaver, Fluorescence Analysis: A Practical Approach, NMarcel Dekker,
New York, 1970. :

50 S. Udenfriend, Flueorescence Assay in Biclogy end Medicine, Academic Press, New York, 1969.

31 E. Sawickl, Talanra, 16 (1969) 1231



FLUORIMETRIC ANALYSIS OF PESTICIDE RESIDUES 269

63
64
65
66
67
68
6Y
70

94

96
97
98
9y
100
101
102
103
104
105
106
107
108

R. W. Frei and H. Zuarcher, AMikrochim. Acta, (1971) 209,

E. Sawicki, T. W. Staniey and H. Johnson, Microchem. J., 8 (1964) 257.

T. Niwaguchi and T. Inoue, J. Chromarogr., 59 (1971) 127.

B. C. Madsen and H. W_ Latz, J. Chromuaregr., 50 {1970) 288.

R_ W. Frei. A. Kunz, G. Pataki, T. Prims and H. Ziircher. Anal. Chim. Acta, 49 (1970) 527.
M. Doss. B. Ulshoéfer, W. K. Phillipp-Dormston and T. Phillipp, J. Cliromatogr., 63 (1971) 113.
S. Silvester, Pharm. Acta Helv.. 45 (1970) 390.

W. Schlemmer, J. Chromatogr., 63 (1971) 121.

N. Seiler and M. Wiechmann, Hoppe-Sexler's Z. Physiol. Chen.. 337 (1964) 229

A. A. Boulton and V. Pollak, J. Chromatogr., 63 (1971) 75,

N. Seiler, J. Chromatogr., 63 (1971) 97.

E. Sawicki, T. W._ Stanley and W. C. Elbert. J. Clromartogr., 20 (1965) 348,

J. Goldman. J. Chromarcer., 78 (1973) 7.

H. Zircher, G. Pataki. J. Borko and R. W. Frei, J. Chromarogr., 43 (1969) 457.

V. Pollak and A. A_ BPoulton. J. Chromarcgr., 72 (1972) 231.

AL AL Boulton and V. Pollak, J. Chromatogr., 45 (1969) 189

R. Klaus, J. Clromateygr.. 16 (1964) 311,

R. M. Cassidy and-R. V. Frei, J. Clhromatogr., 72 (1972) 293,

E. D. Pellizzari and C. M. Sparacino, Anal. Chem_, 45 (1972) 1194,

D. D_ Chilcote, Clin. Chenr., 18 (1972) 778.

D. D. Chilcate, Clin. Chem., 18 (1972) 1376.

S. Katiz and W. W_ Pitt. Anal. Lerr, 5 (1972) 177,

L. H. Thacker, J. Chromarogr., T3 (1972) 117.

L. R. Snyder, Priuciples of Adsorprion Chromeatography. Marcel Dekker. New York, 1968,

. 1. Kirkland (Editor). Afodern Practice of Liquid Chromatograpin-, Wilev, New York, 1971,
I. Hornstein, J. dgr. Food Chem., 6 (1938) 32,

C. A. Anderson. J. Agr. Food Chen.. 7 (1959) 256.

I ML Adams and D, MacDougall, Chemagro Corp.. Tech. Rep.. No. 7075, 1961.

J. ML Adams and C. AL Anderson, J. dgr. Food Chem., 13 (1966) 33.

R. J. Anderson. C. Al Anderson and M. L. Yagelowich, J. Aer. Food Chem.. 13 (1966) 43.
J. B, Knaak, M. S, Tallant, W. S, Bartley and L. J. Sullivan, J. der. Food Chem., 13 (1963) 537,
R_ I Argauer, J. AAss. Ofpic. Anal. Chem., 33 (1970) 1166.

R_ J. Argaver. H. Shimanuki and C. C. Alvares. J. Agr. Food Chem.. 18 (1970) 683

R. W, Frei. J. F. Lawrence and P. E_ Belliveau, Z. Anal. Chem.. 253 (1971) 271.

D. O. Eberle and F. A. Gunther. J. Ass. Offic. Anal. Chem:, 48 (1963) 927,

M. C. Bowman and M. Beroza, Res. Rev., 17 (1967) 23,

K. G. Parker, L. E. St John and D, J. Lisk. J. Ass. Offic. Anal. Chem., 40 (1963) 986,

H. L. Pease and J. A. Gardiner, J. -Ag¢r. Feod Chenr, 17 (1969) 267.

B. W_ Loetlier and D. MacDougall, Chemagro Corp. Tech. Rep., No. 5119, 1960,

T. F. Bidleman. B. Nowland and R. W. Frei. Anal. Chim. Acta, 60 (1972) 13.

2 R. W. Fret and V. MNalletw, fur. J. Emviron. Anal. Chenm., 1 (1971) 99,

R. W._ Frei. V. Mallet and M. Thicbault, lar. J. Environ. Anal. Chem.. 1 (1971) 141,
B. E. Belliveau. V. Mallet and R. W. Frei, J. Clhromarogr., 48 (1970) 478,

R_ AL Cassidy. V. Mikewukova and R. W. Frel, Anal. Letrr. 5 (1972) 115

P. E. Belliveau and R. W. Fret, Clhromatographia. 4 (1971) 189.

P. E. Belliveau, PA.D. Thesis, Dalhouste University, Halitax, N.S.. 1972_

V. Mallet and R. W. Frel, J. Chromaragr., 53 (1971) 251.

V. Maliet and R. W, Frei. J. Chromatogr., 36 (1971) 69.

V. Mallet and R.-W. Frel. J. Chromatogr., 60 (1971) 213,

R. W. Fret, V. Mallet and C. Pothicr, J. Chromatogr., 39 (1971) 135,

G. L. Brun and V. Mallet, Inz. J. Environ. Anal. Chem_, 3 (1973) 73.

V. Mallet. D. Surette and G. L. Brun, J. Chromatogr., 79 (1973) 217.

T. Nakai, M. Kovama and H. Demura, J. Chromatogr., 50 (1970) 338.

Y. Ohkura, Y. Watanabe and T. Momose, Chem. Pharin. Bull. Tokyo, 19 (1971) 1842,
L. C. Lokar, Univ. Stud. Tricste, Fuc. Econ. Com., Ist. Merceol.. 25 (1963).

C. J. Rogers, C. W Chambers and N. A. Clarke, Anal. Chem.. 38 (1966) 1831,

D. J. Pietrzyvk and E. P. Chan, Anal. Chem., 42 (1970) 37.



270 . J. F.LAWRENCE, R. W. FREIl

109 O. N. Devegan, S. K. Gupta and M. M. Bokadia, J. Indian Chem. Soc., 42 (1965) 395

110 T. Nakai, H. Demura and M. Kovama, J. Chromuatogr., 66 (1972) 87.

i1l E. Sawicki and J. D_ Platf. Chem. Anal., 55 (1966} 6.

112 E. Sawickt and R_ A_ Carnes. AMikrochim. Acta, (1967) 1438.

113 M. Guyer and E. Sawicki. Anal. Chim. Acta. 49 (1970) 152.

114 S. Mizutani, Y. Wakuri, N. Yoshida, T. Nakajimi and Z. Tamura, Chem. Pharm. Bull. Tokyo,
17 (1969) 2340

I3 D. N. Kramer, L. U. Tolentino and E. B. Hackley, Anal. Chem.. 44 (1972) 2243,

116 T. Sekine. K. Ando, M. Machida and Y. Kanoaka, Anal. Biochem., 48 (1972) 557.

117 T. Amano, Yakugaka Zasshi (J. Pharm. Soc. Jap.}, 86 (1966) 1.

118 C. P. Ivanov and Y. Vladovska-Yukhnovska, Bmcllun. Biophys. Acta, 194 (1969) 345,

119 Z. Deyl, J. Chromartogr., 438 (1970} 231.

120 L. Edvinsson. R. Hakanson, A_ L_ Ronnberg and F. Sundler, J. Chromatogr., 67 (1972) 81.

121 L. Edvinsson, R. Hakanson and F. Sundler, Anal. Biochem., 46 (1972) 473

122 C. R. Crevling. K. Konda and J. \V_ Daly. Clin. Chem., 14 (1968) 302,

123 R. Dvir and R. Chayden, J. Chromutogr.. 45 (1969) 76.

124 V. A_ Spivak and V. V. Shcherbukhin, Anal. Biochem:.. 39 (1971) 271,

125 L. P. Penzes and G. W. Qeriel, J. Chromarogr., 74 (1972) 359

126 N. Sciler and M. Wiechmann, Z. Anal. Chem.. 220 (1966) 109.

127 N. Seiler and A. K. Askar. J. Clromarogr., 62 (1971) 121.

128 N. Seiler, Mechods Biochem. Anal., 18 (1970) 259.

129 N_ Sciler and J. M. Schroeder. 8rain Res.. 22 (1970) S1.

130 N. Seiler and H. Schneider, J. Clromatogr.. 59 (1971) 367.

131 P. B. Ghosh and M. W. Whitchouse, Biockem. J., 108 (1968) 155,

[32 J_Reisch, H. Alfes. H. J. Konimert. N. Santos, H. Mallman and D. Chasing, Pharmazie, 23 (1970)
331

133 Anonymous, Regis New Product News. Regis Chemical Co.. Chicago, ., 1971,

134 J. Montforte, R. J. Bath and 1. Sunshine. Clin. Chenr., 18 (1972) 1329,

135 Anonvmous, Hurers Ass. Chromatogr. Car., 1970, p. 36.

136 Anonvmous, HWaters Ass. Chromarogr. Car.. 1970, p. 37.

137 Anonymous, Warers Ass. Chromatogr. Car., 1970, p. 38,

138 A. M. Felix and M. H. Jimenez, Anal. Biochem., 52 (1973) 377. )

139 P. BShlen. S. Stein. W. Dairman and S. Udentriend. Arch. Biochem. Biophys., 155 (1973) 213,

140 S. Stein, P. Bohlen, J. Stone, W. Dairmanand S. Udgmru.nd, Arch. Biochem. Biophys., 135 (1973)
202,

141 K. Samejima. W. Ddlrmm and S. Udenfriend, Anal. Biochem., 42 (1971) 222,

132 K. Samejima, W_. Dairman, J. Stone, S. Udenfriend. Anal. Biochem.. 42 (1971) 237,

143 M. Weigele, S. L. De Bernardo, J. P. Tengi and W. Leimgruber, J. Amer. Cheni. Soc.. 94 (1972)
5927

144 S_ Udenfriend. S. Stein, P. Bohien, W. Dairman, W. Leimgruber and M. Weigele. Science. 178
(1973) 871,

145 R. W. Frei and J. F. Lawrence, in A_ S. Tahori (Editor). Mcthady in Resicdiue Analvsis, Pesticide
Chemistry, Vol 4, Gordon and Breach, London, 1971, p. 193,

126 J. F. Lawrence and R. W._ Frei, fur. J. Environ, Anal. Chem._. 1 (1972) 317.

147 R. W_ Frei and J. F. Lawrence, J. Chromatogr., 61 (1971) 174,

148 J. F. Lawrence, DU S. LeGay and R. W, Frei, J. Chromarogr.. 66 (1972) 395

149 J_ F. Lawrence and R. W. Frei, J. Chromarogr., 66 (1972) Y3

150 R. W. Fret and J. F. Lawrence. J. Chromuarogr., 67 (1972) 87.

151 R.W_ Frey, J. F. Lawrence and D. S. LeGay, Analvst ( Londonj, 98 (1973) 9

152 J. F. Lawrence and G. W. Laver. J. Ass. Offic. Anal. Chent., in press.

153 R. W. Frei and J. F. Lawrence. J. Chromatogr., 83 (F973) 321.

1334 C. Pothier, M _Sc. Thesis. Dalhousie University. Halifax, N.S.. 1973,

155 J. F. Lawrence and R. W_ Frei, unpublished data, 1972,

156 J. F. Lawrence. unpublished datwa, 1973, .

157 A. Cee and J. Gaspanc, Mikrochim. Acta, (1972) 823.

138 M. Frei-Hausler, R. W. Frei and O. Huwzinger, J. Chromatogi., 79 (1073) 209: 84 (1973) 214

159 R. M. Cassidy, D. S. LeGay and R. W. Frei, J. Chromatogr., submitted for publication.

160 I F. Lawrence and R. W. Frei, Anal. Chem.. 44 (1972) 2046.

161 R. W._ Frei and J. F. Lawrence, J. Asy. Offic. Anal. Chem., 35 (1972) 1259,

162 S. Blackburn, Amino Acid Determination, Marcel Dekker, New York, 1968, p. 168.

163 R.W._ Frei, J. F. Lawrence, J. Hope and R. M. Cassidy, J. Chromarogr. Sci., 12 (1974) 40



