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FOREWORD 

A D V A N C E S I N C H E M I S T R Y S E R I E S was f o u n d e d i n 1 9 4 9 b y the 
A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d c o l ­
lections of data i n spec ia l areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. I t provides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented , 
the ir papers d i s t r ibuted among several journals or not p u b ­
l i shed at a l l . Papers are refereed c r i t i ca l l y a c cord ing to A C S 
ed i to r ia l standards a n d receive the care fu l attention a n d proc ­
essing characterist ic of A C S publ i cat ions . Papers p u b l i s h e d 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are o r i g ina l contr ibut ions 
not p u b l i s h e d elsewhere i n w h o l e or major part a n d i n c l u d e 
reports of research as w e l l as reviews since symposia m a y e m ­
brace b o t h types of presentation. 
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PREFACE 

'he n e w l y f o r m e d D i v i s i o n of Pest i c ide C h e m i s t r y of the A m e r i c a n 
C h e m i c a l Society has as one of its centra l objectives the task of 

increas ing a n d di f fusing knowledge re la t ing to the chemica l , p h y s i c a l , 
a n d b io l og i ca l properties of the chemicals used to contro l pests of p lants , 
animals , a n d m a n . I n this regard , the D i v i s i o n promotes research i n a 
n u m b e r of important areas of pest ic ide chemistry r a n g i n g f r o m the syn ­
thesis of newer , more effective pest contro l materials a n d techniques to 
scientific appraisals of the fate a n d persistence of these compounds i n 
the environment . D i r e c t l y pert inent to v i r t u a l l y every area of study is 
the development a n d u t i l i za t i on of methods for organic a n d inorganic 
pest ic ide analysis. 

T h e tremendous achievements w h i c h have been accompl i shed b y 
the judic ious use of pesticides i n increased w o r l d - w i d e f ood p r o d u c t i o n 
a n d the contro l of vector-borne diseases are v e r y evident . I n add i t i on , 
pest i c ida l materials contribute to the effective contro l of undesirable 
species of pests i n c l u d i n g insects, plants, bacter ia , fung i , etc., a n d assist 
i n the nutr i t i on , g rowth , a n d reproduct ion of certain desirable species. 
H o w e v e r , because of w idespread use i n these appl icat ions , pesticides 
have pro l i ferated intensely i n the biosphere a n d thus have signif icantly 
contr ibuted to problems of env i ronmenta l po l lu t i on . F o r example, the 
effects of these chemicals o n p u b l i c hea l th a n d the s u r v i v a l of species of 
fish a n d w i l d l i f e are two specific areas of c r i t i c a l concern. T h e attention 
w h i c h has been focused i n recent years on the occurrence of residues of 
pesticides a n d their metabolites, as w e l l as other indus t r ia l l y signif icant 
chemicals i n the environment , is demonstrated b y the numerous reports 
of various official a n d unoff ic ial committees of i n q u i r y w h i c h have c o n ­
s idered this p r o b l e m a n d have reported the results of large numbers of 
assays of pest ic ide residues i n such diverse substrates as h u m a n a n d 
a n i m a l tissues, food , plants , water , so i l , a n d air . 

A major i ty of these residue determinations are made at the parts per 
m i l l i o n a n d parts per b i l l i o n levels w h i c h requ i re on the one h a n d the 
ava i lab i l i t y of ana ly t i ca l techniques of remarkable sensit ivity , accuracy , 
a n d integr i ty i n record ing proper a n d re l iab le data a n d o n the other, 
sk i l l ed interpretat ion, experience a n d knowledge of the capabi l i t ies a n d 
l imitat ions of these techniques, a n d the app l i ca t i on of suitable conf irma-
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tory methods of identi f icat ion. I n add i t i o n to these problems of detect ion 
a n d identi f icat ion of inf initely s m a l l amounts of these materials , the c o m ­
plex i ty of the analysis of pest ic ide residues is further c o m p o u n d e d b y 
the prol i f ic development of efficient n e w classes of pesticides w h i c h 
undergo env ironmenta l decomposi t ion to a series of b r e a k d o w n products 
b y a n u m b e r of mechanisms i n c l u d i n g metabo l i sm, photodecomposi t ion , 
hydro lys is , a n d / o r oxidat ion. E a c h of these transformation products must 
be moni tored to an extent equa l to that of the parent mater ia l , par t i cu lar ly 
i n those cases where the tox ico log ica l characteristics have not been 
ascertained. 

T h e cont inued ut i l i za t i on of m a n y "c lass i ca l " pes t i c ida l materials of 
demonstrated ubiquitousness a n d persistence a n d the presence of u n ­
k n o w n or unsuspected indus t r ia l chemica l pol lutants other than pesticides 
i n the environment are other areas of concern confront ing p u b l i c hea l th 
officials a n d res idue chemists a l ike . T h u s , the ana ly t i ca l chemist is faced 
w i t h a cont inu ing responsib i l i ty to develop, evaluate, a n d i m p r o v e the 
confidence of the techniques w h i c h are used to ident i fy a n d quant i tat ive ly 
monitor these chemicals i n h u m a n , a n i m a l , a n d env ironmenta l samples. 

W i t h i n the f ramework of this phi losophy , this sympos ium is c on ­
cerned w i t h several topic areas pert inent to the problems associated w i t h 
the identi f icat ion a n d conf irmation of pest ic ide residues at submicrogram 
levels. T h e purpose of this sympos ium is to survey the present status of 
the classical phys i ca l , chemica l , a n d b i o c h e m i c a l techniques e m p l o y e d for 
residue analysis ; to evaluate c r i t i ca l l y the more recently a p p l i e d , re lat ive ly 
unexplo i ted techniques w h i c h have become avai lable for the detect ion, 
quant i tat ion , a n d character izat ion of pest ic ide residues; a n d finally, to 
examine a n d discuss the current needs a n d prob lems, st imulate a n d 
encourage greater research act iv i ty , a n d po int the w a y to future deve lop­
ments i n the analysis of pest ic ide residues. 

T h e four general topic areas to be discussed i n the papers of the 
sympos ium i n c l u d e : ph i l osoph i ca l aspects of u l tramicroanalys is , i n s t r u ­
m e n t a l techniques, m i c r o c h e m i c a l methods, a n d b i o l og i ca l assay methods. 
T h e aspects considered i n most de ta i l obv ious ly w i l l invo lve those e n ­
compassing instrumenta l techniques. I n d i v i d u a l emphasis w i l l be p l a c e d 
on gas - l i qu id chromatographic detectors, in f rared a n d ultravio let spectro­
photometry , paper a n d th in- layer chromatography, mass spectrometry, 
a n d neutron act ivat ion analysis. O t h e r papers w i l l discuss recently deve l ­
oped techniques e m p l o y i n g chemica l a n d photochemica l conversion of 
pesticides into derivatives useful for the conf irmation of the parent residue 
at p i cogram a n d nanogram concentrat ion levels. T h e u t i l i t y of b i o l og i ca l 
assay methods for the identi f icat ion of residues w i l l also be explored 
par t i cu lar ly f r om the po int of v i e w of enzymat ic a n d i m m u n o l o g i c a l 
techniques. These methods have been shown to possess h i g h sensitivity 
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a n d their usefulness i n certa in appl icat ions is w e l l establ ished. F i n a l l y , 
the ph i l o soph i ca l aspects of u l tramicroanalys is w i l l b e discussed w i t h 
emphasis on a survey of the specific problems associated w i t h ident i f i ca ­
t ion at submicrogram levels. 

F . J. BIROS 

Perr ine Pr imate Research B r a n c h 
Division of Pest ic ide C h e m i s t r y a n d Tox i co logy 
F o o d a n d Drug A d m i n i s t r a t i o n 
D e p a r t m e n t of H e a l t h , E d u c a t i o n a n d W e l f a r e 
Perr ine , Florida 33157 
A u g u s t 1970 
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1 

Possible Limits of Ultramicro Analysis 

G U N N A R WIDMARK 

Institute of Analytical Chemistry, University of Stockholm, 
Stockholm 50, Sweden 

This paper discusses the possible limits of sensitivity to be 
reached by modern methods of residue analysis. Develop­
ment trends in analytical chemistry seem to follow two main 
paths, both marked by increasing sensitivity. The first path 
leads toward the traditional goal of quantitation, charac­
terized by the strong demand for simplicity. The second 
path is hopefully leading to identification, with the need for 
complex information. Combination instruments employing 
gas chromatography (GC) and mass spectrometry (MS) can 
produce information for identification at high sensitivity, 
especially when using on-line data acquisition systems 
(DAS). A further increase in sensitivity and selectivity is 
foreseen when the combination of instruments is extended 
to cover the GC/MS/DAS/computer. The ultimate limits of 
ultramicro analysis are illustrated by a "map of tracer 
cosmos." 

Touring the past two decades there has been a remarkab le increase i n 
sensit ivity of chemica l analysis, especial ly i n pest ic ide res idue 

analysis. It is f rom this field more than any other that h i g h sensit iv ity 
figures such as p p m , p p b , a n d p p t have been brought to the p u b l i c b y 
the news med ia . Unfor tunate ly , the p u b l i c has h a d f e w opportunit ies to 
understand the dimensions of these figures; i l lus t ra t ing the b i o l o g i c a l 
significance of ana ly t i ca l ly h i g h sensit ivity figures is obv ious ly an even 
more diff icult task. 

Ultimate Sensitivity at Ultramicro Analysis 

It is reasonable to ask the analyst i f there exists an ul t imate possible 
l i m i t of detect ion of sma l l quantit ies i n c h e m i c a l analysis. A s i n most 
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2 P E S T I C I D E S I D E N T I F I C A T I O N 

cases associated w i t h pest ic ide chemistry , there are on ly complex answers 
to this very s imple question. 

W h a t is ac tual ly quest ioned is the l i m i t of sensit ivity at w h i c h use fu l 
ana ly t i ca l results can be obta ined . T h u s , any answer w o u l d d e m a n d a 
def init ion of the concept of usefulness. 

T h e experienced analyst knows that the extreme u l t imate of sensi­
t i v i t y of one molecule (or one atom after decompos i t ion) per sample 
u n i t is not foreseen for prac t i ca l ana ly t i ca l work . Nevertheless , the ear ly 
school of nuclear physicists were able to detect single e lementary partic les 
w h e n us ing very s imple instrumentat ion . T h e tremendous improvements 
i n instrumentat ion since then w o u l d certa inly m a k e any type of single 
molecule detectable, but not i n a mixture a n d never i n an u n k n o w n 
sample g iven to the analyst. 

I n the sample of the o l d physic ist , the emit ted part i c le di f fered 
sufficiently f rom the b a c k g r o u n d to be de tec ted—when not absorbed! 
A l t h o u g h less sensit ively detected, the same holds true to some extent for 
e lectron-captur ing compounds, such as D D T , w h e n present i n an o r d i ­
nary b io l og i ca l sample . T h e m a i n difference is that there are on ly a f e w 
elementary partic les to be considered, whereas there is a vast n u m b e r of 
e lectron-captur ing compounds . T h u s , the E C D response w i l l not be 
interpretable i n proper c h e m i c a l terms. 

T h e m a i n factor h a m p e r i n g an increase of sensit ivity i n c h e m i c a l 
ana lys i s—such as residue analys is—is the large n u m b e r of compounds 
possibly present i n an ordinary-s ize sample—e.g., 1 gram. T h e large 
n u m b e r of compounds makes it l i k e l y that m a n y of the compounds w i l l 
have chemica l properties too close for di f ferentiation b y o rd inary m e t h ­
ods of detect ion a n d separation. H o w e v e r , because most m o d e r n schemes 
of analysis contain one or several separation a n d concentrat ion steps, 
there is no more reason to make a nomenclature di f ferentiation between 
u l t ramicro analysis a n d h i g h sensit iv ity analysis. I n bo th cases, h i g h 
sensit ivity detect ion is asked for, a n d b y concentrat ion steps the c o m ­
pounds w i l l finally be detectable i n a very smal l sample. 

Tracer Cosmos 

A l t h o u g h an enormous n u m b e r of compounds are constituents of any 
1-gram sample, as ment ioned , this n u m b e r is never u n l i m i t e d . A p ­
proach ing the lowest levels of concentrat ion, where on ly a f ew orders of 
magni tude of each molecule are present, the n u m b e r of possible con ­
stituents is such that the use of the name "tracer cosmos" is justi f ied, 
emphas iz ing the ana ly t i ca l difficulties foreseen to reach the l ower levels. 

I n F i g u r e 1, an attempt is made to i l lustrate b y the heavy l ines, the 
sides of the triangles, the m a x i m u m n u m b e r of compounds poss ib ly 
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1. W I D M A R K Limits of Ultramicro Analysis 3 
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Figure 1. Map of tracer cosmos 

present o n each d e c i m a l l e v e l of concentrat ion. I n this figure, i t is 
assumed that a l l compounds have a molecu lar we ight of 60. T h i s figure 
is too l o w , but 600 is be l i eved to be far too h i g h . U n i t s of concentrat ion 
n o w i n use at p o l l u t i o n studies are g iven o n the axes. 

T h e dotted l ines of F i g u r e 1 refer to the assumption that w e are 
dea l ing w i t h a 1-gram sample of 9 9 % p u r i t y , a n d that the amount of 
i m p u r i t y is e q u a l l y d i v i d e d on each of the possible d e c i m a l levels o f 
concentration. N a t u r a l l y , to meet this assumption , there are not enough 
materials ava i lab le for the 1 % or for the 0 . 1 % leve l . H o w e v e r , one is 
u n l i k e l y to find f r o m natura l sources an even d i s t r ibut i on of contaminants 
l ike this , or one at w h i c h there are the same n u m b e r of compounds o n 
each leve l . T h e same holds true for the other extreme, that a l l the trace 
constituents are present on the same l eve l of concentrat ion. I t seems 
more real ist ic to assume—exc lud ing a deta i l ed d iscuss ion—that i m p u r i -
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4 P E S T I C I D E S I D E N T I F I C A T I O N 

ties are grouped as " i s lands" on the t r iangular m a p of the tracer cosmos; 
presumably , the islands w i l l be densest at the top. D e p e n d i n g on the 
c h e m i c a l nature of these i s l a n d s — l i p i d or h y d r o p h i l i c — t h e y w i l l move 
u p w a r d s or d o w n w a r d s on the ir respective maps w h e n brought i n contact 
w i t h a system of reversed character. T h u s , a water sample w i l l lose par t 
of its d issolved l i p i d materials to suspended partic les h a v i n g a fatty 
surface. 

Part ic les able to absorb l i p i d materials are a lways present i n n a t u r a l 
waters a n d a i d i n the transport of the l i p i d m a t e r i a l s — i n c l u d i n g some 
technica l compounds , e.g., D D T — t o l i v i n g organisms, thus caus ing ac­
cumulat i on . Moreover , i t is assumed that the fatty surface of the part ic les 
protects p a r t l y l i p i d materials f r om c h e m i c a l degradat ion . H o w e v e r , i t 
w o u l d be of great interest to k n o w more about the reactions o c c u r r i n g i n 
water at very l o w concentrat ion levels where the h i g h l y react ive products 
of H2O-O2 e q u i l i b r i u m are to be found—e.g., the h y d r o x y r a d i c a l . 
K n o w l e d g e f r om this field w o u l d p r o b a b l y indicate that f e w organic 
compounds are l i k e l y to surv ive at the lowest levels of concentration. 

T h e short discussion i n the preced ing paragraphs i l lustrates the use­
fulness of pest ic ide residue analysis at m u c h l ower levels of concentrat ion 
than those presently avai lab le . A s i n d i c a t e d b y T a b l e I , there are a 
n u m b e r of other fields where ana ly t i ca l methods of i m p r o v e d sensit ivity 
w i l l be needed. 

Table I. Fields Requiring More Sensitive Analysis 

Studies of disappearance of technica l chemica l products i n n a t u r e ; e.g., 
plast ic , p a i n t , pesticides, drugs (total fate studies ; a c cumulat i on , e.g., at 
the end of food chains) 

Ident i f i cat ion of unknowns found i n nature (condit ion for legislation) 

Studies of na tura l l y - o c curr ing compounds at p p m - p p b levels 

Studies of m a i n components of i n d i v i d u a l cells 

N e w ways to determine degree of t ox i c i t y (at n o r m a l l y subtoxic levels) 

Q u a l i t y contro l a n d mon i t o r ing 

E a r l y w a r n i n g systems (e.g., hea l th control) 

Limits of Detection; Quantitation and Identification 
• 

Sensit iv i ty l imi ts must be i m p r o v e d for bo th quant i tat ion a n d i d e n t i ­
fication of pest ic ide residues. A l t h o u g h the former m e t h o d is more sensi­
t ive than the latter, u n t i l recently most progress has been m a d e i n 
i m p r o v i n g the sensit ivity of quant i tat ive analysis. Since there is a d e p e n d ­
ence between the two methods, sensitive methods of identi f icat ion have 
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1. W I D M A R K Limits of Ultramicro Analysis 5 

SEPARATION IDENTIFICATION 

10 nq (pg) 

(lOOng) 
Figure 2. Flow chart of separation and identification processes in pesti­
cide residue analysis. Solid line indicates that on-line combinations are 
available; thick line indicates that they are in common use; dotted line, 

manipulations. 

become even more desirable. F i g u r e 2 demonstrates the connect ion be­
tween the methods of separation a n d of ident i f i cat ion; differences i n 
sensitivities are ind i cated . 

Quantitation. T h e most easily interpreted part of a quant i tat ive res i ­
due analysis is the record ing of a detector response f o u n d l inear to c o n ­
centrat ion w h e n checked b y s tandard solutions. It has to be ver i f ied also 
that the response of sample a n d standard so lut ion w i t h a specific m e t h o d 
is obta ined at the same ana ly t i ca l position—e.g., on a gas chromatogram. 
T h e use of b lanks w i l l demonstrate the degree of influence of inter fer ing 
materials a n d thus exhib i t the detect ion l i m i t of the record ing system. 
H o w e v e r , because of the fundamenta l l i m i t a t i o n of any monodetector 
system, on ly considerable knowledge of the sample w i l l make a quant i ta ­
t ive residue analysis re l iable . 

A chemica l analysis is not on ly the record ing of a detector s ignal 
but a very complex matter. I n T a b l e I I , the extent of to ta l res idue 
analysis is sketched, a n d at each step errors can be m a d e w h i c h w i l l 
influence the ana ly t i ca l result. W h e n serious, these errors w i l l convert 
the recorded ana ly t i ca l result into nonsense. W h e n less important , these 
errors w i l l on ly l ower the over -a l l sensit ivity of the analysis. T h u s , the 
sensit ivity l i m i t obtainable b y the detector alone is i n reach on ly w h e n the 
entire scheme of the analysis is successfully per formed . 
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6 P E S T I C I D E S I D E N T I F I C A T I O N 

Table II. The Analytical Process 

Planning before the actual analysis in collaboration with, e.g., biologists 
Discussions w i t h biologists of the purpose of analysis 
Discuss ion of the type of sample to be chosen 
P i l o t tests; use of s impli f ied models 
Suggest ions—cri t i c i sm 
S m a l l series are analyzed 
Agreements on purpose, size, economy, etc. 

Performance of analysis 
F i e l d sampl ing 
P a c k i n g — s t o r i n g 
T r a n s p o r t a t i o n 
S tor ing at the lab 
M e c h a n i c a l t reatment 
E x t r a c t i o n , etc. 
C l e a n i n g up 
C h e m i c a l reactions 
Preparat i on of f inal so lut ion , s tandard , a n d b lanks 

Instrumental Analysis 

Record ing of response 
C h e c k s 

Report 
Calcu la t i ons 
W r i t t e n report 
S ta t i s t i ca l t reatment 
Bookkeep ing 

After report 
Discussions w i t h biologists 
C r i t i c i s m 
Correct ions 
Improvement of a n a l y t i c a l method 

A further negative influence on the possible l i m i t of detect ion of 
residue analysis is g iven b y the type of residue under invest igat ion. T h e r e 
is a m a r k e d difference i n detector sensit ivity i n analysis of, e.g., ca rba ­
mates a n d D D T - t y p e pesticides. T h e general difficulties of each class 
have to be considered, as is demonstrated i n T a b l e I I I . 

Identification. T h e fundamenta l l imi ta t i on of gas chromatography i n 
identi f icat ion studies is that b y this method , one can on ly state n o n -
presence of a k n o w n c o m p o u n d w h i c h is avai lab le as a s tandard i n a 
considerably pure form. T h u s , gas chromatography is an excellent 
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1. W I D M A R K Limits of Ultramicro Analysis 7 

Table III. Objects of Analytical Investigation 

C o m p o u n d (s) sought 

C o m p o u n d s s l ight ly changed b y : 
Isomerizat ion A u t o x i d a t i o n 
P o l y m e r i z a t i o n H y d r o l y s i s 
Photoreact ion 

M e t a b o l i t e s (might v a r y w i t h ecosystem) 

React ions i n the ecosystem 
e.g., M e t h y l a t i o n 

Induced changes i n the ecosystem 
e.g. H o r m o n e effects, " H i t a n d r u n " effects 

Possible Complications 
Isomers a n d homologs 

R e l a t e d compounds 
a) used for the same purpose 
b) not used for the same purpose—e.g., P C B 

C o n t a m i n a t i o n ; impur i t i es 

method to demonstrate that a k n o w n pest ic ide is not present at a g iven 
l eve l of concentration—e.g. , the one accepted b y the authorit ies . H o w ­
ever, no posit ive in format ion as to the ident i ty of the p e a k - f o r m i n g c o m ­
p o u n d is obtainable b y o rd inary gas chromatography. Some in fo rmat i on 
m i g h t be co l lected us ing a two-detector system, but only i f one of the 
detectors gives a response interpretable i n chemica l terms. A s c r i t i c a l 
examinat ion w i l l show, the gas chromatographic detectors n o w used as 
compl iments to E C D are imperfect i n this respect. I n general , more 
in format ion is ga ined b y u s i n g alternative methods of separation, as 
shown at the left of F i g u r e 2. These operations w i l l also serve a con ­
firmatory purpose. 

T h e great advantage of mass spectrometry over other methods of 
identi f icat ion is that the response is g iven b y integer mass units , a n d thus 
the response w i l l be more apt for c h e m i c a l interpretat ion than is v a l i d for 
other types of detectors. Since the mass spectrometer, w h e n c o m b i n e d 
w i t h a gas chromatograph , w i l l serve as a mult idetector , the computer i zed 
data acquis i t i on systems n o w b e i n g in t roduced on the market w i l l improve 
our ab i l i t y to ident i fy most compounds separated i n a reasonably p u r e 
f o rm b y gas chromatography. A n E C D chromatogram shou ld not be used 
alone as an ind i ca t i on of a successful separation. I n some samples, such 
as sewage sludge, there m i g h t be a considerable over lap b y compounds 
of l o w - c a p t u r i n g ab i l i ty . T h u s , F I D checks shou ld be made before start­
i n g identi f icat ion studies on a mass spectrometer. 
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8 P E S T I C I D E S I D E N T I F I C A T I O N 

A severe obstacle i n present identi f icat ion studies of assumed pest i ­
c ide residues is that the mass spectrometer is n o r m a l l y a less sensitive 
detector than E C D . W h e n the mass spectrometer is set on a single mass 
number , there is a ga in i n sensit iv ity b u t also an obvious loss i n selec­
t iv i ty . R e c o r d i n g of on ly a s m a l l — b u t s ign i f i cant—part of the mass 
spectrum w h i l e the gas chromatographic f ract ion emerges is a n i m p r o v e ­
ment for some ident i f i cat ion studies, but c o l u m n b l e e d i n g m i g h t g ive 
unexpected difficulties. H o w e v e r , i t is probab le that a des ired ga in i n 
sensit ivity w i l l be ach ieved soon b y ins trumenta l improvements of the 
mass spectrometer, m a i n l y i n i on izat ion . I n T a b l e I V , the losses w h i c h 
are assumed at the various sites of c ommerc ia l l y ava i lab le spectrometers 
are tabulated . T h i s table also indicates that the mass spectrometer is 
obv ious ly superior i n sensit ivity to other ins trumenta l techniques. M o r e -

Table IV. Detection Levels of Combined Instruments, G C / M S 

M i n i m u m 30 to 100 ions to give a detector s ignal at ideal s i gna l -
to-noise condit ions 

Detector 

Mass Analyzer efficiency 10~ l -10~ 3 

A M i n i m u m 300 to 10 6 ions to reach the mass analyzer 

Ionization efficiency 10~ 3 -10~ 8 

M i n i m u m 3 X 10 5 to 10 1 3 ions to be introduced into the 
ion izat ion chamber 

Separator efficiency 5 0 % or better 

M i n i m u m 6 X 10 5 to 2 X 10 1 3 molecules to the separator 

T o be injected into G C / M S , 
when scanning 2-500 mass un i t s i n 1 sec 

3 X 10 8 to 10 1 6 molecules 

G C A s s u m i n g m w = 200, 5 X 10~ 1 6 to 2 X 1 0 " 8 mole 
Injection 

T o be in jec ted 0 when eluted f rom G C i n 1 sec 
0.1 pg to 4 (xg 
more at G C peaks of longer d u r a t i o n 

° In practice, it is necessary to prepare sample solutions 10-100 times more concen­
trated. 
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1. wiDMARK Limits of Ultramicro Analysis 9 

over, gas chromatographic peaks of short durat i on g ive a n increase i n 
sensit ivity. T h i s is one of the factors that favor the use of c a p i l l a r y 
co lumns for future residue studies. 

M o s t analysts n o w us ing mass spectrometry alone or i n combinat i on 
w i t h gas chromatography w i l l not be able to ut i l i ze a l l the in f o rmat i on 
obtainable at a series of mass spectrometric scans. T h i s is m a i n l y because 
of imper fec t re cord ing devices w h i c h are unab le to accept a l l details i n 
the r a p i d flow of signals. Some analysts c o m p l a i n of b e i n g complete ly 
d r o w n e d i n paper spectra. W e have been l u c k y enough to have one of 
the ear ly data acquis i t i on systems capable of p r o d u c i n g instantaneously 
compensated a n d n o r m a l i z e d mass spectra i n d ig i ta l f o r m ( J , 2 ) . T h i s 
system (on- l ine ) has gradual ly been extended b y a recent connect ion to 
a s m a l l computer ; thus, w e can convenient ly use any system of recorded 
data as l ong as this operat ion can be p r o g r a m m e d . T h e r a p i d changes 
between different ana ly t i ca l programs w i l l be fac i l i ta ted b y an external 
d isc m e m o r y n o w b e i n g insta l led ( 3 ) . O u r n e w system w i l l then operate 
as demonstrated b y the flow sheet i n F i g u r e 3. H o w e v e r , despite the use 
of a l l the electronics, the success of an analysis w i l l s t i l l depend m a i n l y 

GC/s/MS/ 

Alternate 
methods of 
treating the 
sample to be 
analyzed 

(or printout) 
digital tape 

on 
normalized spectra 

or 
raw data 

H 
/ OAS / 

J 4 K 

Instant 
oscilloscopic 

inspection 
'on-line1 

command 

on printout 
/Computer/ « r . 

off | } 8K new progroms 

Standard 
analytical 
programs 
on discs 

joint planning 
analysts-biologists 

Figure 3. Flow sheet of a computerized combination gas chromatograph 
(GC) and mass spectrometer (MS); DAS = data acquisition system, s = 

separator, i = interface, d.r. = data reduction 
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10 P E S T I C I D E S I D E N T I F I C A T I O N 

on the condi t ion of the gas chromatographic c o l u m n a n d the proper 
h a n d l i n g of the sample. 

T h e p r o g r a m m i n g of a comprehensive data system integrated to a 
system of ana ly t i ca l instrumentat ion w i l l certainly be a very exc i t ing task. 
H o w e v e r , this w i l l d e m a n d specific in format ion i n a f o r m w h i c h is use fu l 
for p r o g r a m m i n g f rom a l l the scientists i n v o l v e d i n the study or respon­
sible for parts of the study, as ind i ca ted b y Tables I I a n d I I I . Present 
difficulties i n ach iev ing this type of co l laborat ion m i g h t r e m a i n as a l i m i t ­
i n g factor for i m p r o v e d l imi ts of residue analysis detect ion a n d other 
s imi lar types of u l t ramicro analysis. 

Literature Cited 

(1) Bergstedt, L., Widmark, G . , Chromatographia (1969) 2, 529. 
(2) Ibid. , (1970) 3, 59. 
(3) Bennet, P. , Bergstedt, L., Widmark, G . , to be published. 

RECEIVED August 24, 1970. 
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2 

Chemical Derivatization Techniques for 
Confirmation of Organochlorine 
Residue Identity 

W . P . COCHRANE and A . S. Y. CHAU 

Analytical Services Section, Plant Products Division, Department of Agriculture, 
Ottawa, Ontario 

Misidentifications in organochlorine pesticide residue analy­
sis by thin-layer and gas chromatography occur as a result 
of interferences from co-extracted pesticide compounds and 
naturally-occurring products as well as external contamina­
tion. A useful technique for confirmation of residue identity 
is chemical derivatization. Addition, oxidation, rearrange­
ment, dechlorination, reduction, and dehydrochlorination 
are the most commonly used procedures. A table of con­
firmatory tests for organochlorine residues is given for the 
proper choice and application of a derivatization reaction. 
The sensitivity of these methods ranges from 0.01 to 0.1 ppm 
in terms of the parent pesticide present in a 10-gram field­
-treated sample. The mode of formation of some chlordan 
derivatives is discussed with reference to the mechanism of 
reaction and structure of the parent compound. 

T n recent years m u c h concern has r isen, especial ly i n official regulatory 
circles, about the p r o b l e m of mis ident i f i cat ion or uncer ta in ident i f i ca ­

t i on i n pest ic ide residue analysis. Since the in t roduc t i on of the electron-
capture detector ( E C ) i n 1960 ( I ) a n d its r a p i d explo i tat ion for the 
determinat ion of organochlor ine residues b y gas - l i qu id chromatography 
( G L C ) (2 ) the c o m b i n e d E C - G L C system has become, f r o m 1963, the 
most c o m m o n l y used end-method for quant i tat ive pest ic ide residue 
analysis. It was q u i c k l y d iscovered that even after the app l i ca t i on of the 
more c o m m o n c lean-up techniques (3, 5, 4) E C - G L C interferences 
occurred not on ly f r o m peak-over lap of the various pesticides themselves 
(6, 7) b u t also f r o m extraneous contamination—e.g. , the laboratory or 

11 
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12 P E S T I C I D E S I D E N T I F I C A T I O N 

technique itself ( 8 ) — a n d natura l ly - o c curr ing components co-extracted 
f r o m the sample. 

F o r example, artifacts (9 ) h a v i n g s imi lar G L C responses to o,p'- a n d 
p , p ' - D D E on b o t h D C - 2 0 0 a n d Q F - 1 stationary phases were obta ined b y 
us ing po lyethylene w a s h bottles ( J O ) . S i m i l a r l y , b o t h e lemental sul fur 
( I I ) a n d d i -n -buty lphtha late (12) have been ident i f ied as inter fer ing 
w i t h a l d r i n identi f icat ion. M o r e recently , natura l ly - o c curr ing components 
of green p lant mater ia l have been reported w i t h s imi lar retent ion t imes, 
aga in on D C - 2 0 0 a n d Q F - 1 co lumns, to d i e l d r i n ( 1 3 ) . T h i s l ist of inter ­
fer ing responses can be extended to i n c l u d e prev ious ly u n k n o w n d e r i v a ­
tives or metabolites such as those f o u n d w i t h heptachlor a n d heptachlor 
epoxide. F r o m technica l chlordan-treated cabbage the dehydroch lo -
r inated product of frarw-chlordan, name ly 2-chlorochlordene ( F i g u r e 1 ) , 
was f o u n d to have E C - G L C a n d th in - layer chromatographic ( T L C ) 
characteristics s imi lar to heptachlor {14). T o date, no suitable G L C 
c o l u m n has been obta ined that w i l l successfully separate these t w o c o m ­
pounds , a n d further i t is not k n o w n whether the 2-chlorochlordene o r i g i ­
nated as a minor constituent of technica l ch lordan or is, i n fact, a trans-
ch lordan metabol ite . A heptachlor epoxide arti fact ( 1 5 ) , observed 
d u r i n g cis- a n d frarw-chlordan feeding experiments on rats ( 1 6 ) , has 
been subsequently identi f ied as the c losely-related c o m p o u n d 1,2-dichloro-
chlordene epoxide ( 1 7 ) , w h i c h possesses one more chlor ine atom i n the 
2-endo-posit ion than heptachlor epoxide itself ( F i g u r e 1 ) . T h i s n e w 
ch lordan metabol i te has also been observed i n m i l k ( 18 ) . O f more 
general interest is the group of i n d u s t r i a l compounds k n o w n as the 
po ly ch lor inated b iphenyls ( P C B ) w h i c h , on the c o m m o n l y used G L C 
columns, interfere w i t h prac t i ca l ly a l l organochlorine insecticides (19, 
20, 21). W i t h the advent of numerous shortened methods of residue 
analysis i n w h i c h the final result is obta ined via extraction procedures 
incorporat ing G L C w i t h o u t pr ior c lean-up, the s i tuation m a y become 
even worse. 

It has a lready been stated that "no one m e t h o d can ident i fy a n 
u n k n o w n residue w i t h absolute certa inty" (22) a n d i n this context four 
parameters have been suggested " f rom w h i c h the conf irmation of ident i ty 
of a residue can be in ferred w i t h reasonable assurance" (23). T w o of 
these parameters are the E C - G L C retent ion t ime ( o n a g iven stationary 
phase) before a n d after c h e m i c a l reactions. T h e pesticides or metabolites 
concerned are converted before inject ion to derivatives w i t h different 
retent ion times f r om the parent compounds a n d also f r o m other c o m m o n 
pesticides that m a y be present. T h e other two parameters are Rf values 
( T L C or P C ) or p-values (24) a n d insect i c ida l ac t iv i ty . 

A l t h o u g h T L C has been w i d e l y accepted as a source of add i t i ona l 
in format ion i n corroborat ion of residue ident i ty ( 9 ) , the use of chemica l 
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2. C O C H R A N E A N D C H A U Organochlorine Residue Identity 13 

2-Chlorochlordene 3-Chlorochlordene 

CI CI 

1.2-Dichlorochlordene eooxide 

Figure 1. Structures and numbering for 
some chlordan compounds and isomers 

der ivat izat ion has been a re lat ive ly recent innovat ion o w i n g p r i m a r i l y to 
a change i n app l i ca t ion . P r i o r to 1965, c h e m i c a l methods were used as 
an integral part of the ex trac t i on / c l ean-up procedures to remove or 
mod i fy the co-extracted mater ia l ( 2 5 ) . S ince that t ime, the n u m b e r of 
publ i cat ions dea l ing w i t h residue conf irmation has gradua l ly increased 
a n d i n par t i cu lar the organochlor ine residues have been converted to 
G L C - r e s p o n s i v e derivatives b y m a n y methods i n c l u d i n g add i t i on , ox ida ­
t ion , rearrangement, dechlor inat ion , a n d dehydroch lor inat ion reactions. 
I n m a n y instances, the G L C chromatogram obta ined after react ion has 
been ' c l eaned-up" of inter fer ing or b a c k g r o u n d components that were 
present i n the o r i g i n a l sample. Conf i rmatory tests for several groups of 
organochlor ine pesticides have n o w been establ ished i n terms of specific 
or general reagents a n d the mechanist ic pathways b y w h i c h they are 
der ivat ized . 

The DDT Group 

Saponif icat ion has been b y far the most commonly used m e t h o d for 
b o t h the identi f icat ion a n d , i n m a n y instances, quant i tat ion of D D T a n d 
re lated compounds. D e r i v a t i v e techniques have been a p p l i e d to b i o l og i -
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14 P E S T I C I D E S I D E N T I F I C A T I O N 

Table I. Confirmatory Tests for Pesticide 

Pesticide 

D D T 

D D E 

D D D 

M e t h o x y c h l o r 

A l d r i n 

D i e l d r i n 

E n d r i n 

E n d o s u l f a n 

Reaction Utilized 

a) D e h y d r o c h l o r i n a t i o n 
b) Dech lo r ina t i on 
(of p ,p ' - i somer) 

O x i d a t i o n 

D e h y d r o c h l o r i n a t i o n 

D e h y d r o c h l o r i n a t i o n 

/ C I , 
a) A d d i t i o n ^ - B r 2 

N e r t - B u O C l 
b) E p o x i d a t i o n 

/c leavage 
Epox ide^-rearrangement 

^acetylat ion 

E p o x i d e rearrangement 
Dech lo r ina t i on 

Sulf i te reduct ion 
° In ppm of parent pesticide based on a 10-gram sample. 
6 6% QF-1 + 4% DC-11 on Chromosorb W. Column operating at 200°C. 

c a l extracts conta in ing p , p ' - D D T , p , p ' - D D D , d ico fo l , Perthane, p ,p ' -
methoxychlor , a n d i n m a n y instances their respective o,p'-isomers. W h i l e 
the major i ty of these D D T - r e l a t e d compounds are converted to the ir 
respective olefins ( F i g u r e 2 ) , d i co fo l y ie lds p ,p ' -d ichlorobenzophenone. 
These confirmatory reactions have been evaluated o n s tandard insect ic ide 
solutions (25, 26, 2 7 ) , vegetable (28, 29) a n d a n i m a l tissue (27, 3 0 ) , a n d 
so i l extracts (31), a n d the corresponding dehydroch lor inated derivat ives 
d isp lay Rt ( retent ion t i m e ) values substantial ly different f rom the parent 
compounds . I n some cases, mis lead ing results c a n be obta ined b y the 
less than astute analyst because of peak-over lap of the expected der ivat ive 
w i t h an organochlorine pest ic ide residue already present but unaffected 
b y the a l k a l i condit ions used. U s i n g a c o l u m n conta in ing C h r o m o s o r b W 
coated w i t h 4 % S E - 3 0 + 6 % Q F - 1 , the derivatives D D M U ( F i g u r e 2 ) 
a n d o , p ' - D D E , f rom p , p ' - D D D a n d o , p ' - D D T , respectively, over lap w i t h 
heptachlor epoxide w h i c h is unaffected under m i l d basic condit ions (28 ) . 
S imi lar ly , p , p ' - D D E a n d d i e l d r i n co inc ide us ing D C - 2 0 0 as stationary 
phase (31). 

A l t h o u g h potassium tert-butoxide ( f - B u O K ) , s od ium methylate 
( N a O C H 3 ) , s od ium ethylate ( N a O Q j H s ) , a lcohol ic potassium hydrox ide , 
a n d sod ium hydrox ide solutions have been used, the u t i l i z a t i o n of the 
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2. C O C H R A N E A N D C H A U Organochlorine Residue Identity 15 

Residues; The D D T Group and Some Cyclodienes 

Limit of Pesticide 
Detectability a Interference b Reference 

0.02 D D E 27 
0.03 p , p ' - D D D 32 

0.05 m a n y 29 

0.03 - 27 

0.1 p , p ' - D D T 27 

0.03 p , p ' - D D D 30 
0.04 - U 
0.04 - u 
0.01 D i e l d r i n 

0.01 E n d r i n 30 
0.05 E n d r i n 36 
0.04 - 39 

0.04 D i e l d r i n 36 
0.04 - 40 
0.02 o , p ' - D D E 53 

stronger nuc leoph i l i c reagents—e.g., f - B u O K — c a n s imultaneously ident i fy 
D D T a n d analogues a n d some cyc lodiene insecticides of the ch lo rdan 
series (14). 

N o r m a l l y , p , p ' - D D T occurs together w i t h its metabol i te p , p ' - D D E , 
w h i c h can interfere w i t h dehydroch lor inat ion conf irmation unless i t has 
been prev ious ly removed , for example, b y T L C ( T a b l e I ) . O n e chemica l 

\ 
— c — 
/ 

- C — C I > H — C -

» / 
/" 

- C — C I 
C , « , R S / " 

p . p ' - D D T 

baae 

P . P - D D D 

base 

D D M U 

c = c 

, / X H 

D D N U 

+ 

> 7 o , 

-C : c 

p,p'- - D D E D D M U D C S 

Figure 2. Reaction products of p , p ' - D D T 
and p , p ' - D D D with basic and aqueous chro-
mous chloride reagents (where R = Cl@-) 
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16 P E S T I C I D E S I D E N T I F I C A T I O N 

react ion that c i rcumvents this a d d i t i o n a l step is dech lor inat i on w i t h 
chromous ch lor ide ( C r C l 2 ) so lut ion. C h r o m o u s ch lor ide reacts pre feren­
t ia l l y w i t h the p,p ' - isomer to give p r i m a r i l y p , p ' - D D D ( F i g u r e 2 ) after 
on ly 45 minutes at 6 0 ° C ( T a b l e I ) . P r o l o n g e d react ion ( F i g u r e 2 ) fur ­
ther converts p , p ' - D D D to D D N U , D D M U , a n d f rans -p ,p ' -d i ch lorost i l -
bene ( D C S ) ( 3 2 ) . O n a 4 % D C - 1 1 + 6 % Q F - 1 o n C h r o m o s o r b W 
co l u m n , p , p ' - D D E a n d D C S have i d e n t i c a l retent ion times. A l s o , the 
further photo isomerizat ion product of D C S , the corresponding cis- isomer 
( 3 3 ) , D D N U , a n d heptachlor have the same Rt va lue ( F i g u r e 3 ) . R e d u c ­
t ive dech lor inat ion w i t h C r C l 2 does not appear to be c o m m o n to a l l D D T -
re lated compounds . F o r example , o , p ' - D D T reacts fa i r l y q u i c k l y a n d 
p ,p ' -methoxychlor not at a l l . U n p r e d i c t a b l y , pre ferent ia l dech lor inat ion 
pathways have also been observed i n the degradat ion of D D T a n d a n a ­
logues i n some b io l og i ca l systems but not i n others (34). 

C h r o m i c a c i d ox idat ion has been employed for the quant i ta t ion of 
p , p ' - D D E (35) a n d can be successfully a p p l i e d to its conf irmation o n 
the residue scale ( T a b l e I ) . Since this react ion is app l i cab le to other 
D D T - r e l a t e d compounds a n d metabolites , the possible sources of inter ­
ference hazards i n a D D T - c o n t a i n i n g b io log i ca l extract are many . 

W h e n incorporated into regulatory residue procedures, these m e t h ­
ods w o r k satisfactori ly w i t h various p lant a n d a n i m a l extracts d o w n to 
levels of 0.02-0.1 p p m , depend ing on the pest ic ide concerned ( T a b l e I ) . 

The Aldrin Group 

T a k i n g advantage of the observation that e n d r i n is r ead i l y rearranged 
to a pentacyc l i c ketone b y m i n e r a l acids (36) a n d also boron tr i f luor ide 
( B F 3 ) ( 3 7 ) , a n u m b e r of confirmatory tests have been devised. C o n c e n ­
trated sul fur ic a c i d ( H 2 S 0 4 ) achieves complete conversion i n 10-15 
minutes at room temperature. S i m i l a r l y , h y d r o b r o m i c a c i d ( H B r ) , 
chromic a c i d ( C r 0 3 ) , a n d hydroch lor i c a c i d ( H Q ) under various c o n d i ­
tions have been u t i l i z e d for the posit ive ident i f i cat ion of e n d r i n f o u n d i n 
so i l , vegetable, forage crop, a n d fat extracts. A l t h o u g h the use of m i n e r a l 
acids is convenient a n d qu i ck , d i e l d r i n also reacts under s imi lar c o n d i ­
tions. W i t h B F 3 i n methano l , concentrated H 2 S 0 4 , or perch lor i c a c i d , 
d i e l d r i n is rearranged to a " d i e l d r i n ketone," the exact structure of w h i c h 
is s t i l l not k n o w n . U s i n g concentrated H C 1 i n ethanol , the corresponding 
a l d r i n c h l o r o h y d r i n has been ident i f ied as the der ivat ive p r o d u c e d b y 
epoxide cleavage (38). P resumab ly H B r yie lds the corresponding bromo-
h y d r i n product a n d , i f g lac ia l acetic a c i d is present, the corresponding 
bromoacetate. I n one instance (21), concentrated H 2 S 0 4 has been used 
for the detect ion of smal l amounts of the more vo la t i l e compounds—e.g. , 
a l d r i n a n d l i n d a n e — b y " r e m o v a l " of the oxygen-containing residues such 
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2. C O C H R A N E A N D C H A U Organochlorine Residue Identity 17 

D D N U + c i s — D C S 

2 4 6 8 10 12 

Retention T i m e (in Minutes) 

Figure 3. Chromatogram showing the products obtained from 
reaction of p,p'-DDT with CrCl2 after 24 hours at 60°C ( ) 
and subsequent standing in fluorescent light or sunlight ( ) 

as d i e l d r i n , endr in , a n d heptachlor epoxide. U n l i k e e n d r i n a n d d i e l d r i n , 
the disappearance of heptachlor epoxide is not r ead i l y exp la ined since 
this residue is apprec iab ly resistant to a c i d treatment. 

Irrespect ive of the ac id i c reagent employed , i f a D C - 2 0 0 or m i x e d 
D C - l l / Q F - 1 c o l u m n is used i n the final G C analysis , incomplete reso lu­
t i on of the e n d r i n a n d d i e l d r i n der ivat ive peaks is observed (36, 3 8 ) . T h i s 
over lap p r o b l e m has been overcome b y us ing either 1 5 % Q F - 1 a n d 1 0 % 
D C - 2 0 0 as stationary phase for on - co lumn resolut ion or an acety lat ion 
procedure to g ive easi ly G C resolvable derivatives w h e n e n d r i n a n d 
d i e l d r i n residues occur together. I n the former case, this par t i cu lar c o l ­
u m n was used to separate e n d r i n ketone a n d the a l d r i n c h l o r o h y d r i n ; i n 
the latter case an acetic a n h y d r i d e - s u l f u r i c a c i d reagent (36, 39) p ro ­
d u c e d the expected e n d r i n ketone a n d a d i e l d r i n diacetate der ivat ive 
h a v i n g s ignif icantly different Rt values. 

A n alternative conf irmatory test for e n d r i n i n the presence of d i e l d r i n 
has been achieved b y preferent ia l reduct ive dechlor inat ion . A l t h o u g h 
bo th e n d r i n a n d d i e l d r i n react w i t h C r C l 2 , e n d r i n is substantial ly more 
lab i le ( F i g u r e 4 ) to this par t i cu lar reagent to give a pentachloroketone 
w h i c h has a different retention t ime f r o m the more c o m m o n organo­
chlor ine pesticides (40). 

Select ive halogenat ion of a l d r i n to the corresponding d i ch lor ide or 
d i b r o m i d e constitutes one approach to its conf irmation (30, 41). H o w ­
ever, care fu l r e m o v a l of res idua l traces of ch lor ine or bromine must be 
per formed to give G C - i n t e r p r e t a b l e der ivat ive -conta in ing extracts. A l s o , 
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18 P E S T I C I D E S I D E N T I F I C A T I O N 

Heptachlor Lindane P,p'~DDT Heptachlor epoxide 

CI > I 
C C I , 

- C — 

II 
C C I , 

frarw-Chlordane cw-Chlordane o , p ' — D D T 2-Chlorochlordene 3-Chlorochlordene p,p'—DDE 

0 X 
II I 

C H , X 
II I I I 

I I 
X = I , B r , CI 

C — C — > — C — C — > t e r t — X > aec — X > pr imary — X > — C = C — X 

- I > - B r > - C I 

( O V - C H B r — C H , B r > C H , C H B r - C H B r C H , > B r C H - C H . B r ~ C H , - C B r - C H , B r > 
CI CI 

C H , C H C I - C H C I C H , > C H , - C H , % VO/~ B r * B r C H = C H B r Reference C3 

^ R r 

Figure 4. Relative order of reactivity of organochlorine pesticides and some 
halogenated compounds to Cr2* reagents 

cHchloroaldrin m a y interfere w i t h p , p ' - D D D w h i c h is unaffected b y the 
ch lor inat i on condit ions. A d d i t i o n to the u n h i n d e r e d doub le b o n d of a l d r i n 
has also been accompl i shed w i t h terf-butyl hypoch lor i te (tert-BuOCl) 
under various conditions. U s i n g f err -buty l a l coho l as solvent, on ly a l d r i n 
undergoes react ion to give the corresponding chloro - tert -buty l ether, 

Table II. The 

Pesticide 

H e p t a c h l o r 

H e p t a c h l o r 
epoxide 

cis- and trans-
C h l o r d a n 

N o n a c h l o r 

Reaction Utilized 

/ a c e t y l a t i o n 
a) A l l y l i c ^ h y d r o x y l a t i o n 

^dechlorination 
b) A d d i t i o n 

c) E p o x i d a t i o n 

E p o x i d e rearrangement 

Dehydroch lo r ina t i on 

a) Dech lo r ina t i on 
b) D e h y d r o c h l o r i n a t i o n 
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2. C O C H R A N E A N D C H A U Organochlorine Residue Identity 19 

whereas i n g lac ia l acetic a c i d bo th heptachlor a n d a l d r i n g ive their r e ­
spective chloroacetate derivatives (14). T h e most convenient method , 
however , is the expoxidat ion of a l d r i n to d i e l d r i n b y peracids or C r 0 3 . 
A l t h o u g h peracet ic (42), per formic , perbenzoic , a n d monoperphtha l i c 
acids (14) are app l i cab le for this epoxidat ion , ra-chloroperbenzoic a c i d 
w i l l p r o b a b l y be the reagent of choice because of its ava i lab i l i t y , even 
though i t has been po in ted out that b a c k g r o u n d E C - G L C interferences 
m a y be an a d d e d compl i ca t i on (43). 

T h e sensit ivity range of these conf irmatory c h e m i c a l tests for a l d r i n , 
d i e l d r i n , a n d e n d r i n is 0.01 to 0.05 p p m i n terms of the parent pesticides 
i n field-treated samples ( T a b l e I ) . 

The Chlordan Group 

A var iety of methods has been dev ised for the conf irmation of h e p t a ­
chlor residues ( T a b l e I I ) . T h e presence i n the heptachlor mo lecu le 
( F i g u r e 1) of a react ive a l l y l i c ch lor ine atom has been the basis of three 
confirmatory tests based o n its ease of replacement. R e a c t i o n w i t h a s i lver 
ace ta te -g lac ia l acetic a c i d mixture p r o d u c e d 1-acetoxychlordene w h i c h , 
w i t h the G L C condit ions used, h a d a retent ion t ime close to heptachlor 
epoxide (44). O f the c o m m o n organochlor ine pesticides, on ly heptach lor 
reacted quant i tat ive ly . E n d r i n reacts to a s m a l l extent w i t h the g lac ia l 
acetic a c i d to g ive a secondary e n d r i n ketone peak. W h e n the react ion 
of heptachlor w i t h s i lver salts was extended to s i lver carbonate i n aque ­
ous a l coho l , 1-hydroxychlordene was obta ined w h i c h c a n easi ly be c o n ­
verted to the more vo lat i le a n d G C - r e s p o n s i v e s i l y l ether. U n f o r t u n a t e l y , 
this s i l y l ether has a Rt i dent i ca l to a l d r i n . W i t h s i lver carbonate, h e p t a -

Chlordan Group 

Limit of Pesticide 
Detectability Interference Reference 

0.01 - 44 
0.01 A l d r i n u 
0.01 Chlordene 45 
0.03 - 14 
0.05 H e p t a c h l o r 29 

epoxide 

0.01 - 52 

0.01 - 14 

0.01 c i V C h l o r d a n 53 
0.01 A l d r i n 
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20 P E S T I C I D E S I D E N T I F I C A T I O N 

ch lor was the on ly ch lor inated pest ic ide to undergo modi f i cat ion , a n d to 
date this react ion is the most specific conf irmatory test observed for any 
of the compounds invest igated. Since bo th the s i lver salt reactions invo lve 
ref luxing for a m i n i m u m of 30 minutes , a more convenient laboratory 
technique is the use of C r C l 2 so lut ion for the a l l y l i c dech lor inat ion of 
heptachlor to chlordene (45). T h i s is easi ly accompl i shed b y react ion at 
5 0 ° - 6 0 ° C for 30 minutes . Together w i t h the major reduct ive dech lo r ina ­
t i on pa thway , t w o m i n o r products , a d i m e r a n d 1 -hydroxychlordene, are 
ob ta ined p r o b a b l y b y b imo lecu lar reduct ion a n d h y d r o x y l insert ion re ­
spect ively , w h e n the react ion is car r i ed out i n aqueous m e d i a ( F i g u r e 5 ) . 
U n d e r such condit ions , i t c a n also be postulated that 1 -hydroxychlordene 
is f o rmed b y hydro lys is of heptachlor as has been prev ious ly observed 
(46, 47). O n the res idue scale, these secondary products present no 
observable G C interference. C h l o r d e n e has been obta ined b y dech lor ina ­
t i o n of heptachlor b y bacter ia a n d subsequent m i c r o b i a l epox idat ion to 
chlordene epoxide i n soils (48); therefore, interference can occur i n such 
samples depend ing u p o n the extent of chlordene degradat ion . 

T w o further tests for heptachlor invo lve a d d i t i o n to the sterical ly 
h i n d e r e d d o u b l e b o n d . N o r m a l l y , ch lor ine does not a d d to heptachlor 
unless a n in i t iator , such as ant imony pentachlor ide , is present. H e p t a ­
ch lor is resistant to epoxidat ion b y peracids but b o t h a d d i t i o n a n d epoxi ­
da t i on can read i ly be ach ieved chemica l ly b y terf-BuOCl/HOAc a n d C r 0 3 

ox idat ion , respect ively ( T a b l e I I ) . F o r the a d d i t i o n of terf-BuOCl to pro -

D i m e r 

Chlordene 1 - H y d r o x y c h l o r d e n e 

Figure 5. Reaction pathways of heptachlor with aqueous 
CrClg solution 
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2. C O C H R A N E A N D C H A U Organochlorine Residue Identity 21 

01 01 CI h 

fr<in»-Nonachlor 1,2-Chlorochlordene 1,3-Chforochlordene n«-Nonachlor 

Figure 6. Dehydrochlorination mechanisms and products of isomeric 
chlordans and nonachlors 

duce a single der ivat ive peak w h i c h has been ident i f ied as the corre­
spond ing chloroacetate, a n excess of g lac ia l acetic a c i d is r e q u i r e d (14). 

Conf i rmatory ox idat ion of heptachlor , us ing chromic a c i d , produces 
its toxic metabol i te heptachlor epoxide (29, 49, 50). A t t e m p t e d ident i f i ­
cat ion of heptachlor i n the presence of its epoxide p r o d u c e d no appre ­
c iable increase i n the peak height of heptachlor epoxide because of its 
further substantial degradat ion to ac id i c products . Therefore this test 
should on ly be employed i n the absence of heptachlor epoxide. T h i s 
can either be achieved d u r i n g c lean-up us ing a F l o r o s i l c o l u m n for the ir 
separation or subsequently us ing T L C . I n combinat ion , heptachlor a n d 
its epoxide can be s imultaneously conf irmed w i t h strong basic reagents. 
U n d e r these conditions both cis- a n d frarw-chlordan as w e l l as trans-
nonachlor , w h i c h occur i n v a r y i n g amounts i n technica l ch lordan , can also 
be conf irmed. U s i n g tert-BuOK/tert-BuOH, heptachlor produces 1-hy­
droxychlordene whereas heptachlor epoxide undergoes rearrangement to 
the secondary a lcohol , l -hydroxy -3 - ch loroch lordene (51). B o t h d e r i v a ­
tives can be converted to more GC-respons ive compounds either b y 
s i ly lat ion or acetylat ion of the a l l y l i c h y d r o x y l groups. W i t h basic re ­
agents, cis- a n d frans-chlordan are dehydroch lor inated to 3- a n d 2-chlo­
rochlordene, respect ively (14, 52) ( F i g u r e 6 ) . A para l l e l observation 
was m a d e w h e n the dehydroch lor inated products of cis- a n d trans-nona-
chlor were shown to be 1,3- a n d 1,2-dichlorochlordene, respect ively ( 5 3 ) . 
W i t h the t w o trans-isomers, dehydroch lor inat ion occurs b y the more dif f i ­
cu l t c i s -e l iminat ion o w i n g to the expected loss of the 2-exo-protons. O n 
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22 P E S T I C I D E S I D E N T I F I C A T I O N 

trarw-Nonachlor 

Figure 7. Stereochemical structures of 
two isomeric nonachlors 

the other h a n d , the two cis-isomers lose H C 1 r a p i d l y b y the n o r m a l 
trans-e l iminat ion mechanism but unexpectedly b y the r emova l of the 
3-endo-protons rather than the "apparent ly less h i n d e r e d " 2-endo-protons. 
A ready explanat ion of these facts is possible i f the stereochemical c o n ­
figurations of the cis- a n d trans-isomers are taken into account. I n the 
trans-configuration, the 2-chlorine atom is i n the endo-posit ion a n d as such 
is inf luenced b y the ^-electron c l o u d of the C 1 C . C C 1 group. T h e conf igu­
rat ion that w i l l be assumed is one i n w h i c h the 2-endo chlor ine atom is 
i n a n environment as far removed f r om the 7r-electron c l o u d as possible. 
Converse ly , w h e n the 2-chlorine atom is i n the exo-position, the 2-endo-
proton is attracted to the ^-electrons a n d so the cis-isomer assumes a 
different conformation. T h e stereochemical structures for cis- a n d trans-
nonachlor i l lustrate this po int ( F i g u r e 7 ) . I n this connect ion, i t has been 
reported that f rans-chlordan does not undergo photo isomerizat ion w h i l e 
cts-chlordan gives a single 2-endo-cross-l inked product i n 7 0 % y i e l d 
(54). 

A t the residue leve l , a l l the ch lordan compounds l isted i n T a b l e I I 
can be s imultaneously conf irmed us ing a ter£-BuOK/ter£-BuOH reagent. 
S i l y la t i on or acetylat ion of the hydroxy products do not affect any accom-

Parent Pesticide 

H e p t a c h l o r 

Table III. Some 

Metabolite 

a) Chlordene 

b) 1 -Hydroxychlordene 

c) l -Hydroxy -2 ,3 -epoxy -ch lordene 

frans-Chlordan 
c i s -Ch lordan 

cis- and frans-Chlordan 

2- Chlorochlordene 
3- Chlorochlordene 

1,2-Dichlorochlordene epoxide 

E n d r i n 

Endosu l fan 

Photo - endr in 

Endosu l fan d io l 
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2. C O C H R A N E A N D C H A U Organochlorine Residue Identity 23 

p a n y i n g dehydroch lor inated products . T h e l eve l of detec tab i l i ty for a 
10-gram sample extract is 0.01 p p m . L o w e r levels can b e reached b y use 
of a larger sample together w i t h appropr iate c lean-up techniques. 

Miscellaneous 

T h e a- a n d /^-isomers of endosul fan c a n be r educed w i t h l i t h i u m 
a l u m i n i u m h y d r i d e i n tetrahydrofuran to furn i sh the same endosul fan 
d i o l (55) w h i c h has been observed as one of its metabo l i c products ( 5 6 ) . 
D e p e n d i n g on whether acetylat ion or s i ly la t ion is used to make the d i o l 
more GC-respons ive , l ower l imits of detectabi l i ty are of the order 0.03 
or 0.02 p p m , respect ively ( T a b l e I ) . 

F o r l indane residues, re l iance must s t i l l be p l a c e d o n the parameters 
afforded b y Rt, Rfy p-values, a n d appearance i n the appropr iate f ract ion 
o n c o l u m n c lean-up since no posit ive chemica l confirmatory test is k n o w n . 
" N e g a t i v e " indicat ions to its ident i ty can be obta ined b y its d isappearance 
under basic or r e d u c i n g condit ions (e.g., C r C l 2 ) w h i l e i t remains intact 
i n ac id i c or o x i d i z i n g med ia . 

Negat ive type c h e m i c a l reactions also have been e m p l o y e d for the 
identi f icat ion of the po lych lor inated b iphenyls ( P C B ) w h e n they occur to­
gether w i t h organochlor inated pest ic ide residues. N i t r a t i o n , us ing a 1:1 
mixture of concentrated H 2 S 0 4 a n d concentrated n i t r i c a c i d , of a P C B / 
pest ic ide mixture results i n the disappearance of the more c o m m o n 
organochlor ine residues, especial ly the D D T group, w h i l e P C B a n d 
l indane are unaffected ( 2 1 ) . It has also been observed that toxaphene 
is unaffected b y such n i t rat ion reagents (57) w h i l e w i t h a lka l ine treat­
ment (58) this m i x e d isomer pestic ide is converted to a characterist ic 
pattern useful for identi f icat ion purposes. 

Organochlorine Metabolites 

Group Utilized Derivative 

i A l l y lie hydrogen 1-Bromochlordene 
ii D o u b l e bond Chlordene epoxide 
i A l l y l i c h y d r o x y S i l y l ether 

ii D o u b l e bond Chloroacetate ; epoxide 
i H y d r o x y l S i l y l ether 

ii E p o x i d e T r i h y d r o x y ch lordan 

D o u b l e bond or E p o x i d e or 
grera-Dichloro group hexachloro 

C h l o r o epoxide or C h l o r o acetate 
grem-Dichloro group or heptachloro 

0era-Dichloro Pentachloro 

H y d r o x y l Acetate or s i l y l ether 
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24 P E S T I C I D E S I D E N T I F I C A T I O N 

D u r i n g investigations o n the deve lopment of conf irmatory tests for 
the chlordans, endr in , a n d endosul fan, some metabolites or possible 
metabol ites were also i n c l u d e d . A g a i n m a n y of the procedures a lready 
descr ibed for acetylat ion, epoxidat ion , a d d i t i o n , dech lor inat ion , etc., can 
be a p p l i e d easi ly to the conf irmation of ident i ty of these degradat ion 
products ( T a b l e I I I ) . F o r b o t h 3-chlorochlordene a n d the photo isomer i -
zat ion product of endr in (i.e., e n d r i n ke tone ) , the gem-dich loro groups, 
present i n the hexachlorocyclopentene moiety , are monodech lor inated 
w i t h C r C l 2 to y i e l d the respective pentachloro derivat ives . T h i s m e t h o d 
of conf irmation is general ly app l i cab le to a large n u m b e r of organochlo ­
r ine pesticides. T h e rate a n d extent of react ion depends u p o n b o t h the 
ava i lab i l i t y of lab i le ch lor ine a n d the structure of the pest ic ide concerned. 
T h e general order of react iv i ty is as out l ined i n F i g u r e 4 . F o r comparison , 
t w o other series of halogen-containing compounds are i n c l u d e d . 

Conclusion 

T h e above br ie f r ev i ew i l lustrates that c h e m i c a l der ivat i zat ion tech ­
niques have been used extensively for the conf irmation of ident i ty of 
organochlor ine residues. I n most instances, the lower l imits of detecta­
b i l i t y of the derivatives are substant ia l ly l ower t h a n the establ ished 
tolerance values for the parent compounds . T a k e n i n conjunct ion w i t h 
the m a n y other modes of derivatizat ion—e .g . , d u r i n g or after gas c h r o m a ­
tography ( 5 9 ) — t h e analyst has a vast array of modi f i cat ion procedures 
at h a n d to a i d i n residue identi f icat ion. T h e y can be employed for res i ­
dues i n so i l , b io log i ca l , fat, a n d nonfat extracts a n d can be successfully 
extended, especial ly the more specific tests, to the identi f icat ion of cross-
contaminants i n pest ic ide formulat ions a n d also fert i l i zer mixtures . So 
far, these latter t w o cases have only been a fr inge area of app l i ca t i on 
(60,61). 

It is a desirable pract ice to ident i fy the structure of the der ivat ive 
used i n conf irmatory ident i f i cat ion as this w i l l he lp the analyst not on ly 
c omprehend the mechanisms a n d structures of the pesticides i n v o l v e d 
but also the l imitat ions of a par t i cu lar technique. A l s o , the more embrac ­
i n g the analyst or researchers knowledge of the extent a n d probab le 
sources of error a n d inherent short-comings of a n ana ly t i ca l test method , 
the more chance of finding a successful so lut ion a n d thereby a v o i d i n g 
the poss ib i l i ty of mis ident i f i cat ion. Present trends appear to ind i ca te that 
the cont inu ing need for methods of ident i f i cat ion w i l l ensure that c h e m i c a l 
der ivat i zat ion tests w i l l become a p p l i e d rout ine ly for the conf irmation of 
residues of not on ly the organochlorines but also organophosphates, 
carbamates, a n d other classes of pesticides. 
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A Review of Enzymatic Techniques Used 
for Pesticide Residue Analysis 

D . C . VILLENEUVE 

Food and D r u g Directorate, Department of National Health and Welfare, 
Ottawa, Canada 

A review is presented on the use of enzymatic techniques 
for pesticide residue analysis. Anticholinesterase and anti­
-carboxylesterase procedures, which comprise the majority 
of such techniques, are described with reference to the 
theory behind their use, the different methods of assay, 
their limits of detection, and their advantages and disad­
vantages. Other enzymatic techniques are also discussed. 

*~r*he fact that m a n y pesticides i n h i b i t enzymes in vitro has l e d to the 
A in t roduct i on of various ana ly t i ca l methods for the detect ion a n d est i ­

mat ion of pest ic ide residues. T h i s paper w i l l not describe i n de ta i l a l l 
the enzymat i c techniques used for pest ic ide residue analysis b u t rather 
w i l l attempt to categorize a n d describe brief ly the m a i n types w i t h refer­
ence to the theory b e h i n d their use, their p r a c t i c a l app l i ca t i on , a n d asso­
c iated problems. T h i s w i l l be f o l l owed b y a br ie f discussion on the 
advantages a n d disadvantages of these techniques. 

Cholinesterase Techniques 

Theory. Chol inesterase i n h i b i t i o n b y organophosphorus insecticides 
has been the subject of several excellent reviews b y O ' B r i e n ( J , 2) a n d 
H e a t h ( 3 ) . T h e basis of toxic act ion of organophosphates a n d carbamates 
i n mammals is general ly associated w i t h their ab i l i t y to i n h i b i t c h o l i n ­
esterase i n the centra l a n d per iphera l nervous systems where i t p lays an 
important role i n the transmission of nerve impulses. 

Organophosphates a n d carbamates react w i t h cholinesterase i n a 
manner s imi lar to the react ion of cholinesterase w i t h acetylchol ine a n d 
can be dep i c ted as fo l lows : 

27 
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28 P E S T I C I D E S I D E N T I F I C A T I O N 

H 2 0 
E O H + A X +± E O H . A X -> E O A - * E O H + A " + H + (1) 

\ 
X - + H + 

where E O H represents cholinesterase ( O H be ing a serine O H i n the 
act ive s i te ) , A X is either acety lchol ine or an organophosphate or carba ­
mate insect ic ide , a n d X is the l eav ing group— i .e . , chol ine i n acetylchol ine , 
p -n i t ropheno l i n paraoxon, or 1-naphthol i n c a r b a r y l ( 2 ) . T h e s y m b o l A 
can designate either the acety l group, a d i a l k y l p h o s p h o r y l group, or a 
m e t h y l c a r b a m y l group. T h u s , the react ion involves a complex format ion 
f o l l o w e d b y phosphory lat ion , acetylat ion, or carbamylat i on of the enzyme, 
a n d finally hydro lys is . I f the concentrat ion of i n h i b i t o r is re lat ive ly large 
(10~ 5 or 10" 6 M ) as compared w i t h the concentrat ion of substrate (10" 1 0 

M ) , the over -a l l react ion can be considered a first-order b imo lecu lar type 
a n d can be descr ibed i n terms of the f o l l o w i n g equat ion : 

log P = 2 - g t (2) 

where P is the percent ac t iv i ty of the enzyme r e m a i n i n g after incubat i on 
of I concentrat ion of i n h i b i t o r for t ime t, a n d k{ is the b imo lecu lar rate 
constant. T h u s , for any va lue of t there is a concentration of inh ib i t o r 
w h i c h w o u l d reduce P , the percent ac t iv i ty , to 5 0 % . T h i s va lue is k n o w n 
as the ho, a n d because its va lue is often smal l , the negative l o g a r i t h m of 
the 7 5 0 , the p 7 5 0 , is used. T a b l e I gives the J 5 0 a n d ph0 of several organo-
phosphorus a n d carbamate insecticides, u s i n g h u m a n p lasma chol inester­
ase as enzyme source. 

Table I. Cholinesterase-Inhibitive Effects 0 of Several 
Organophosphate and Carbamate Insecticides 

Quantity to Produce 
50% Inhibition1" 

Insecticide Mol. Wt. Molar Concn., 
I 

pi 

C o r o x o n c 346.5 3.16 X 1 0 - 7 7.50 
D D V P 221.0 6.30 X l O " 6 6.80 
D F P 184.2 5.01 X 1 0 - 8 8.70 
G u t h o x o n d 301.0 6.31 X 1 0 - 6 5.80 
P a r a t h i o n 291.0 2.43 X l O " 6 5.39 
P a r a o x o n 275.0 1.88 X 1 0 - 8 8.27 
Ruelene 291.5 5.62 X l O " 4 4.75 
P h o s p h a m i d o n 299.5 6.7 X 1 0 - 7 7.83 
C a r b a r y l 201.0 1.2 X 1 0 - ' 5.08 

a Data taken from Giang and Hall (4), O'Brien (5), and Voss (6). 
6 Human plasma cholinesterase used as enzyme source. 
c Oxygen analog of Co-Ral. 
d Oxygen analog of Guthion. 
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3 . V I L L E N E U V E Enzymatic Techniques for Analysis 

F r o m the Z 5 0 a n d t, one can calculate , us ing E q u a t i o n 2 , the ki va lue 
i f first-order kinet ics are f o l l owed . M a i n ( 7 ) has deve loped a k ine t i c 
treatment that determines bo th the affinity of the inh ib i t o r for the enzyme 
a n d the a b i l i t y to phosphorylate the enzyme once b i n d i n g has occurred . 
W i t h this treatment, the ki f r om E q u a t i o n 2 cannot be considered as a 
s imple b imo lecu lar rate constant but as a combinat i on of a un imo lecu lar 
rate constant a n d an affinity constant. H o w e v e r , the measurement of the 
ki as out l ined i n E q u a t i o n 2 does prov ide a satisfactory measure of the 
i n h i b i t o r y potency i n most cases. 

Methods of Assessing Cholinesterase Inhibition. T h e increased use 
of chol inesterase- inhibi t ing insecticides has s t imulated research i n m a n y 
areas of scientific endeavor. O n e such area has been concerned w i t h the 
in vivo tox ico logical properties of cholinesterase inhib i tors . H o w e v e r , 
the area of concern here is i n the field of analyt i ca l chemistry , where 
cholinesterases are used as a too l for the quant i tat ive determinat ion of 
u n k n o w n amounts of inhib i tors ( 8 ) . S u c h procedures are f requent ly used 
for the analysis of certain pest ic ide residues a n d can be categor ized into 
the f o l l o w i n g types of methods : 

P O T E N T I O M E T R I C O R A P H M E T H O D S . O n e such method , p r o b a b l y the 
first ever used, was the one p u b l i s h e d b y G i a n g a n d H a l l (4) for the 
determinat ion of tetraethylpyrophosphate ( T E P P ) a n d parath ion i n p lant 
mater ia l . O n e p r o b l e m was that parath ion was a weak i n h i b i t o r in vitro 
a n d r e q u i r e d conversion to its oxygen analog to obta in sufficient sensi­
t iv i ty . T h i s was accompl i shed b y treat ing parath ion w i t h a mixture of 
concentrated a n d f u m i n g n i t r i c acids. It r e q u i r e d 4 2 . 5 of parath ion to 
produce 5 0 % i n h i b i t i o n , as compared w i t h 0 . 0 3 1 fig for paraoxon. T h e 
m e t h o d consisted of extract ing the pest ic ide f rom the p lant , i n c u b a t i n g 
an a l iquot of the extracted pest ic ide w i t h a standard bov ine cholinesterase 
so lut ion, de te rmin ing the r e m a i n i n g cholinesterase ac t iv i ty after i n c u b a ­
t ion , a n d c o m p a r i n g the percent i n h i b i t i o n w i t h a s tandard curve i n order 
to obta in the quant i ty of mater ia l . Chol inesterase ac t iv i ty was measured 
us ing acetylchol ine b romide as substrate a n d measur ing the change i n p H 
caused b y the release of acetic ac id . T h e "percent i n h i b i t i o n " ( 9 ) is 
ca l cu lated as f o l l ows : 

T I T R I M E T R I C M E T H O D S . These methods invo lve the t i t rat ion of acetic 
a c i d l iberated b y the hydrolys is of acetylchol ine , w h i c h is n o r m a l l y ac­
compl i shed w i t h a " p H - s t a t " so that a constant p H is mainta ined . T h e 
advantages of these methods over the A p H methods are that the measured 

A p H = p H ( init ial ) - p H (final) 

% I n h i b i t i o n = 1 — A p H (sample) 
A p H (control) 

X 1 0 0 
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30 P E S T I C I D E S I D E N T I F I C A T I O N 

act iv i ty is not d i rec t ly inf luenced b y the buffer strength of the solut ion 
(10) a n d that a constant p H is m a i n t a i n e d d u r i n g the enzyme react ion. 
T h i s type of method has been used d i rec t ly for the determinat ion of p a r a ­
th ion w h i l e other workers used a micro t i t r imetr i c method to obta in 
greater sensit ivity ( I I ) . 

M A N O M E T R I C M E T H O D S . These methods invo lve the measurement of 
carbon d iox ide l iberated f r om the act ion of the released acetic a c i d on 
sod ium bicarbonate . D u B o i s a n d Cot ter (in Ref. 10) used this type of 
method to determine D ip terex i n mi lk . 

C O L O R I M E T R I C M E T H O D S . Measurement of Unchanged Acetylcholine. 
T h i s co lor imetr i c technique depends on measur ing the unchanged acety l ­
chol ine w i t h hydroxy lamine to produce acetohydroxamic a c i d w h i c h y ie lds 
a p u r p l e color w i t h excess ferr ic ch lor ide after ac idi f icat ion. C o o k (12) 
or ig ina l ly a p p l i e d this method to pest ic ide residue analysis on paper 
chromatograms. 

Indophenyl Acetate. A co lor imetr ic method for the analysis of cho-
l inesterase- inhibit ing insecticides us ing i n d o p h e n y l acetate as substrate 
was p u b l i s h e d b y A r c h e r a n d Z w e i g i n 1959 (13). T h e procedure was 
based on the measurement of the hydrolys is product of i n d o p h e n y l ace­
tate at 625 fx at a p H of 8.0. Three different enzymat i c methods, a po -
tentiometric , a paper chromatographic , a n d the co lor imetr i c one m e n ­
t ioned , were compared b y de termin ing residue levels of c a r b a r y l on 
peaches. G o o d agreement was shown b y a l l three methods. B e a m a n d 
H a n k e n s o n (17) used the same method to determine k n o w n amounts of 
Sev in , T r i t h i o n , parath ion , malath ion , G u t h i o n , D ip terex , a n d ronne l i n 
m i l k . Sensi t iv i ty ranged f rom 0.008 to 0.2 p p m . 

Phenol Red. T h e first publ i cat ions of an automated procedure for 
the measurement of cholinesterase inhib i tors are those of W i n t e r (14) 
a n d W i n t e r a n d F e r r a r i ( 15 ) . T h e method employed an Autoana lyzer 
instrumenta l system w h e r e i n the extracts conta in ing the insectic ide were 
incubated w i t h a s tandard cholinesterase solut ion at 37 ° C . A continuous 
sample f rom the incubat ion b a t h is buffered a n d m i x e d w i t h acetylchol ine 
iod ide . A f t e r a second incubat i on , the acetic a c id released b y the act ion 
of the u n i n h i b i t e d cholinesterase is measured co lor imetr i ca l ly , us ing 
p h e n o l r e d as the indicator . M o r e recently , F i s c h l et al. (16) reported a 
method for r a p i d detect ion of organic phosphate pesticides i n serum. 
Strips of filter paper were impregnated w i t h a buffered acetylchol ine 
substrate so lut ion conta in ing pheno l r e d as an indicator . W h e n no i n ­
h i b i t i o n is present, the a c i d released f rom the act ion of cholinesterase 
turns the paper ye l l ow. W h e n cholinesterase has been i n h i b i t e d , the 
paper turns pink-to -v io let . 
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3. V I L L E N E U V E Enzymatic Techniques for Analysis 31 

Acetylthiocholine Iodide. A n o t h e r automated procedure for c h o l i n ­
esterase i n h i b i t i o n studies has been used b y L e v i n e et al. (18) a n d b y 
Voss (19). T h e method uses acetyl thiochol ine i od ide as substrate a n d 
d i th iob isn i t robenzo ic a c i d ( D T N B ) . Chol inesterase splits the substrate, 
a n d the th iochol ine released reduces the D T N B to the y e l l o w anion of 
th ioni trobenzoic a c id , whose absorbance is measured at 4 2 0 /*. 

Fluorogenic Substrates. G u i l b a u l t a n d K r a m e r (20) p u b l i s h e d a 
method us ing a fluorometric assay for anticholinesterase compounds . T h e 
substrates used were nonfluorescent compounds , the acety l a n d b u t y l 
esters of 1 - a n d 2 -naphtho l , w h i c h are h y d r o l y z e d b y cholinesterase to 
h i g h l y fluorescent materials . T h e rate of change of fluorescence was 
re lated to enzyme act iv i ty , a n d i n h i b i t i o n was measured b y decreased 
rate of change i n the produc t i on of fluorescence. 

A semiquant i tat ive test for the identi f icat ion of chol inesterase- in-
h i b i t i n g pesticides has been descr ibed b y S c h u l t z m a n n a n d B a r t h e l (21). 
I n d o x y l acetate was used as the substrate, i n conjuct ion w i t h a t w o - d i ­
mensional th in- layer chromatographic technique. It consisted of spott ing 
the c leaned-up samples on a s i l i ca gel th in - layer plate , deve lop ing the 
plate i n the appropr iate solvent systems, a n d spray ing the plate w i t h a 
horse serum cholinesterase solut ion a n d i n d o x y l acetate. T h e chol inester-
ase - inhib i t ing compounds appeared as w h i t e spots on a b l u e b a c k g r o u n d , 
a n d sensit ivity was i n the submicrogram range. 

A G A R - A G A R D I F F U S I O N T E C H N I Q U E S . B e n y o n a n d Stoyd in (22) de ­
scr ibed a procedure i n w h i c h a layer of agar-agar 5 m m th i ck conta in ing 
cholinesterase a n d b r o m t h y m o l b lue at a p H of 7 . 8 - 7 . 9 was used. A 
2 - p r o p a n o l solut ion ( 0 . 1 m l ) of the insect ic ide was a p p l i e d to a hole 
i n the agar a n d was a l l o w e d to diffuse for 1 8 hours at r oom temperature. 
T h e plate was then sprayed w i t h acetylchol ine ch lor ide so lut ion, a n d 
the b lue layer turned y e l l o w w i t h i n 3 0 minutes except i n those areas 
where the enzyme was i n h i b i t e d , w h i c h r e m a i n e d as b lue circles. T h e 
d iameter of these circles was propor t i ona l to the amount of the inh ib i to r . 
As l i t t le as 3 n g of parath ion c o u l d be detected b y this technique. 

F L U O R E S C E N T E Q U I L I B R I U M P R O B E S . H i m e l a n d co-workers ( 2 3 , 2 4 , 

25) have synthesized act ive-s ite-directed fluorescent e q u i l i b r i u m probes 
w h i c h are compet i t ive inhib i tors of the act ive site of cholinesterase e n ­
zymes. T h e fluorescence intensity of the p r o b e - e n z y m e complex is de­
creased b y any fore ign molecule ( insect i c ide ) w h i c h competes w i t h the 
e q u i l i b r i u m fluorescent probe for the active site of the enzyme or w h i c h 
changes the e q u i l i b r i u m dynamics b y exo area react ion w i t h the enzyme. 
T h i s h i g h l y specific a n d sensitive spectroscopic method is b e i n g deve loped 
as an ana ly t i ca l m e t h o d for insecticides (26). 
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32 P E S T I C I D E S I D E N T I F I C A T I O N 

Carboxylesterase Inhibition 

Theory. I n the Repor t of the C o m m i s s i o n on E n z y m e s ( 2 7 ) , car-
boxylesterases are i n c l u d e d i n the general group " H y d r o l a s e s " ( E . C . 3 . ) 
a n d more speci f ical ly i n the category carboxy l i c ester hydrolases 
(E .C .3 .1 .1 .1 . ) . These enzymes are responsible for ca ta lyz ing the general 
react ion , carboxy l i c ester + H 2 0 ^± a l coho l + carboxy l i c a c id . These 
enzymes have been f o u n d i n tissues of m a n y species of insects, animals , 
a n d plants ( 2 8 , 2 9 , 3 0 , 3 1 , 3 2 , 3 3 , 3 4 , 3 5 , 3 6 ) . H o w e v e r , the d is t inct ion be­
tween esterases a n d other h y d r o l y t i c enzymes has become less c lear i n 
the l i ght of evidence that certa in proteo lyt i c enzymes ( t ryps in , c h y m o -
t ryps in , t h r o m b i n ) can h y d r o l y z e carboxy l esters a n d are i n h i b i t e d b y 
substances k n o w n to be potent esterase inhib i tors (37,38). A s w i t h cho-
linesterases, i n h i b i t i o n involves the react ion of the phosphate w i t h the 
enzyme to f o r m an a c y l der ivat ive (phosphory lated e n z y m e ) . T h e phos-
phory la ted enzyme is qu i t e stable a n d prevents the act ion of the esterase 
o n other substrates. T h e phosphory lat ion of the enzyme is the ra te - l imi t ing 
step a n d depends u p o n the " f i t " of the c o m p o u n d on the enzyme a n d the 
a b i l i t y of the c o m p o u n d to phosphorylate a serine or h is t id ine at the 
enzyme's act ive site. T h e deta i l ed mechan ism of their i n h i b i t i o n b y or-
ganophosphorus pesticides has been discussed b y several workers a n d 
procedures have been w o r k e d out for de te rmin ing rate constants of this 
step (7, 39, 40,41). It has been suggested (7 ) that the b imo lecu lar rate 
constant (ki) is the most re l iab le c r i ter ion to measure the i n h i b i t o r y 
p o w e r of an organophosphate for an esterase. H o w e v e r , c r i ter ia such as 
percent i n h i b i t i o n a n d I values are considered to be loosely defined func ­
tions of the ki a n d m a y be used. 

Techniques. I n 1962, M c K i n l e y a n d R e a d (42) deve loped an ester-
ase - inhib i t ion technique for the detect ion of organophosphate pest ic ide 
residues on paper chromatograms. T h e procedure invo lved conversion 
of the thiophosphates w i t h b romine to y i e l d active esterase inhib i tors , the 
i n h i b i t i o n b y the pest ic ide of the esterases f r om a beef l iver homogenate 
sprayed onto the chromatogram, the hydro lys is of the substrate (a -naph-
t h y l acetate) w h i c h was sprayed onto the paper after the l i ver homo­
genate h a d d r i e d , a n d the development of a b a c k g r o u n d color between 
F a s t B l u e R R a n d the hydro lys is product , a -naphthol . 

T h i s technique was adapted to t h i n layer chromatography b y A c k e r -
m a n n (43). T h e substrates used were 1-naphthylacetate, 2 -azobenzene- l -
naphthylacetate , a n d indoxylacetate . Sensi t iv i ty was i n the nanogram 
range. A later s tudy (44) was carr i ed out us ing different act ivat ion tech­
niques i n a n attempt to make the procedure more sensitive. M e n d o z a 
et al. (45) used i n d o x y l a n d subst i tuted i n d o x y l a n d n a p h t h y l acetates 
as substrates. Ind igo compounds p r o d u c e d b y the hydrolys is of these 
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3. V I L L E N E U V E Enzymatic Techniques for Analysis 33 

substrates gave co lored backgrounds , l eav ing the sites of i n h i b i t i o n b y 
pesticides as w h i t e spots; the colors p r o d u c e d were b l u e for i n d o x y l a n d 
5 -bromoindoxy l acetates, turquoise for 5 -bromo-4-chloro indoxyl acetate, 
a n d p i n k for 5 -bromo-6-chloro indoxyl acetate. Sensit iv i ty of detect ion 
was i n the nanogram range, a n d the b a c k g r o u n d a n d spots were stable 
for months. W a l e s a n d co-workers (46) reported a procedure for the 
semiquant i tat ive determinat ion of some organophosphorus pest ic ide res i ­
dues i n p lant extracts us ing M e n d o z a s procedure (44). A c k e r m a n n (46) 
exper imented w i t h different act ivat ion techniques to make his th in - layer 
technique more sensitive. O t h e r workers (47) have deve loped a m e t h o d 
to estimate parath ion , ma la th ion , a n d d i a z i n o n i n lettuce us ing a carboxy l -
esterase- inhibit ion assay. T h e method i n v o l v e d an extract ion procedure , 
f o l l o w e d b y sweep cod is t i l la t ion a n d t h i n layer chromatography. T h e 
pesticides were scraped off the t h i n layer plate a n d used i n a carboxy l -
esterase assay us ing o -n i t ropheny l propionate as substrate. Sensi t iv i ty 
ranged f r om 1.0 p p m for parath ion to 8.0 p p m for mala th ion a n d 0.75 
p p m for d iaz inon . 

Other Techniques 

D D T inhib i ts carbonic anhydrase a n d has been m a d e the basis of a 
quant i tat ive method w h i c h can determine as l i t t le as 0.2 pg of D D T (11). 
M o r e recently , G u i l b a u l t et al. (20) p u b l i s h e d a m e t h o d for the deter­
m i n a t i o n of m e t h y l parath ion , a l d r i n , a n d heptachlor based on the i n h i b i ­
t i on of a c i d a n d a lkal ine phosphatases b y these substances. T h e substrate 
was umbel l i f erone phosphate w h i c h was c leaved b y the phosphatases to 
the fluorescent c o m p o u n d umbel l i ferone . Decreased fluorescence was 
used as a d irect measure of the inh ib i t o r , a n d the sensit iv ity was 5 p p m 
for m e t h y l parath ion a n d a l d r i n a n d 50 p p m for heptachlor . G e i k e (48) 
reported that some organochlor ine insecticides w i l l i n h i b i t bov ine esterase 
after exposure to U V i r rad ia t i on . O r d i n a r i l y , these compounds activate 
l iver esterase in vitro. 

Advantages and Disadvantages of Enzyme Techniques 
for Residue Analysis 

T h e methods referred to prev ious ly are s u m m a r i z e d i n T a b l e I I , a long 
w i t h the ir reported l imits of sensit ivity a n d details on their app l i ca t i on 
to residue analysis. 

T h e most obvious shortcoming of these methods is that very f ew have 
been a p p l i e d to residue analyses i n crops or foods. A major p r o b l e m i n 
the app l i ca t i on of these methods to residue analysis is sample extract ion 
a n d c leanup. It is w e l l k n o w n (8, 49, 51) that constituents of certa in 
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34 P E S T I C I D E S I D E N T I F I C A T I O N 

Table II. Summary of the Different Methods 

Method of Assay 

Potent iometr i c 

Ref. Pesticides Used 

(4) P a r a t h i o n , T E P P , Paraoxon 

T i t r i m e t r i c (50) P a r a t h i o n 

M a n o m e t r i c 

Co lor imetr i c 

(52) D ip terex 

(12) Systox 
(13) T r i t h i o n , S e v i n , G u t h i o n , T h i m e t 
(17) S e v in , T r i t h i o n , parath ion , m a l a t h i o n , 

G u t h i o n , ronnel 
(15) T h i m e t , para th ion , d iaz inon , m a l a t h i o n 
(53) Monocro tophos 

(6) C - 8 3 5 3 (carbamate) 

Fluorogenic (20) Systox , para th ion 
(54) D F P , m e t h y l parath ion , para th ion , d i m e t h y l 

chlorthiophosphate , d i e t h y l chlorphosphate 
(55) M e t h y l para th ion , a l d r i n , heptachlor 
(36) 29 Organophosphorus a n d carbamate insec t i ­

cides 

(8) B i r l a n e , d ichlorvos mevinphos 

Carboxylesterase (42) 22 Organophosphate insecticides 

(56) 32 Organophosphorus a n d carbamate insec t i ­
cides 

(43) 8 Organophosphorus a n d carbamate insec t i ­
cides 

(44) 10 Organophosphorus insecticides a n d S e v i n 
(45) 7 Organophosphorus insecticides 
(47) P a r a t h i o n , m a l a t h i o n a n d d iaz inon 

plants— i .e . , tea, potatoes, tobacco—require further c leanup because of 
e n z y m e - i n h i b i t i n g impuri t ies . M a n y different procedures have been used 
for extraction a n d c leanup, a n d the selection of a suitable m e t h o d w i l l 
depend on what crop or food mater ia l is b e i n g ana lyzed a n d the pest ic ide 
or pesticides used. 

A n o t h e r disadvantage of enzyme techniques is that they lack the 
specif ic ity to d is t inguish i n d i v i d u a l pesticides w h e n present as a mixture . 
M o s t of the methods reported here ( T a b l e I I ) have been deve loped for 
single compounds , a n d thus where more than one pest ic ide is present, 
p r e l i m i n a r y separation techniques are necessary. B o t h paper a n d t h i n 
layer chromatographic techniques do not have this disadvantage a n d 
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3. V I L L E N E U V E Enzymatic Techniques for Analysis 35 

of Analysis Referred to in the Text 

Lower Limits 
of Detection 

0.005-5.0 [xg/ml 

Comments 

1.0 m g / 1 0 
cu . m . a i r 

0.75 p p m 

0.60 p p m 
0.001-0.1 t i g / m l 
0.008-0.3 p p m 

0.1-1.0 [ j L g / m l 

0.02 p p m 
0.2 p p m 

1-10 [xg/ml 
0.4-16 ( i g / m l 

0.05-1.0 txg/ml 
0.5-10 [xg/ml 

0.01-0.3 [Lg/m\ 

0.5-5.0 [Lg 

0.01-3 [ A g 

0 .2-10 ng 

0.001-0.1 [ig 
0.2-4.0 p p m 
0.75-8.0 p p m 

T E P P residues detected on lettuce at levels of 3 p p m 
a n d u p 

M e t h o d appl ied to the determinat ion of para th ion 
i n a i r 

Used for the determinat ion of D i p t e r e x i n m i l k 

M e t h o d used for the est imat ion of systox on apples 
Sev in determined as a residue on peaches at 35 p p m 
Determined s ingly as residues i n m i l k 

Procedure appl ied to standards on ly 
Procedure appl ied to standards on ly 
A u t o a n a l y z e r procedure appl ied to apples, cabbage, 
rice, a n d wheat 

Procedure appl ied to standards on ly 
Procedure appl ied to standards on ly 

Procedure appl ied to standards 
T h i n layer technique appl ied to standards on ly . 
Var i ous methods of sample extract ion a n d c leanup 
described 
M e v i n p h o s determined i n crop extracts at 0.05 p p m 

Paper chromatographic technique appl ied to s t a n d ­
ards on ly 
Paper chromatographic method appl ied to extracts 
of lettuce, strawberries, a n d apples 
T L C procedure; appl ied to standards on ly 

T L C procedure ; appl ied to standards on ly 
T L C procedures; appl ied to potato extracts 
C o m b i n e d T L C - e n z y m e - i n h i b i t i o n procedure. I n ­
secticides determined s imultaneously i n lettuce ex­
tracts 

serve as excellent screening techniques. H o w e v e r , before the other en ­
z y m a t i c methods can be successfully a p p l i e d to the determinat ion of 
mult i -pest i c ide residues, a p r e l i m i n a r y separation of the specific pesticides 
is essential. 

A t h i r d p r o b l e m is that m a n y organophosphorus pesticides are poor 
esterase inhib i tors in vitro a n d need to be converted to their oxygen 
analogs i n order to obta in sufficient i n h i b i t o r y potency. Some of the p r o ­
cedures used for this conversion are shown i n T a b l e I I I . A g a i n , the 
choice of a suitable procedure w i l l depend on the type of assay used 
a n d the pesticides i n question. I n our laboratories, b romine vapor is used 
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36 P E S T I C I D E S I D E N T I F I C A T I O N 

Table III. Methods for Converting Organophosphorus Pesticides 
to Active Esterase Inhibitors 

Method Reference 

C o l d f u m i n g n i t r i c a c id (4) 
D i l u t e bromine water (9) 
i V - B r o m o s u c c i n a m i d e (9, 21) 
U V l ight (57) 
H 2 0 2 - A c e t i c a c id (17) 
B r o m i n e v a p o r (47) 
Peracet ic ac id (37) 
ra-Chloroperbenzoic ac id (37) 
H 2 0 2 (37) 

to ac compl i sh act ivat ion of organophosphorus pesticides after separation 
o n t h i n layer chromatograms. H o w e v e r , the bromine also converts some 
p lant constituents into antiesterase compounds a n d thus adds a n e w source 
of interference. 

There are other disadvantages, some of w h i c h are pecu l iar to the 
m e t h o d employed . F o r example , i n the case of the automated analysis 
descr ibed b y Voss ( 8 ) , some of the p u m p t u b i n g used was susceptible 
to contaminat ion b y certain insecticides. 

O n e of the most impor tant advantages of these methods is their 
sensit ivity. Genera l l y , these methods measure submicrogram quantit ies 
of the insect ic ide i n quest ion a n d are more sensitive than most c h e m i c a l 
methods. M o r e o v e r , enzymat i c methods can detect insecticides that are 
converted into metabolites w i t h a h i g h i n h i b i t o r y potency. E n z y m a t i c 
methods can be s imple a n d r a p i d . A u t o m a t e d analyses, for example , 
p rov ide s imple h igh-prec i s ion techniques w i t h short incubat i on per iods , 
h i g h sensit ivity , a n d adaptab i l i t y to rout ine analyses. A s ment ioned pre ­
v ious ly , such methods are inva luab le as screening techniques. 

Summary 

A descr ipt ion of several anticholinesterase a n d anticarboxylesterase 
techniques as they are used i n pest ic ide residue analysis has been g iven. 
Some other enzyme techniques have also been ment ioned , as w e l l as the 
advantages a n d disadvantages of these techniques. 
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Flame Detectors for 
Residue Analysis by GLC 

WALTER A. AUE 

University of Missouri, Columbia, M o . 65201 

This presentation reviews characteristics of three gas chro­
matographic detectors: The flame ionization, the flame pho­
tometric, and the alkali-flame detector. Modes of operation, 
sensitivity and selectivity limits, and the relative advantages 
and disadvantages of these detectors are covered from the 
viewpoint of the residue chemist. In a final section dealing 
with recent research of the authors own group, the magni­
tude and range of the negative alkali flame detector response 
(inverted peaks) is characterized. It is favored by a smooth 
and clean alkali salt surface, a large bead bore, and high 
hydrogen and low carrier gas flows. The phenomenon has 
been used for qualitative and semiquantitative structure 
analysis by GLC. 

*Tr*he top ic is b y no means exhaustively covered b y this paper . I t w o u l d 
**• have been a f o r m i d a b l e — a n d redundant—task to do so i n l i ght of 

several excellent monographs a n d the b i a n n u a l A C S reviews (e.g., Ref . 1) 
i n this field. Rather , I have t r i e d to assume the v i e w p o i n t of a res idue 
chemist interested i n the relevant characteristics of flame detectors, the ir 
advantages a n d disadvantages, the ir t y p i c a l app l i ca t i on , and , last b u t 
not least, some n e w developments i n the area. 

F o r reasons of expediency, the figures are taken exclusively f r o m 
those at m y disposal—i .e . , f r o m our o w n laboratory. N o doubt several 
of the o r ig ina l articles f o u n d i n the l i t e r a t u r e — a n d I have t r i e d to c i te 
most of t h e m — c o n t a i n better i l lustrations of the detector characteristics 
discussed. 

Flames in GLC Detectors 

F l a m e s are ub iqui tous i n gas chromatography. T h e y vary i n size, 
energy, a n d c h e m i c a l composit ion. A l t h o u g h high-energy flames are 
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40 P E S T I C I D E S I D E N T I F I C A T I O N 

occasional ly used to determine gas chromatographic effluents—e.g., as a 
si l icon-specif ic emission detector (2)—the t y p i c a l flame i n this field is a 
very smal l h y d r o g e n - a i r di f fusion flame. 

Some flames are doped ("sensit ized") w i t h various metals , others are 
p l a i n . These metals can be constantly present i n the flame ( a l k a l i ) or 
be t emporar i ly present i n conjunct ion w i t h a suitable chromatographic 
peak [copper (3, 4 ) , i n d i u m ( 5 ) ] . Several flame variables can be m o n i ­
tored, such as the conduct iv i ty , the l i ght emission (or absorpt ion ) , or the 
temperature. 

I n this paper , on ly three k inds of detectors are discussed i n deta i l . 
These are the flame ion izat ion detector ( F I D ) , the flame photometr ic 
detector ( F P D ) , a n d the a l k a l i flame detector ( A F D ) . A l l three are 
h i g h l y sensitive systems w h i c h have been used extensively i n trace 
analyses. T h e F I D a n d the F P D represent the p l a i n flame type, i n w h i c h 
the flame conduct iv i ty ( F I D ) or a selected l ight emission ( F P D ) are 
moni tored . T h e A F D is bas ica l ly an F I D doped w i t h a l k a l i , i n w h i c h 
usua l ly the conduct iv i ty , occasional ly the emission ( 6 ) , generate the 
detector s ignal . 

A l t h o u g h this r e p o r t — a n d the t y p i c a l residue laboratory—are con­
centrat ing on those three types of flame detectors, other devices have 
demonstrated great potent ia l . T h u s , for example, the i n d i u m detector 
first descr ibed b y G i l b e r t ( 7 ) was adopted for G C effluent analysis b y 
Gutsche et al. ( 5 ) . I n d i u m chlor ide or i n d i u m b r o m i d e (8 ) is f o rmed 
f r o m volat i le hal ides a n d determined b y its molecular bands i n the h y d r o ­
gen flame. T h u s , a h i g h l y selective c h e m i c a l react ion a n d a spectroscopic 
determinat ion can combine to a detector system of h i g h specif icity. 

F l a m e s certa in ly represent one of the easiest a n d most efficient ways 
to b u i l d detectors. Therefore , it m a y come as a surprise to some that 
flames are not rea l ly necessary. T h i s is to say, they are not indispensable 
— t h e y can be rep laced b y another source of energy w i t h o u t abandon ing 
the basic detector funct ion . 

T h e F I D , for instance, produces the s ignal f r om chemion izat ion i n 
the ox idat ion of combust ib le carbon radicals , schematical ly , C H -|- O - » 
C H O + + e". T h i s process can be d u p l i c a t e d on a g l o w i n g p l a t i n u m w i r e 
i n contact w i t h c o l u m n effluent a n d oxygen. It is obvious that differ­
ences w i l l be f o u n d i n the relat ive response to different types of organic 
compounds b y these two detector versions. M e c h a n i s t i c a l l y , however , 
they m a y w e l l be s imi lar . T h e most recent paper on this subject was 
presented b y U m s t e a d i n this sympos ium ( 9 ) . 

A t least some of the properties of the a l k a l i flame detector ( A F D ) 
can be dup l i ca ted i n a flameless system. H i g h l y increased effluent con ­
d u c t i v i t y results f r om the contact between phosphorus compounds a n d 
ces ium b r o m i d e vapor i n the gas phase (10). O n the other h a n d , a l k a l i -
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4. A U E Flame Detectors for Analysis by GLC 41 

d o p e d p l a t i n u m electrodes respond strongly to halogen-containing vapors 
i n the so-cal led ' l e a k detector" (11). 

A flameless f o r m of the flame photometr i c detector has, to m y k n o w l ­
edge, not been devised. Ye t one m a y venture to pred i c t its eventua l 
ar r iva l . A f t e r a l l , measurement a n d interpretat ion of the H P O b a n d 
spectrum ( w h i c h is responsible for the F P D ' s response) were first accom­
p l i s h e d f r o m a discharge, not a flame. 

W h y then the predominance of flames? S m a l l h y d r o g e n dif fusion 
flames can be easi ly produced , ma inta ined , a n d regulated . T h e y are not 
easi ly d i s turbed , ext inguished, or contaminated under n o r m a l condit ions 
a n d prov ide energy sources of l o w noise w i t h often extremely w i d e l inear 
ranges, w i t h the exception of the flame photometr i c detector i n the sul fur 
mode , w h i c h varies w i t h the square root of concentration. Detectors c o n ­
structed w i t h flames are fast a n d usual ly have a neg l ig ib le d e a d vo lume. 
It is some of these characteristics w h i c h d i s t inguish flames f r o m other 
energy sources such as electric or e lectromagnetic discharges. 

Besides speed a n d l inear range, the three detectors under considera­
t ion can be w e l l character ized b y the three c lassical standards: sensi­
t i v i ty , select ivity, a n d re l iab i l i ty . These standards w i l l also offer a basis 
of compar ison w i t h some of the other methods of detect ion presented i n 
this sympos ium. 

It is surpr is ing , I th ink , h o w m a n y specific a n d h i g h l y sensitive G L C 
detectors are at the disposal of residue chemists or have , i n fact, been 
deve loped speci f ical ly for residue analysis. I f I were to guess at the 
h is tor i ca l o r ig in of the three detectors discussed, the first one seems to 
have resulted f r o m a del iberate effort to construct a G L C detector. T h e 
second one m a y have or ig inated f r o m the ingenious grasping of one of 
n a t u r e s hints w h i c h fortunately happened to drop i n the r i g h t place . 
A n d i f one considers the close c h e m i c a l a n d h is tor i ca l ties between nerve 
gases a n d thiophosphate pesticides, one m a y assume that the t h i r d de­
tector, at least i n budgetary terms, perhaps represents a s w o r d t u r n e d 
into a p lowshare . 

The Flame Ionization Detector 

T h e F I D is perhaps the most va luab le general G L C detector b y 
popu lar acc la im. Its funct ion a n d characteristics have been invest igated 
i n de ta i l a n d are descr ibed i n most books on G L C (e.g., Ref . 12, 13). A 
recent paper evaluated its per formance i n several c ommerc ia l instruments 
(14). T h e F I D detects v i r t u a l l y a l l combust ib le carbon compounds w i t h 
h i g h sensitivity a n d fa i r l y pred ic tab le re lat ive response. T h i s lack of 
select ivity is a v i r tue i n some fields—petroleum chemistry , for e x a m p l e — 
but i t has often cast the F I D into the role of a s tandby i n the r e a l m of 
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42 P E S T I C I D E S I D E N T I F I C A T I O N 

residue analysis. There the F I D is employed for cases where a selective 
detector cannot be used or where knowledge of the amount a n d var iety 
of back g rou n d materials is desired. 

P u t to w o r k on a re lat ive ly c lean sample, the F I D shows impressive 
credentials . I n laboratory rout ine , one shou ld expect a l inear range of 5 
to 6 orders of magni tude , m i n i m u m detectable amounts of approx imate ly 
1 ng , and a very h i g h degree of re l iab i l i ty . W i t h a l i t t le b i t of c l ean ing 
n o w a n d then, a good hydrogen flame detector w i l l stay at a re lat ive ly 
constant l eve l of sensit ivity longer than the w h o l e instrument m a y last. 
It is , of course, i dea l for temperature programming or the use of cap i l l a ry 
columns. 

F o r residue analysis, the requirements p l a c e d u p o n the F I D are more 
stringent than for other types of G L C analysis. Cleanl iness is the mother 
of good response, of course, but other parameters m a y be even more 
important . 

O u t of a number of authors, G i l l a n d H a r t m a n n (15) a n d more re ­
cent ly K n a p p (16) discussed possible a n d advantageous detector a n d 
ampli f ier c i r cu i t ry . F r o m these studies a n d general experiences w i t h 
F I D s , a f e w rules evolved. T h e battery s u p p l y i n g the necessary poten­
t i a l across the flame shou ld not be situated between the col lector elec­
trode a n d the electrometer. E l e c t r i c leaks can l ead to serious noise 
problems because of the extremely l o w currents invo lved . T w o other 
factors w h i c h contr ibute more to the generation of noise than is c o m ­
mon ly rea l i zed are an inadequate g round a n d the presence of v ibrat ions 
on the cables t ransmit t ing the signals. These cables shou ld be w e l l 
sh ie lded a n d devo id of any mechan i ca l disturbance. 

Var i ous F I D modif ications have been deve loped to protect the flame 
f rom draft, obta in an o p t i m a l a ir flow pattern , cur ta i l thermionic emission 
of electrons f r om the detector jet t i p , etc. A n interest ing development is 
the use of a " h o r i z o n t a l " flame i n a high-eff iciency F I D designed to 
m i n i m i z e combinat ion reactions (17 ) . 

W h e n first p u t into u s e — a n d every f e w months thereafter—the flow 
condit ions for o p t i m u m response of the F I D should be determined. T h i s 
can be done b y the t ime-honored method of repeated injections w h i l e 
v a r y i n g the flow rate of a ir a n d especial ly of hydrogen or b y a faster 
method recently p u b l i c i z e d (18). T h i s test takes b u t a f e w minutes to 
execute but can improve ana ly t i ca l results considerably . T o even m e n ­
t ion F I D opt imizat i on m a y w e l l be redundant . It has been m y exper i ­
ence, however , that most gas chromatographs e q u i p p e d w i t h flame 
ion izat ion detectors are r u n under less than idea l flow condit ions. I n trace 
analysis, this oversight m a y be c ruc ia l . 

F l a m e ion izat ion detectors can be used advantageously i n residue 
analysis w h e n re lat ive ly c lean extracts are avai lable , w h e n temperature 
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4. A U E Flame Detectors for Analysis by GLC 43 

p r o g r a m m i n g over a w i d e range is ca l l ed for, w h e n the residues of in ter ­
est conta in no hetero-atoms or other features w h i c h w o u l d a l l o w the use 
of selective detectors, or w h e n other substances present i n the inject ion 
mixture w o u l d d is turb a selective detector. T o i l lustrate the latter po in t 
w i t h a frustrat ion of our o w n : T h e attempted determinat ion of s i ly la ted 
p i c l o r a m (0 - t j imethy ls i ly l -4 -amino -3 ,5 ,6 - t r i ch lorop ico l in i c a c i d ) w i t h the 
N i - 6 3 electron capture detector was imposs ib le because the otherwise 
excellent reagent b i s ( t r imethy ls i ly l ) t r i f luoroace tamide k n o c k e d out the 
detector for the next ha l f horn: f o l l o w i n g inject ion ( 1 9 ) . 

T h e o v e r w h e l m i n g major i ty of pesticides conta in one or more 
hetero-elements. T h i s is true of m a n y pesticides a n d of almost a l l c o m ­
pounds w h i c h pose serious residue problems. It is this fact that has l e d 
to the fast rise a n d extreme importance of selective detectors i n pest ic ide 
analysis. T h e next detector I w o u l d l ike to discuss is, f r om the strict 
constructionist po int of v i e w , on ly a s l ight modi f i cat ion of the o l d flame. 
Yet i t is a m u c h more temperamental device , h i g h l y selective a n d sensi­
t ive for phosphorus-containing compounds , a n d f u l l of surprises for the 
chromatographer w h o attempts to alter one of its features. 

The Alkali Flame Detector 

T h e a l k a l i flame detector h a d a short b u t turbulent history (20). 
Just h o w short is a matter of some controversy. T h e quest ion, i n a n u t ­
shel l , is whether the so-cal led leak detector (21) a n d the so-cal led 
thermionic detector owe their funct ion to the same mechanism. T h e 
choice of the w o r d "a lka l i - f lame" i n this paper is s i m p l y one of conven­
ience. G i u f f r i d a termed her discovery a " thermion i c detector" (22). It 
has also been ca l l ed " K a r m e n - G i u f f r i d a detector," "phosphorus detector," 
a n d "a lkal i -sensi t ized flame detector." T h e term " thermion ic , " I t h i n k , 
carries mechanist ic overtones, a n d there is l i t t le definite knowledge on the 
mechanism of this detector. "Phosphorus detector" describes its most 
prominent feature but impl ies too narrow a range of app l i cat ion . " A l k a l i 
flame," on the other h a n d , is a b road , innocuous, a n d unobtrusive t e rm. 
There exists, inc identa l ly , one other detector w h i c h uses an a l k a l i flame. 
It monitors changes i n a l k a l i emission a n d flame conduct iv i ty (6). 

T h e mechanism of the A F D is d isputed . M o e s t a a n d Schuff (23) 
assumed the presence of an a l k a l i - o x y g e n complex on heated p l a t i n u m 
w h i c h dissociates i n the presence of hal ides. G i u f f r i d a a n d Ives thought 
the b lue color ( caused b y phosphorus entering the flame) ind i cat ive of a 
h i g h energy state w h i c h c o u l d be u t i l i z e d i n the presence of heated a l k a l i 
(22). K a r m e n , i n his latest paper , ascr ibed the sensit ivity of the A F D 
to phosphorus to increased ionizat ion of the a l k a l i meta l i n the flame a n d 
its sensit ivity t o w a r d halogen to an increase i n vo la t i l i ty of the a l k a l i salt 
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44 P E S T I C I D E S I D E N T I F I C A T I O N 

(24, 25). T h e idea of two different mechanisms for halogen a n d phos­
phorus is also supported b y N o w a k (26) a n d Jandk (27). Saturno a n d 
C o o k suggested reactions i n the gas phase w h i c h l e d to an i on i za t i on of 
a l k a l i meta l atoms (28). A s imi lar v i e w is h e l d b y Jan&k (27). Page a n d 
W o o l l e y assumed an i on -produc ing react ion i n the gas phase to be c o u ­
p l e d w i t h the hydrogen ( a t o m / m o l e c u l e ) e q u i l i b r i u m , or rather d is ­
e q u i l i b r i u m (29). B r a z h n i k o v et al. bel ieve that the b lue l i ght p r o d u c e d 
b y phosphorus compounds photo-evaporates a l k a l i salt (20, 30). A de­
ta i l ed analysis of the exper imental data a n d theoret ical assumptions 
surround ing the various proposed mechanisms w o u l d be interest ing but 
b e y o n d the scope of these short remarks w h i c h are d irected p r i m a r i l y 
t o w a r d the residue chemist. 

W h a t distinguishes one a l k a l i flame detector f r om the other is large ly 
the w a y i n w h i c h a l k a l i is brought into the flame. T h e fact that the per ­
formance of the detector depends to a great extent on the p h y s i c a l a n d 
chemica l structure of the a l k a l i source m a y serve to exp la in m a n y seem­
i n g l y contradictory results. T h e recent, qu i te elaborate, r e v i e w b y 
B r a z h n i k o v et al. (20) provides a good source of reference for different 
detector constructions. 

T h e r e are several c ommerc ia l companies p r o d u c i n g a l k a l i flame 
detectors. I n one version, two flames are stacked, one above the other. 
T h e lower , p l a i n h y d r o g e n - a i r flame burns the sample ; the combust ion 
products are swept into the second flame w h i c h is d o p e d w i t h a s o d i u m 
salt deposi ted on an e lectr ical ly heated w i r e (31). T h e u p p e r detector 
functions as a l k a l i flame detector. A n o t h e r modi f i cat ion uses a detector 
jet t i p f o rmed f rom fused salt ; the flame burns i n contact w i t h the salt 
surface (15, 32, 33, 34, 35). A t h i r d f o r m uses an a lka l i -doped porous 
meta l (36) or a p l a t i n u m cap i l l a ry filled w i t h potass ium h y d r o x i d e a n d 
carbon (37). W h e n the cap i l l a ry is heated to 900° -1000° , the carbon 
causes the gra in boundaries i n the p l a t i n u m to become enlarged , a l l o w i n g 
a l k a l i to diffuse s l owly t h r o u g h it . T h e above remarks shou ld be con ­
s idered i l lustrat ive of detectors on the market a n d b y no means compre ­
hensive. C o m m e r c i a l firms, of course, must a d d the l imitat ions of the 
patent s i tuation to the difficulties encountered i n construct ing these de­
tectors. I n fact, some detectors seem to be constructed more for the 
patent l awyer than for the analyst (38). 

N o such l imitat ions b i n d the residue chemist w h o wants to make his 
o w n . T h e r e are, i n m y op in ion , two easy ways to produce a good a l k a l i 
flame detector f rom a suitable commerc ia l F I D . B o t h are inexpensive 
b u t m a y take a l i t t le pract ice . M e t h o d n u m b e r 1 was descr ibed b y 
G i u f f r i d a a n d Ives (39, 40). A 26-gauge p l a t i n u m - i r i d i u m w i r e he l ix , 
coated w i t h potassium chlor ide , is m o u n t e d on a detector jet t i p such 
that i t is i n contact w i t h the flame (41). M e t h o d number 2 stems f rom 
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4. A U E Flame Detectors for Analysis by GLC 45 

an i d e a b y C o a h r a n , w h o constructed a s od ium sulfate reservoir at the 
bot tom of the flame (42). T h i s idea evo lved into pressed beads or pellets 
(22, 32, 33, 34), also ca l l ed salt t ips. T h e per formance of various a l k a l i 
salts has been g iven considerable attention (20); recent studies o n t ips 
made f r om different salts are those b y Dress ier a n d Janak (43) a n d b y 
E b i n g (44). 

G i u f f r i d a po in ted out that a l k a l i hal ides suppress the response of 
halogen compounds i n the A F D , but leave the phosphorus response 
u n i m p a i r e d . She suggested potassium chlor ide as the best a l k a l i salt for 
coat ing the hel ix . For tunate ly , a l k a l i hal ides are easi ly pressed into 
pellets of considerable mechan i ca l s tabi l i ty , as any I R analyst can attest. 
A th i ck I R pel let made f rom potass ium ch lor ide can be d r i l l e d to s l ide 
over the detector jet t i p such that the flame burns i n contact w i t h its 
upper surface. W e have used such a s imple device w i t h satisfying results 
for de termin ing phosphate derivatives of h y d r o x y l a n d amino compounds 
obta in ing m i n i m u m l imits i n the 1-5 p g range ( 4 5 ) . Pel lets , of course, 
become somewhat more diff icult to produce f r o m sulfates or f r o m salts 
other than halides. 

O n c e a flame ion izat ion detector has been converted to an a l k a l i 
flame detector b y the add i t i on e ither of a coated s p i r a l or a pel let , the 
residue chemist shou ld bear i n m i n d that each detector is a l i t t l e different 
f rom the other a n d some t inker ing w i t h the flow rate a n d the electrode 
he ight (where possible) m a y be of great benefit. Some a l k a l i flame de­
tectors need an i n i t i a l condi t ion ing . Some types of pel lets , i n c l u d i n g a 
commerc ia l ly avai lable one, are qui te susceptible to contaminat ion a n d 
the a l k a l i surface has to be c leaned f r o m t ime to t ime . T h e a l k a l i salt 
itself, of course, should be a h i g h - p u r i t y c ompound . 

A s a m p l y documented , the most important of the flow rates is that 
of hydrogen . T h e a l k a l i flame detector response for phosphorus increases 
w i t h increas ing hydrogen flow. A h igher h y d r o g e n flow, of course, p r o ­
duces a b igger flame of h igher temperature w h i c h is i n contact w i t h a 

MONQCHRQMATOR 

Figure 1. Simultaneous meas­
urement of alkali flame emission 

and conductivity 

He, Hh Ar: gas supplies with rota­
meters. Na: liquid sodium or 
potassium. TMP: Trimethylphos-
phate, bromobenzene, or iodoben-

zene. 
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P E S T I C I D E S I D E N T I F I C A T I O N 

10» 

5 

lNo/P = 100/100 

Na/P = 10/100 

Na/P=1/100 

_j I i i i nil 
1 0 w 10"' 10"1 10 J 

Na EMISSION (AMPERES) 

Figure 2. Sodium-trimethylphosphate in­
teraction 

P concentration and all flows are kept constant; 
Na is increased and again decreased by varying 
the temperature. Na/P atomic ratios are esti­
mated from temverature and flow conditions. 

I I I 1111 u I I I I I l III J l _ L 
icr10 icr9 

K EMISSION (AMPERES) 

Figure 3. Potassium-trimethylphosphate 
interaction; experiment as in Figure 2, but 

with different flow rates 
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I I 1 I I Mi l I I 1 I 1 Mi l I I I I I Mi l 
icr 7 icr* i o - 5 

Na EMISSION (amperes) 

Figure 4. Sodium-bromobenzene interaction 

greater area of a l k a l i surface. Consequent ly , the concentration of a l k a l i 
i n the flame a n d the b a c k g r o u n d current rises. 

I t h a d been of interest to us some t ime ago whether a flame i n w h i c h 
only the a l k a l i content was changed w o u l d change its response to phos­
phorus. A l k a l i vapor can be brought into the flame i n a h e l i u m stream at 
various concentrations b y b u b b l i n g the h e l i u m through l i q u i d a l k a l i m e t a l 
h e l d at various temperatures. T h e exper imental set-up is shown i n F i g u r e 
1. T h e amount of a l k a l i can be ca lcu lated f r om the flow rate of h e l i u m 
a n d the temperature of the a l k a l i m e t a l ; i t is moni tored b y a spectrometer. 
Constant concentrations of t r i m e t h y l phosphate are in t roduced i n a n i t ro ­
gen stream. Some results obta ined w i t h this set-up are s h o w n i n F i g u r e s 
2 a n d 3 for phosphorus interact ing w i t h s od ium a n d potass ium a n d i n 
F igures 4 a n d 5 for bromine a n d iodine interact ing w i t h sod ium (46). 
A s a detector, inc identa l ly , this device is dec ided ly infer ior to the pel let 
or sp i ra l versions ( compare also Ref . 2 6 ) . 

L e a v i n g some obvious mechanist ic del iberations aside, the data m a k e 
clear that the amount of a l k a l i i n the flame is inf luencing , i f not de te rmin ­
i n g , the response a n d that therefore h igher hydrogen flow w i l l increase 
the response. T h e l i m i t to excessive hydrogen flows used w i t h " regu lar " 
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48 P E S T I C I D E S I D E N T I F I C A T I O N 

< 10* 
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Figure 5. Sodium-Aodobenzene interaction 

a l k a l i flame detectors are imposed b y either the strong b a c k g r o u n d c u r ­
rent exceeding the b u c k - u p capab i l i ty or the l inear range of the elec­
trometer, or b y a decrease i n the effectiveness of the detector as measured 
b y its signal-to-noise rat io (47). No ise , unfortunate ly , also increases 
strongly w i t h an increase i n hydrogen flow. 

I n detectors w h i c h use a single p l a t i n u m loop as collector electrode, 
the pos i t ion of the electrode i n regard to the flame is of some importance . 
I f such an electrode is d i sp laced ver t i ca l ly , m o v i n g u p a n d d o w n so to 
speak, i t w i l l encounter m a x i m a for different heteroelements at different 
heights. T h e resul t ing response profiles are an interest ing field to study, 
but are ment ioned here on ly to ind icate the importance of o p t i m i z i n g the 
electrode pos i t ion for residue analysis. Response profiles v a r y greatly 
w i t h detector dimensions a n d flow rates. O n e example for response 
m a x i m a of three elements f r o m group five of the per i od i c system (48) 
is shown i n F i g u r e 6. T h e response is p lo t ted on arb i t rary scales a n d the 
numbers at the apices indicate the enhancement as compared w i t h a r u n -
o f - the -mi l l hydrogen flame detector. S u c h a p ic ture , I bel ieve, c learly 
points out the advantages of electrode height opt imizat ion . D e p e n d i n g 
o n the flame shape a n d the d iameter of the electrode, these response 
profiles can become more or less pronounced . 
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4. A U E Flame Detectors for Analysis by GLC 49 

S ince the b a c k g r o u n d current is a measure for the concentrat ion of 
a l k a l i i n the flame, i t can also give a rough estimate of h o w good a de­
tector per formance y o u m a y r ight fu l l y expect. A l k a l i flame detectors 
are prone to sensit ivity shifts, a n d i n some residue laboratories the back­
ground current is checked rout ine ly i n the m o r n i n g before any analysis 
is per formed. Needless to ment ion that the a l k a l i flame detector needs 
a closer contro l of the flow rate, especial ly that of hydrogen , than the 
F I D . D i f f e rent ia l flow controllers, flow-restricting capi l lar ies , a n d s imi lar 
devices can greatly improve the A F D ' s performance (49). C a r r i e r gas 
regulat ion becomes a p r o b l e m of the first order w h e n temperature p r o ­
g r a m m i n g is attempted. C o n t r a r y to a commonly h e l d belief , temperature 
p r o g r a m m i n g w i t h a l k a l i flame detectors is possible, as B o s t w i c k a n d 
G i u f f r i d a have first shown (49). D i f f e rent ia l flow controllers a n d espe­
c i a l l y a l o w carr ier gas flow can do the tr ick . A n example of a tempera ­
ture -programmed chromatography (50) is shown i n F i g u r e 7. T h e c o m ­
pounds are phosphated amino a c i d m e t h y l esters, not pesticides, b u t 

ELECTRODE HEIGHT, mm above bead 

Figure 6. Response profiles measured at extremely high hydrogen 
flow; RbgSOi-coated ceramic bead in a modified F ir M FID; com­
ponent concentrations are adjusted to give response of comparable 

size. Figure at apex: enhancement compared with regular FID. 
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50 PESTICIDES IDENTIFICATION 

should i l lustrate m y point just as w e l l . F o r rout ine pest ic ide analysis , 
however , i t is h i g h l y recommended to work at isothermal condit ions 
whenever possible. A recent example of temperature p r o g r a m m i n g i n ­
v o l v i n g ni trogen compounds was p u b l i s h e d b y H a r t m a n n ( 3 5 ) . 

W h a t type of performance c a n — o r rather shou ld—the residue c h e m ­
ist expect of the a l k a l i flame detector? T e n picograms of parath ion should 

GLY+ PRO 
LEIMLEU/ 

VAL 
A L A 

MOLES EACH 

ASP M E T G L U PHE 

L 
10 15 20 MIN 

170 180 190 200 210 220 230 

Separation Science 

Figure 7. Temperature-programmed GLC of N-diethylphosphate amino 
acid methyl ester derivatives [(EtO)2 PO-NH-CH(R)-COOMe~\. Rb2SOr 

coated ceramic bead in a Barber-Colman FID. 5% Carbowax 20M on Chro­
mosorb W, AW-DMCS, 60/80 mesh in a 2-m by 2.5-mm id. Pyrex U-tube. 

Flow rates, ml/min.: N2 16, H2 40, Air 200. 

Reprinted from Ref. 50, p. 687, by courtesy of Marcel Dekker, Inc. 
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4. A U E Flame Detectors for Analysis by GLC 51 

10 20 30 

Percent Phosphorus 

Figure 8. Response of equal weights of phosphorus com­
pounds 

Pressed and drilled RbtSOi pellet in a lab-made AFD (Figure 11). 
Pellet bore: 1 mm. Electrode: 7-mm i.d., set at 10 mm above the 

pellet. Flow rates, ml/min.: Ht 35, Nt 50, Air 215. 

be c lear ly detectable. A t o p t i m u m condit ions, one p i cogram (51) a n d , 
more recently , ten femtograms (47) of parath ion have been detected. 
W h e n the detector is set for halogen or nitrogen response—requir ing 
somewhat different flow condit ions a n d a different a l k a l i source, e.g., 
r u b i d i u m sul fate—1 n g of a t y p i c a l ha logen- or ni trogen-containing c o m ­
p o u n d should be detectable. A t o p t i m u m condit ions, H a r t m a n n reported 
a m i n i m u m detectable l i m i t of 20 p g for azobenzene ( 3 5 ) , far better than 
the 500 p g w e were able to do on s-triazines (52). A l inear range of three 
orders of magni tude should be satisfactory, a l though considerably h igher 
values have been reported ( for a discussion, see Ref. 20, p. 24 ) . T h e de-
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52 p e s t i c i d e s i d e n t i f i c a t i o n 

10 20 30 

Percent Nitrogen 

Figure 9. Response of equal weights of nitrogen compounds. 
Conditions as given in Figure 8, except electrode height 7 mm. 

tector response to A s (53, 54) a n d S (55) compounds is considerably 
smaller t h a n to N or C I . 

T h e response f r om the A F D is rough ly proport iona l to the amount 
of phosphorus entering the flame. T h e proport ional i ty of its response to 
phosphorus a n d other act ive elements has been ment ioned i n several 
reports (53 ,56 ,57 ,58) a l though some authors do not qui te agree ( 2 7 , 3 5 ) . 
F i g u r e 8 shows the response o f several phosphorus compounds injected 
i n e q u a l we ight amounts. F i g u r e 9 shows the same plot for ni trogen-
conta in ing compounds . 

T h e predominant use at the present t ime for the a l k a l i flame detector 
is u n d o u b t e d l y the analysis of phosphorus-containing materials . A l t h o u g h 
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4. A U E Flame Detectors for Analysis by GLC 53 

halides , nitrogenous compounds , a n d even an arsenical have been deter­
m i n e d w i t h the a l k a l i flame detec tor—and our group f o u n d a lot of f u n 
a n d a lot of f rustrat ion i n w o r k i n g i n this field—I w o u l d be loath to 
r e commend i t for rout ine use i n v i e w of such devices as the e lectrolyt ic 
c onduc t iv i ty detector. 

N o t on ly is the sensit ivity of the A F D m u c h higher for phosphorus 
than for a l l the other elements, but also the selectivity is m u c h better. 
W h i l e the select ivity of phosphorus compounds as compared w i t h carbon 
compounds m a y be i n the order of 10 4 to 10 5 , the select ivity for hal ides 
is between 10 2 a n d 10 3 , n i trogen occupies the same range, a n d sul fur 
a n d arsenic are more than one order of magni tude lower. 

Some t ime ago, w e attempted to i l lustrate the select ivity of the A F D 
for P i n a somewhat unusua l way . W e p r o d u c e d a mixture of d i e t h y l -
phosphate derivatives of several t y p i c a l pest ic ide hydrolys is products 
a n d determined t h e m b y a l k a l i flame. W e then chose hydrocarbon peaks 
w h i c h w e k n e w w o u l d interfere w i t h the phosphorus-containing c o m ­
pounds. F i g u r e 10 shows an experiment i n w h i c h these hydrolys is p r o d ­
ucts together w i t h a 10,000-fold excess of the hydrocarbons were d e r i v a -
t i zed w i t h d iethylchlorophosphate a n d the resul t ing mixture injected into 
the chromatograph. O n close examinat ion of the chromatogram, i t be­
comes clear that w e observe a concentrat ion rat io i n w h i c h the m a i n 
peaks are the phosphorus-containing derivatives , but some interference 
f rom the hydrocarbons begins to show up. Select iv i ty depends p r i m a r i l y 
o n the amount of a l k a l i i n the flame. A n increase i n hydrogen flow w i l l , 
i n most cases, increase the response to phosphorus a n d leave the response 
to carbon ( b a c k g r o u n d ) fa i r ly u n i m p a i r e d , thus effectively increasing 
the selectivity. 

It m a y be ment ioned that the concept of choosing a der ivat ive w i t h 
a par t i cu lar detector i n m i n d is qui te f requent ly employed i n residue 
analysis. A n d w i t h the development of more diversi f ied selective detec­
tors, w e are sure to see more of i t . T h i o p h o s p h o r y l derivatives of phenols 
for the flame photometr ic detector ( 5 9 ) , n i t ropheny l derivatives of amines 
a n d thiols (60) a n d brominated anil ines for the E C detector (61), ch loro -
acetylated phenols for the microcoulometr i c detector ( 6 2 ) , a n d m a n y 
other examples (63) w o u l d be w o r t h ment ioning . T h e select ivity of a 
chemica l react ion c o m b i n e d w i t h the selectivity of a gas chromatographic 
detector can prov ide superior ana ly t i ca l efficiency. 

W e shal l r e turn to the a l k a l i flame detector i n the last part of this 
presentation, i n w h i c h I w o u l d l ike to describe some of our recent 
research efforts. Before w e do this , however , I w o u l d l ike to make a few 
remarks about a very efficient a n d w i d e l y used system, the so-cal led 
flame photometr ic detector. 
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54 P E S T I C I D E S I D E N T I F I C A T I O N 

A trans-Stilbene 
B Fluorene 

C Phenanthrene 
D Triphenylmethane 
E Fluoranthene 

8 10 
minures 

Phosphates 
I n-Butylamine 
II Phenol 
III n-Decanol 
IV 2,4-Dichlorophenol 
V Aniline 
V I £ - N a p h t h o l 

VI 

Figure 10. Selectivity of di-
ethylphosphate derivatives vs. 
hydrocarbons. Pressed and 
drilled KCl pellet in a Barber-

Coleman FID. 

2 4 6 8 10 

Hydrocarbons to Phosphates 
10,000: 1 ( W : W ) 

VI 
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4. A U E Flame Detectors for Analysis by GLC 55 

The Flame Photometric Detector 

T h e F P D is based on a G e r m a n patent descr ib ing the emission ob­
ta ined w i t h phosphorus a n d sul fur compounds i n a hydrogen-r i ch flame 
(64). B r o d y a n d C h a n e y deve loped this ana ly t i ca l m e t h o d into a de­
tector for gas chromatographic effluents (65) a n d pred i c ted ( correct ly ) 
its development i n the years to come. T o d a y , Tracor , Inc. , markets i t as 
" M e l p a r flame photometr ic detector" i n single- a n d double - channe l 
versions. 

U n l i k e the A F D , of w h i c h almost every residue chemist sports his 
o w n modi f icat ion, F P D ' s are essentially a l ike . T h e y are used i n increas­
i n g numbers a n d w i t h considerable success. 

T h e i r modus operandi is s imple . T w o emission bands can be m o n i ­
tored above the shie lded flame b y a combinat ion of a narrow band-pass 
interference filter a n d a suitable photomul t ip l i e r tube. These emission 
bands at 526 a n d 394 n m are be l ieved to originate f rom H P O a n d SS 
species. W h i l e phosphorus compounds cause only neg l ig ib le response i n 
the "su l fur mode" (i.e., at 394 n m ) , sulfur compounds can s imulate l ower 
amounts of phosphorus i n the "phosphorus m o d e " (526 n m ) . Sul fur can , 
i n fact, produce u p to one f ourth the response of an equa l we ight of 
phosphorus, depend ing on concentrat ion; however , the correct assign­
ment of P or S content is no prob l em w h e n the response i n bo th modes 
is c ompared (66 ) . 

T h e flame photometr ic detector possesses a few characteristics w h i c h 
predestine it for residue analysis. A s shown m a i n l y b y the group of B o w ­
m a n , Beroza , a n d coworkers (67, w i t h l i terature references) , i t d i s ­
cr iminates against compounds d e v o i d of phosphorus or sul fur b y factors 
i n the range of four to five orders of magni tude a n d can therefore be used 
for samples w i t h l i t t le h istory of puri f i cat ion. 

A n o t h e r advantageous characterist ic is the F P D ' s c ompat ib i l i t y w i t h 
temperature programming . T h e photomul t ip l i e r part of the detector is 
sensitive to heat, though ; f rom c o l u m n temperatures between 180° a n d 
200° u p , a serious noise p r o b l e m can arise. H o w e v e r , a few copper 
coo l ing coils soldered around the meta l part of the detector can improve 
the s i tuation considerably (68). 

T h e flame has to be re igni ted after each solvent peak, unless the 
solvent is vented or an automatic re l ight ing system used. A l t h o u g h a 
nuisance, this does not detract s ignif icantly f rom the detectors value. 

T h e sensit ivity of the F P D is considerably lower than that of the 
A F D ; however , there is usual ly ample sample avai lable i n residue analysis 
a n d selectivity becomes the more important qual i ty . M i n i m u m detectable 
l imits vary i n the reports, perhaps because of the use of different c o m ­
pounds. T h u s , two papers f rom Tracor report 200 a n d 40 p g (66) a n d 
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56 P E S T I C I D E S I D E N T I F I C A T I O N 

4 0 a n d 1 0 p g ( 6 9 ) of e lemental sul fur a n d phosphorus, respectively. 
B r o d y a n d Chaney ' s o r i g ina l report ( 6 5 ) ment ioned 2 5 0 p g of parath ion . 
A d d i s o n a n d A c k m a n , w h o chromatographed e lemental phosphorus, re ­
por ted the signif icantly l ower figure of 1 p g ( 7 0 ) . 

Genera l l y , the residue chemist shou ld be able to detect 1 n g of p a r a ­
t h i o n i n the phosphorus mode easily; the l inear range for P shou ld be 
a r o u n d three orders of magnitude . 

T h e F P D w i t h d u a l photomul t ip l i e r arrangement a n d d u a l channe l 
output can monitor P a n d S s imultaneously ; i f the appropr iate c i r cu i t ry 
is a d d e d , i t can also record flame conduct iv i ty . S u c h a n arrangement 
invites studies of P / S ratios; i t can also answer the quest ion whether a 
par t i cu lar peak i n the chromatogram contains P , or S, or both . 

B o w m a n a n d Beroza , w h o descr ibed a d u a l channe l system, reported 
that the response r a t i o — R ( P ) / a / R ( S ) because of the exponentia l c a l i ­
brat ion curve for s u l f u r — c o u l d be used to d is t inguish P S , P S 2 , a n d P S 3 

compounds . " T h u s , the response ratio of a g iven c o m p o u n d is approx i ­
mate ly equa l to the response rat io of a PS c o m p o u n d m u l t i p l i e d b y the 
atomic rat io of phosphorus to sul fur i n a g iven mo lecu le " ( 6 7 ) . 

G r i c e et al., w i t h a three-channel F P D / F I D , used the s igna l /no i se 
values i n F I D / F P D ratios to d is t inguish hydrocarbons ( character ized b y 
very large numbers ) f r om P or S compounds ( f ract ional numbers ) ( 6 6 ) . 
Q u i t e recently , an interest ing paper b y M i z a n y reported that a 0 2 / H 2 

rat io of 0 . 4 to 0 . 5 — w h i c h is qu i te different f rom that recommended b y 
the manufacturer—produces h igher response for sul fur compounds , whose 
c h e m i c a l structure (ox idat ion state) furthermore signif icantly influences 
the s ignal magni tude ( 7 1 ) . 

Some Comparisons 

I n m a n y aspects, the a l k a l i flame a n d the flame photometr ic detectors 
compete w i t h each other for the favor of the residue chemist. T h i s c o m ­
pet i t i on is reflected b y the two major firms w h i c h produce these detectors 
a n d b y the two b i g U . S . agencies w h o use them. 

T h e F I D , of course, is a detector sui generis—but the A F D a n d the 
F P D can w e l l be compared on several counts. T h e sensit ivity of the A F D 
for phosphorus compounds can be two orders higher . T h i s demands, 
however , a c lean alkal i -surface a n d o p t i m i z e d condit ions w h i c h are dif f i ­
cu l t to achieve w i t h some modif ications. T h e w o r k b y Berck et al. (72) 
on the determinat ion of phosphine b y three detectors demonstrates this 
rather c learly . 

T o p selectivity, on the other h a n d , is c l a i m e d b y the F P D (67,69)— 
a l though the A F D , w h e n at o p t i m u m performance, runs not far b e h i n d . 
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4. A X J E Flame Detectors for Analysis by GLC 57 

I n m y op in i on , the F P D is easier to adjust a n d keep at o p t i m u m per form­
ance. T h i s m a y be decisive i n such operations as air q u a l i t y contro l ( 7 3 ) . 
H o w e v e r , i t is far more expensive than the A F D , w h i c h can be made 
f rom a n F I D w i t h i n less than an hour . 

T h e F P D performs general ly better w i t h temperature p r o g r a m m i n g 
but produces inordinate noise at h i g h temperature unless sui tably cooled. 
T h e flame has to be re igni ted after each inject ion. T h e A F D , on the 
other h a n d , is prone to fluctuations i n baseline a n d sensit ivity , especial ly 
w h e n the a l k a l i surface becomes contaminated. T h e F P D can be r u n 
w i t h settings recommended b y the factory, as do the commerc ia l 
A F D ' s . I n b o t h cases, however , different flow rates are favored b y some 
authors (71 , 74). L a b - m a d e A F D ' s , on the other h a n d , def initely need 
op t imiza t i on i n flow rates ( a n d electrode pos i t ion i f poss ib le ) , but can 
give superior results w i thout too m u c h effort. So far, the general p i c ture 
w i t h the special emphasis on phosphorus. 

Adjustable Electrode A 

mm 

Rb2S04 Pellet 

2 3 mm 

Detector Jet Tip 

Figure 11 

Journal of Chromatography 

Figure 11. Alkali-flame detector modification (Ref. 75) 
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58 PESTICIDES IDENTIFICATION 

T h i s p i c ture changes w i t h sulfur. A l t h o u g h the A F D can be used 
for sul fur determinations ( 5 5 ) , the F P D is far superior i n selectivity a n d 
c lear ly the detector of choice. 

T h e F P D does not respond to nitrogen or halogens; the A F D does, 
but m u c h less so than to phosphorus. I n those areas, the compet i t ion 
comes p r i m a r i l y f rom other types of detectors. These are the m i c r o -
coulometr ic a n d the electrolytic conduct iv i ty detectors i n the nitrogen 
a n d halogen areas and , of course, the electron capture detector for 
ch lor inated hydrocarbons a n d other e lectron-attaching compounds. 

W e f ound the A F D , for instance, suitable for the analysis of s-triazine 
herbic ides , but were p lagued b y temperamental detector per formance 
(52). H a r t m a n n recently descr ibed an A F D of s imi lar construct ion w i t h 
vastly i m p r o v e d performance (35 ) . I n m y op in ion , the electrolyt ic c on ­
duc t i v i t y detector has at present the best chances of " m a k i n g i t " i n the 
nitrogen area, but the matter is far f rom settled. 

T h e A F D is no m a t c h for the electron capture detector i n the analysis 
of h i g h l y halogenated compounds w h e n h i g h sensit ivity a n d good q u a n t i ­
tat ion are demanded . N e i t h e r are the two other detectors. O n the other 

STANDARD MIXTURE OF PESTICIDES 

Solvent Parathion 

U Heptachlor 
Lindane 

Journal of Chromatography 

Figure 12. Electrode: 7 mm i.d., set 1.5 mm above the pellet. Pellet: 
pressed Rb2SOh, 1-mm bore. Potential: +240 Volts. Flow, ml/min.: H2 33, 

N2 50, Air 215 (Ref. 75). 

Column: 9.8% DC-200 + 15.8% QF-1 (50/50 w/w) on Anakrom ABS, 90/100 
mesh, prepared in fluidized bed. Column bath 190°, injection port 220°, detector 

210° 
Injection: one microliter of a hexane solution containing 10 ppm of each of the 

chlorinated hydrocarbons and 1 ppm of parathion. 
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4. A U E Flame Detectors for Analysis by GLC 59 

Journal of Chromatography 

Figure 13. Electrode: 7-mm i.d. Pellet: pressed 
Rb2SOiy 1-mm bore. Potential: +240 Volts. Flow, 

ml/min.: Ht 33, Nt 50, Air 215 (Ref. 75). 

Injections: one microliter of hexane solutions contain­
ing 1 fd/ml each of chlorobenzene, bromobenzene, 
iodobenzene, and benzylamine and 10 fig/ml of tri-n-

butyl phosphate. 

h a n d , the E C D is qui te sensitive to b a c k g r o u n d materials of a l l sorts, a n d 
for the "fast a n d d i r t y " analysis, other detectors m a y be more suitable. 

T h e A F D is selective to arsenic ( 53 )—also the mic rowave p lasma 
emission detector (54)—but the response is poor. F o r prac t i ca l A s de ­
terminat ion , the co lor imetr ic or neutron act ivat ion techniques are prefer­
able. 

T h i s short compar ison concludes the rev iew of the three flame de­
tectors. N o w I w o u l d l ike to describe some recent observations made 
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60 PESTICIDES IDENTIFICATION 

b y our group on the a l k a l i flame detector i n general a n d its negative 
response ( inver ted peaks) i n part i cu lar . 

The Alkali Flame Detector Revisited 

I n discussing the dua l - channe l flame photometr ic detector, I pra ised 
its a b i l i t y to determine the phosphorus / su l fur rat io i n chromatographic 
peaks. "Peaks " was meant qui te l i tera l ly , because a peak, most p r o b a b l y 
one a m o n g many , is a l l the evidence of a part i cu lar c o m p o u n d one m a y 
have. M o r e a n d more often, the analyst is confronted w i t h this very type 
of p rob lem. T h e sample m a y be a soi l or p lant conta in ing pestic ide de ­
compos i t ion products , it m a y be a b iomed i ca l extract w i t h d r u g meta ­
bolites, i t m a y be a concentrate of organic substances p o l l u t i n g a ir or 
water , i t m a y be an extract f r o m lunar dust causing peaks i n the F I D — 
i n fact, i t m a y be a dozen types of things, a l l complex a n d often avai lable 
on ly i n smal l quantit ies . It is these problems w h i c h d e m a n d detectors 
capable of g iv ing some structural in format ion on unknowns , w h i c h are 
separated f rom other unknowns ( for a l l prac t i ca l purposes) on the str ip 

Solvent todobenzene 
Bromobenzene 

DETECTOR SELECTIVITY 

II 
Chlorobenzene 

Journal of Chromatography 

Figure 14. Electrode: 7-mm i.d. set 4 mm 
above the pellet, +240 Volts. Pellet: pressed 
Rb2SOh, 1-mm bore. Flow, ml/min.: H2 33, 

N2 50, Air 215 (Ref. 75). 
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4. A U E Flame Detectors for Analysis by GLC 61 

3. rubidium sulfate 
4 stainless steel 
5. brass collar 
6. detector jet tip 

Journal of Chromatography 

Figure 15. Modified alkali-flame detector (Ref. 76) 

chart recorder only. T h e alkal i - f lame is a good example of such a detector. 
T h e A F D , i n add i t i on to its a lready temperamental behavior , w i l l 

often show negative response ( inver ted peaks ) . S u c h peaks have been 
observed b y m a n y authors, w h o probab ly considered them an interest ing 
nuisance (24, 25, 31, 32, 33, 43). There appeared only two reports i n the 
l i terature w h i c h suggested or made some use of negative response: 
Dress ier a n d Jan&ks paper on sul fur compounds (55) a n d our o w n on 
chlor inated hydrocarbons (75). 

F o r these studies, w e used a pressed a n d d r i l l e d pel let m a d e f r o m 
r u b i d i u m sulfate of 9 9 . 9 % p u r i t y , as shown i n F i g u r e 11. T h e col lector 
electrode h a d an inner diameter of 7 m m a n d cou ld be m o v e d vert i ca l ly 
between 1 a n d 10 m m above the pellet. F i g u r e 12 shows the analysis of 
a ch lor inated hydrocarbon mixture , after the detector h a d been o p t i m i z e d 
for negative response. I n c l u d e d i n the chromatogram is parath ion , w h i c h 
gives a posit ive peak. U s i n g the part i cu lar flow rates best suited for 
negative ch lor ine response, w e checked some of the other a l k a l i flame-
active elements b y v a r y i n g the electrode height as shown i n F i g u r e 13. 
O b v i o u s l y , the A F D has the capab i l i ty to d is t inguish between elements 
on g r o u n d of their response profiles, or, at the r ight condit ions, through 
the d irect ion of their peaks. T h i s is shown i n F i g u r e 14 w i t h the detector 
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62 PESTICIDES IDENTIFICATION 

set to d is t inguish chlor ine f r o m bromine a n d iodine . Inc identa l ly , this is 
the more diff icult chromatogram to obta in ; i t is m u c h easier to keep 
ch lor ine a n d bromine negative a n d let on ly iodine be posit ive. 

These results (75) brought about a subsequent study (76) i n w h i c h 
w e at tempted to define the ranges of negative response for C I , B r , I , N , 
a n d C . Phosphorus was also r u n for purposes of compar ison ; however , 
its response r e m a i n e d posit ive under the par t i cu lar condit ions used. 

T h e a l k a l i flame detector h a d a s l ight ly different configuration, de ­
s igned to a l l o w frequent b e a d changes w i t h o u t scratching or contam­
i n a t i n g the a l k a l i surface. A smooth a n d c lean pel let is necessary i n order 
to ob ta in adequate negative response. T h e pel let is h e l d i n a stainless 
steel r i n g ( F i g u r e 15 ) , the same r i n g i n w h i c h i t was or ig ina l ly pressed. 
It is kept i n the proper pos i t ion b y a co l lar , rather than rest ing o n the 
jet t i p . W h i l e this modi f i cat ion does not seem to alter response charac ­
teristics to any significant extent, i t represents a more stable configuration. 

F o u r different parameters were v a r i e d : the electrode height above 
the a l k a l i surface, the a l k a l i pel let bore, the hydrogen flow, a n d the 
nature a n d the flow of the carr ier gas. W h i l e the deta i led results are too 
i n v o l v e d to be presented i n this short rev iew, I w o u l d l ike to i l lustrate 
some of the changes i n response d i rec t ion a n d magni tude . 

F i g u r e 16 shows three hal ides (chloro- , bromo- , a n d i odobenzene ) , 
de termined w i t h pellets of different bead diameter , i n their dependence 

titta a s o o i i / i s M 3 0 a 

Journal of Chromatography 

Figure 16. Halogen response profiles at various hydrogen flows and bead 
bores (Ref. 76) 

Electrode height, 2 mm. One-fil triplicate injections of a 1% solution of chloro-
benzene, bromobenzene, and iodobenzene. Nt 50 ml/min. 
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4. A U E Flame Detectors for Analysis by GLC 63 

Journal of Chromatography 

Figure 17. Halogen response profiles for varying carrier gas 
flow (nitrogen ami helium) and five selected hydrogen flows 

(Ref. 76) 

Electrode height 2 mm, bead bore 1.0 mm. One-fd duplicate injections 
of 0.01% chlorobenzene, bromobenzene, and iodobenzene. 

o n the hydrogen flow. Sp l i t peaks are observed i n some cases (espec ia l ly 
i n the transit ion areas between negative a n d posit ive response) a n d are 
recorded as two dist inct data , one for the posit ive, one for the negative 
part of the peak. A s bead bore a n d hydrogen flow increase, so does the 
area of negative response. 

F i g u r e 17 shows the halogen response for a constant bead bore a n d 
different hydrogen flows i n its dependence on the carrier gas flow; bo th 
h e l i u m a n d nitrogen were used. W e chose these two gases because i t 
h a d been reported that h e l i u m increases the A F D ' s response (44, 53, 77). 
It is interesting to pursue the turnabout of the halogens w i t h increasing 
hydrogen flow. I n the beg inn ing , only chlor ine is negative. T h e n , w i t h 
a f ew relapses shown as spl it peaks, b romine joins the negative side. 
F i n a l l y , i od ine begins to swi t ch over. 

F i g u r e 18 shows a s imi lar p lot w i t h one ni trogen c o m p o u n d (an i l ine ) 
a n d a series of c a r b o n - h y d r o g e n - o x y g e n compounds of various struc­
tures. O n l y n-decane has been represented b y a curve , since the other 
compounds f a l l closely around it . T h e anil ine 's six carbon atoms make 
it j o in the carbon compounds i n areas of negl ig ib le n i trogen response. 
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64 PESTICIDES IDENTIFICATION 

Journal of Chromatography 

Figure 18. Nitrogen and carbon response profiles for 
varying carrier gas flow (nitrogen and helium) and three 

selected hydrogen flows (Ref. 76) 

Electrode height 2 mm, bead bore 1.0 mm. One-yX single 
injections of 1% aniline and 1 % each of p-xylene, n-decane, 

p-cymene 1-octanol, and anisole. 

Interest ingly enough, n i trogen as a carrier gas performs better for ni trogen 
compounds than h e l i u m does. 

F i g u r e 19 shows the posit ive phosphorus response, again w i t h two 
different carrier gases. N o significant difference between the carr ier gases 
is not i ced i n our par t i cu lar A F D version. T h e general shapes of the 
curves are s imi lar , a l though their posi t ion shifts, of course, t o w a r d higher 
response w i t h an increase i n hydrogen flow, w h e n data obta ined at the 
same carr ier gas flow are compared . 

F i g u r e 20 displays some chromatograms taken f rom these serial meas­
urements. T h e flow rates are l i s ted i n T a b l e I. I f one part i cu lar analysis 
is desired, the electrode height a n d other parameters (a ir , for instance) 
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4. A U E Flame Detectors for Analysis by GLC 65 

are easily o p t i m i z e d , result ing i n more esthetical ly p leas ing chromato-
grams. 

It m a y not be amiss at this point to r e c o m m e n d a certa in measure 
of caut ion i n measur ing , report ing , or us ing select ivity parameters of one 
def init ion or another. A l t h o u g h such data are extremely useful i n p l a n ­
n i n g an ana ly t i ca l approach or descr ib ing a par t i cu lar detector's charac ­
teristics, they can also be mis lead ing . T h i s is especial ly true i n the case 
of a detector as mult i - faceted as the A F D . F igures 16 t h r o u g h 20 m a y 
be taken as i l lustrations to the difficulties encountered i n evo lv ing a n 
adequate descr ipt ion of "se lect iv i ty . " I n this case, the p r o b l e m is, fur ­
thermore, aggravated b y the occurrence of negative response. 

I n general , negative response is favored by , or on ly obtainable 
through , a smooth, c lean, a n d homogeneous a l k a l i surface, a large b e a d 
bore, a h i g h hydrogen flow, a n d a l o w carr ier gas supply . T h e last t w o 
condit ions also produce a hotter flame i n contact w i t h a larger a l k a l i 
surface area, consequently a larger response i n general , be it posit ive or 
negative. 

A g a i n , as a general s ta tement—which m a y w e l l not a p p l y to other 
detector modif ications or condi t ions—the ease of ob ta in ing negative re ­
sponse decreases i n the order C l - B r - I , a n d N - P . It w o u l d be interest ing 
to compare C - S i i n this respect, i n a configuration where SiOo deposits 
do not contaminate the a l k a l i surface. 
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Figure 19. Phosphorus response profiles for varying carrier gas flow (nitro­
gen and helium) and three selected hydrogen flows (Ref. 76) 

Electrode height 2 mm, bead bore 1 mm. One-fil triplicate injections of 0.001% 
trimethylphosphate. 
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66 PESTICIDES IDENTIFICATION 

1 2 3 4 5 

6 7 8 9 
Journal of Chromatography 

Figure 20. Typical chromatograms at various flow rates (Ref. 76) 

Bead bore 1.0 mm; electrode heights 6 mm (#5) and 2 mm (all others) 

Interesting as the qual i tat ive analysis of heteroatoms b y the A F D 
m a y be, i t is not necessarily app l i cab le to complex mixtures. T o d is ­
t inguish heteroatoms b y their d i rec t ion of response m a y necessitate detec­
tor settings w h i c h do not represent the best sensit ivity obtainable , a n d 
are consequently more susceptible to background interference. F u r t h e r ­
more, since the carrier gas flow m a y be d ic tated b y the detector, the 
c o l u m n dimensions have to be adjusted accordingly . 

A n o t h e r potent ia l ly va luab le but largely unexplo i ted characterist ic 
of the a l k a l i flame detector is its l inear response to the amount of hetero-
atom in t roduced into the flame. There has been some controversy i n the 
l i terature on this point . C r e m e r ( 5 8 ) , K a r m e n ( 5 7 ) , G i u f f r i d a ( 5 3 ) , a n d 
others h o l d that the response is l inear for the elements they investigated. 

Table I. Flow Rates in Figure 20 

Ml/Min. 

1 2 3 4 5 6 7 8 9 
N 2 ( H e ) 92 92 46 78 50 37 (27) 42 (43) 
H 2 26 26 33 30 16 33 30 37 37 
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4. A U E Flame Detectors for Analysis by GLC 67 

Janak obta ined a different re lat ionship for hal ides (27) a n d H a r t m a n n 
expressed some doubts on ni trogen compounds ( 35 ) . 

W e have t r i ed to investigate (78) this re lat ionship w i t h a var iety 
of compounds conta in ing chlor ine , bromine , i od ine , n i trogen, or phos­
phorus , some i n negative, some i n posit ive mode. W e always obta ined 
a rough ly l inear corre lat ion ; data points w h i c h f e l l outside the l ine d i d 
not reveal any par t i cu lar t rend . F i g u r e 21 shows an example of such a 
series, where equa l weights of ch lor ine - conta in ing compounds were chro -
matographed. N o t under a l l condit ions , however , d i d the extrapolated 
lines go through the or ig in . A change i n condit ions , f o r instance i n the 
electrode height, usua l ly i m p r d v e d the s i tuat ion. T h e reason for such a 
l ine not going through zero c o u l d l ie i n a concentrat ion effect or, more 
l ike ly i n some cases, i n the influence of carbon present i n the molecules. 
W e have not f o l l owed u p on this p r o b l e m but s imply c i r cumvented i t 
b y choosing different condit ions. 

W h y d i d w e w a n t the l ine to go through the or ig in? M a i n l y because 
this w o u l d a l l ow us to estimate the % heteroatom content of an u n k n o w n 
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Figure 21. Response of equal weights of chlorine compounds. 
Conditions as given in Figure 8 except electrode height 1.5 mm. 
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68 PESTICIDES IDENTIFICATION 

Table II. Determination 

Compound % X, Theor. % X, Calc. 
1, 5 -Dich loropentane 
a , a -D i ch loro to luene 

p -Dich lorobenzene 
1, 2, 3 -Tr i ch loropropane 

1, 5 -Dich loropentane 
s -Tetrachloroethane 

1, 2, 3 -Tr i ch loropropane 
1, 2, 4 -Tr i ch lorobenzene 

B e n z y l chloride 
H e x a c h l o r o - 1 , 3 -butadiene 

1, 2, 3 -Tr i ch loropropane 
1, 5 -Dich loropentane 

Hexachloroethane 
p - D i c h l o r o t o l u e n e 

3 - (Ch loromethy 1) heptane 
Hexachloroethane 

1, 2, 4, 5 -Tetrachlorobenzene 
1 -Chloronaphthalene 

a, a -D i ch lo ro to luene 
B e n z y l chloride 

1, 5 -Dich loropentane 
1, 4 - D i c h l o r o b u t a n e 

a, a, a -Tr i ch loro to luene 
1 -Chloronaphthalene 

c o m p o u n d w i t h just one more standard c o m p o u n d to u s e — p r o v i d e d w e 
k n e w the injected we ight of the u n k n o w n . 

W h i l e such an approach w o u l d prove adequate for a pure c o m p o u n d 
— b a r r i n g decomposi t ion i n the c o l u m n a n d s imi lar advers i t ies—unknowns 
conta ined i n a mixture cannot be h a n d l e d this way . W h a t is needed is one 
other b i t of in format ion concerning the approximate amount of c om­
p o u n d represented b y a part i cu lar peak. T h i s amount can be obta ined 
— v e r y r o u g h l y — b y us ing a second, nonselective, detector such as the 
F I D , pre ferably i n a different instrument i n order to avo id contaminat ion 
b y a l k a l i salts. 

Suppose w e examine the same mixture conta in ing two chlor ine c om­
pounds a a n d b w i t h different % chlor ine content b y bo th the A F D a n d 
the F I D . A s s u m i n g that the F I D responses B a a n d B & represent the re­
spective carbon fractions ( w h i c h becomes less correct w i t h increas ing 

50.3 
44.1 44.0 

48.3 
72.2 73.5 

50.3 
84.6 84.2 

72.2 
58.7 58.7 

28.0 
81.7 82.7 

72.2 
50.3 55.4 

90.0 
41.1 43.7 

23.9 
90.0 86.5 

65.8 
21.8 28.0 

44.1 
28.0 26.4 

50.3 
55.8 60.0 

54.5 
21.8 27.4 
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4. A U E Flame Detectors for Analysis by GLC 69 

of Halide Content* 

Compound % X, Theor. % x, C, 
E t h y l e n e d ibromide 85.3 
1 -Bromohexane 48.4 44.8 
Bromobenzene 51.0 
Bromocyc lohexane 49.0 48.8 
1, 2 - D i b r o m o p r o p a n e 79.5 
1 -Bromopentane 53.0 51.4 
D i b r o m o m e t h a n e 91.9 
1 -Bromopentane 53.0 51.9 
E t h y l e n e d i b r o m i d e 85.3 
2 - B r o m o p e n t a n e 53.0 50.8 
B r o m o f o r m 94.8 
Bromocyc lohexane 49.0 46.3 

Bromobenzene 51.0 
1, 3 - D i b r o m o p r o p a n e 79.5 81.6 

E t h y l e n e d i b r o m i d e 85.3 
l - B r o m o - 3 - m e t h y l b u t a n e 53.0 49.0 
l - B r o m o - 2 - m e t h y l p r o p a n e 48.7 
l - B r o m o - 3 - m e t h y l b u t a n e 53.0 49.1 

2 - Iodopropane 74.7 
1-Iodopropane 74.7 72.5 
p - Iodoto luene 58.2 
Iodobenzene 62.2 61.3 

° Two-microliter single injections of 0.1 or 0.01% (w/v) solutions containing two 
halides. 

1. Alkali flame detection: RD2SO4 pellet, 1-mm bore; collector electrode 7-ram i.d., 
2 mm above the pellet, at +240V. Flow rates in ml/min: H 2 38, N213, Air 250. Modified 
Barber-Colman 5320. 

2. Flame ionization detection: Flow rates in ml/min: H 2 45, N 2 33. Air 300. Mikrotek 
M T 220. Columns: 10% OV-17 on Chromosorb W, HP, 80/100 mesh, 4-ram i.d. X 150 
(180) cm borosilicate glass. 

oxygen content) a n d the A F D the respective chlor ine fractions, one can 
estimate the C l / C ratio f rom a f o rmula l ike 

% c n = [Ri\ r ^ l [ % c n 
% C j a lRbjAFD IRaJFID l%C]b 

A s s u m i n g that the compounds i n question were s imi lar i n structure 
(as, for instance, ch lor inated hydrocarbons ) , one c o u l d further take the 
carbon response as representative of the rest of the molecule a n d subst i ­
tute % C 1 / % C b y % C I / (100 - % C 1 ) . If the standard is chosen re la ­
t ive ly close to the u n k n o w n i n structure a n d chlor ine content, a rough 
estimate results. T a b l e I I shows a few calculations done i n this manner 
for pairs of halogen compounds. 
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70 PESTICIDES IDENTIFICATION 

T h e intr ins ic difficulties i n such an approach become f o r b i d d i n g , i f 
not insuperable , w h e n po lar compounds , or compounds conta in ing more 
than one type of a l k a l i flame-active element, are to be ana lyzed against 
complex backgrounds. H o p e f u l l y , the use of other selective detectors— 
e.g., some of those discussed i n this s y m p o s i u m — w i l l show a solution 
to the prob lem. 

It is m y bel ief that a lot of future research w i l l be d irected along 
lines s imi lar to those w e have attempted to fo l low. T h i s research has 
mere ly touched the per iphery of a new field ca l led qual i tat ive a n d q u a n ­
titat ive structure analysis b y chromatography. 

There exist strong demands for sensitive detectors w i t h capabi l i t ies 
for structure analysis ; demands f rom people or agencies concerned w i t h 
food qual i ty , env ironmenta l qua l i ty , successful ( a n d safe) agr icul ture , 
h u m a n heal th , extraterrestrial materials , forensic a n d archeological a r t i ­
facts, a n d so forth ad infinitum. F u t u r e flame detectors w i l l certainly be 
formed b y these demands. There should be exc i t ing years of research 
l y i n g ahead. 
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Gas Chromatographic Measurement and 
Identification of Pesticide Residues with 
Electron Capture, Microcoulometric, and 
Electrical Conductivity Detectors 

WILLIAM E . WESTLAKE 

Department of Entomology, University of California, Riverside, Calif . 92502 

The gas chromatograph is not capable of giving specific 
qualitative information but can give a high degree of assur­
ance of the identity of the compound being detected. The 
electron capture detector, while unexcelled for detecting 
exceedingly minute quantities of many compounds, is vir­
tually useless for qualitative identification. The microcoulo-
metric detection system has a high degree of specificity and 
is widely used for the confirmation of recorder responses 
using the electron capture when the presence of an organo­
chlorine pesticide is indicated. The detector is almost spe­
cific for chlorine, sulfur, or nitrogen. This specificity, 
together with retention time data, offers a high degree of 
assurance of the identity of the compound being measured. 
The electrolytic conductivity detector is similarly specific 
and is capable of measuring organic iodine or bromine. 

C o m e remarks of a general nature regard ing gas chromatography are 
^ appropr iate before beg inn ing a discussion of specific detect ion sys­
tems. T h i s paper is not intended to be a rev iew, but references are c i ted 
where it seems appropr iate to support part i cu lar points. T h e intent is to 
summarize , in a general way , what the detectors w i l l a n d w i l l not do a n d 
to make k n o w n the authors ideas regard ing some advantages and d i sad ­
vantages in their use. 

A l t h o u g h some may think otherwise, a substantial majority of ana ­
l y t i c a l chemists w i l l surely agree that, str ict ly speaking, the gas chroma­
tograph is not an instrument for qual i tat ive analysis. As a quant i tat ive 
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74 PESTICIDES IDENTIFICATION 

too l i t is often superb, a n d for the iso lat ion of i n d i v i d u a l components of 
a mixture i t is f requent ly indispensable . T h e development , d u r i n g the 
past 10 years, of detectors possessing some degree of specif ic ity has made 
i t possible, f requently , to obta in a reasonable assurance of the ident i ty of 
the detected compound . N o n e of the so-cal led specific detectors is i n ­
fa l l ib l e , for, a l though they m a y have a greatly enhanced response for a 
par t i cu lar molecular species, they w i l l also respond to a lesser degree to 
others. F o r absolute certainty w h e n determin ing u n k n o w n compounds , 
therefore, some add i t i o na l veri f icat ion is essential. 

T h e ava i lab i l i t y of detectors ( p a r t i c u l a r l y electron capture ) capable 
of g i v i n g a s ignal for as l i t t le as a f ew picograms of some compounds has 
resulted i n the universa l a n d almost exclusive use of the gas chromato-
graph for measur ing pest ic ide residues. W i t h o u t the gas chromatograph , 
m u c h of the research on pest ic ide residues b e i n g conducted today w o u l d 
not be possible because the manpower r e q u i r e d to process the large s a m ­
ples a n d to do the chemica l w o r k necessary for other methods of analysis 
for residues i n the 0.1 p p m a n d lower range does not exist. M a n y of the 
measurements be ing reported cou ld not be made at a l l (at least, not i n 
any prac t i ca l manner ) b y means other than gas chromatograph. T h i s 
latter accompl ishment is v i e w e d w i t h m i x e d emotions b y m a n y exper i ­
enced residue chemists, for the efforts d i rec ted t o w a r d detect ing less a n d 
less a n d t o w a r d m i n i a t u r i z i n g samples have l ong since reached the po in t 
of no return . T h e errors inherent i n sampl ing , processing, instrumenta­
t i on , a n d operator inconsistencies increase r a p i d l y as levels go be l ow 
0.1 p p m and , at the 1 p p b leve l , it is d o u b t f u l that r e p r o d u c i b i l i t y can 
be as good as ± 1 0 0 % . W h e n its l imitat ions are recognized a n d the data 
proper ly interpreted, the gas chromatograph is an almost indispensable 
instrument for the residue chemist engaged i n research a n d for regulatory 
agencies that must screen thousands of samples each year for the presence 
of m a n y different pesticides. 

As the title of this paper indicates, i t is concerned on ly w i t h the use 
of the electron capture, microcoulometr i c , a n d electrolyt ic conduct iv i ty 
detectors for quant i tat ion and identi f icat ion of pest ic ide residues. F u r t h e r 
b a c k g r o u n d in format ion on gas chromatographic detectors may be f ound 
i n the paper b y West lake a n d G u n t h e r (1). 

Electron Capture Detector 

T h e electron capture detector is the most extensively used, b y far, 
of those employed for pest ic ide residue determinations. It is also the 
worst possible choice for ident i f y ing the detected compounds . Introduced 
b y L o v e l o c k a n d L i p s k y (2 ) i n 1960, the use of this detector has r e v o l u ­
t i on ized pestic ide residue determinat ive procedures. T h e ab i l i ty to detect 
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5. W E S T L A K E Gas Chromatographic Measurement 75 

a n d measure exceedingly minute amounts of m a n y pesticides ( p a r t i c u ­
la r l y the organochlor ine compounds ) i n a w i d e range of substrates caused 
its immedia te acceptance as an ana ly t i ca l too l for pest ic ide research. T h i s 
detector, however , has the unfortunate proper ty of g i v i n g responses to a 
host of compounds other than pesticides a n d is, therefore, v i r t u a l l y use­
less for identi f icat ion. W h e n the ident i ty of the c o m p o u n d b e i n g measured 
is k n o w n a n d operat ing parameters establ ished, i t is unexce l led for 
quant i tat ive investigations. 

T h e l imitat ions of the electron capture detector were q u i c k l y recog­
n i z e d , a n d the search was cont inued for more suitable detect ion systems, 
resul t ing i n the development of several alternate types, each h a v i n g its 
advantages a n d disadvantages. I n the meantime, efforts have cont inued 
to make the electron capture detector a qual i tat ive tool a n d to i m p r o v e 
its per formance a n d ease of maintenance. T h e major i ty of the e lectron 
capture detectors use t r i t i u m as an ion izat ion source, a l though stron-
t ium-90 was adopted b y some manufacturers . B o t h have the d i sadvan ­
tage of b e i n g vo lat i le at e levated temperatures, a n d operat ing tempera ­
tures are l i m i t e d to 225°C or less. E v e n then, there is a g r a d u a l loss of 
radioact iv i ty , a n d deposits of sample extractives a n d c o l u m n p a c k i n g 
materials b u i l d u p r a p i d l y i n the detectors, m a k i n g them inoperable i n 
a re lat ive ly short t ime. T h e recent in t roduct ion of n ickel -63 as an i o n i z a ­
t ion source permits operat ing temperatures u p to 400°C, thus prevent ing 
the b u i l d - u p of c o l u m n effluents i n the detector. Unfor tunate ly , there are 
disadvantages for some designs, i n c l u d i n g h igher m i n i m u m detectable 
amounts a n d , more important i n the wr i t e r s op in ion , very l i m i t e d l inear 
ranges of response. O n e such detector that was tested h a d a usable l inear 
range of about 100 to 500 p g of a l d r i n . I n this instance, the m i n i m u m 
detectabi l i ty was actual ly l ower than necessary but the response was so 
nonl inear outside this range that it was v i r t u a l l y useless. A t least two 
manufacturers n o w c l a i m to have nickel -63 detectors that have usable 
l inear ranges a n d m i n i m u m detectabi l i ty equivalent to or better than the 
t r i t i u m detectors. Another type of electron capture detector that w i l l 
operate at temperatures u p to 400°C uses a ' n o n r a d i o a c t i v e " source i n 
the f orm of an e lectr ica l discharge. T h i s detector gives a response s imi lar 
to that of other electron capture detectors a n d is be ing rout ine ly used 
b y a n u m b e r of laboratories. 

Efforts t o w a r d us ing the electron capture gas chromatograph as a 
qual i tat ive tool have centered first on the use of two or more different 
co lumns that hope fu l ly w i l l give different relat ive retention times for the 
various e lut ing peaks and , w i t h the judic ious use of standards, some 
assurance of the ident i ty of unknowns . T h i s procedure can be t ime-con­
s u m i n g and , w h i l e h e l p f u l , s t i l l m a y not y i e l d anyth ing posit ive. A prefer­
able procedure is to chromatograph a sample, then carry out some 
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76 PESTICIDES IDENTIFICATION 

c h e m i c a l react ion (e.g., ox idat ion , reduct ion , dehydroch lor inat ion , rear­
rangement , or add i t i on ) to f o r m a der ivat ive that w i l l have a different 
retent ion t ime. A compar ison w i t h standards treated i n the same manner 
can g ive in format ive data. A n i l lustrat ion of this is the conversion of 
D D T to D D E b y dehydroch lor inat ion . S u c h ind irec t methods of gett ing 
the electron capture gas chromatograph to give qual i tat ive in format ion 
m a y produce useful but not conclusive conf irmatory data. 

There are two areas i n pest ic ide residue determinations where the 
electron capture detector is w i t h o u t equal . T h e first is for the screening 
of samples b y regulatory agencies to e l iminate f rom further considerat ion 
a l l b u t the s m a l l percentage that contain above-tolerance levels of some 
pes t i c ide ( s ) . O n c e the retent ion times a n d detector responses of the 
sought compounds have been establ ished, samples can be injected, a n d 
those not s h o w i n g a response ind i ca t ing the presence of i l l ega l quantit ies 
of pesticides m a y be e l iminated f r om further consideration. Those show­
i n g possible above-tolerance levels ( n o r m a l l y less than 2 % of the total ) 
m a y then be subjected to independent confirmatory methods to establish 
definitely the ident i ty of the c o m p o u n d ( s ) . E l e c t r o n capture responses 
i n d i c a t i n g organochlor ine pesticides, for example, are often rout ine ly 
checked b y microcou lometr i c gas chromatography to establish whether 
or not the c o m p o u n d ( s ) contain chlor ine. T h e combinat ion of retention 
t ime a n d chlor ine content give reasonable assurance of the ident i ty of the 
compound . Organophosphorus pesticides m a y be checked us ing a phos­
phorus-sensit ive detector, n i trogen-containing pesticides w i t h a ni trogen 
detector, etc. 

T h e other area i n w h i c h the electron capture detector has tremendous 
use is i n research activit ies where a k n o w n c o m p o u n d is s tudied under 
contro l led condit ions. I n this k i n d of study, the substrate can be checked 
for interferences, fort i f ied contro l samples can be used to determine re ­
sponse of the c o m p o u n d of interest i n the presence of the substrate ex­
tractives, a n d levels i n the treated samples then determined w i t h a h i g h 
degree of r e l i ab i l i t y , p r o v i d e d the w o r k is done b y a sk i l l ed residue 
analyst w h o w i l l immed ia te ly recognize any irregularit ies . 

Perhaps the most unfortunate property of the electron capture gas 
chromatograph is that almost anyone can take one and , after a f ew hours 
of instruct ion f r om a salesman, can inject samples a n d obta in recorder 
responses. T h i s has happened , for there was an immediate rush to get 
on the b a n d w a g o n b y m a n y workers i n various phases of pest ic ide re­
search a n d re lated fields w h o h a d absolutely no t ra in ing i n pest ic ide 
residue analysis or i n the use of instruments such as the gas chromato­
graph . T h e result is that there is an u n k n o w n , but very substantial , 
amount of data i n the l i terature that is of absolutely no value a n d w h i c h , 
more important , m a y be mis lead ing . It was rea l i zed , be latedly b y many , 
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5. W E S T L A K E Gas Chromatographic Measurement 77 

that e lectron capture responses are on ly indicators a n d cannot be accepted 
u n t i l conf irmed b y an accepted independent method . A n outstanding 
i l lustrat ion of mis interpreted electron capture gas chromatographic re ­
sponses is f ound i n the mul t i tude of reports of D D T residues i n every 
type of environment i n every part of the w o r l d . It is on ly n o w becoming 
evident that m a n y of these reported D D T residues were , i n fact, po ly -
chlor inated b iphenyls , a n d i t m a y be f o u n d eventual ly that other 
compounds have been mistaken for D D T w h e n suitable confirmatory 
procedures were not used. 

The Microcoulometric Detector 

O n e of the most useful detectors for gas chromatographic de termina ­
t ion of pest ic ide residues, the microcou lometr i c detector, was deve loped 
by C o u l s o n et al (3,4) a n d descr ibed b y C o u l s o n ( 5 ) . T h i s was the first 
system to be developed speci f ical ly for pest ic ide residue determinat ion. 
C a s s i l (6) descr ibed the instrument a n d its app l i ca t i on i n the determina­
t ion of T h i o d a n i n the presence of D D T . O v e r the ensuing years, the 
microcoulometr i c detect ion system became v i r tua l ly a necessity i n any 
laboratory de termin ing organochlor ine or sul fur -containing organic pest i ­
cides. I n add i t i on to its use as a p r i m a r y tool for analysis, the detector 
has very w i d e use as a confirmatory procedure for electron capture de­
tector responses appear ing to be organochlor ine pesticides. T h e spec i ­
ficity for chlor ine , or sulfur, as the case m a y be, a l lows the operator a 
h i g h degree of confidence in the results obta ined a n d has l e d to the ex­
tensive use of this detection system for confirmatory purposes b y the 
U . S. F o o d a n d D r u g A d m i n i s t r a t i o n a n d other regulatory agencies. 

D u r i n g the past eight years, m a n y improvements have been made 
i n the detection system. A n i m p r o v e d t i t rat ion ce l l a n d a better elec­
trometer and pyrolys is furnace increased the response many - f o ld a n d 
s impl i f ied the maintenance problems associated w i t h the various c om­
ponents. T h e latest mode l , recently announced , is complete ly new, w i t h 
the exception of the t i trat ion ce l l , a n d embodies a m i n i a t u r i z e d pyrolysis 
furnace a n d i m p r o v e d coulometer a n d power supp ly as w e l l as a c om­
plete ly n e w cabinet configuration. A newly -des igned pyrolysis tube, i t 
is c l a imed , has resulted i n a system that is insensitive to changes i n gas 
flow rates a n d gives increased response. D o u b l i n g or h a l v i n g the oxygen 
flow rate does not apprec iab ly affect response, nor do substantial changes 
i n the carrier gas flow rate. T h i s is i n sharp contrast to a m i n i a t u r i z e d 
pyrolysis system announced b y G u i f f r i d a a n d Ives (7 ) that gave sub­
stantial changes i n response w i t h changing gas flow rates. 

Tests w i t h the n e w product ion m o d e l show that the oxygen used for 
combust ion must be saturated w i t h water vapor to g ive m a x i m u m a n d 
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78 PESTICIDES IDENTIFICATION 

consistent response. T h i s was reported b y C o u l s o n (5 ) a n d b y B a r k l e y 
a n d G u n t h e r (8) for the first m o d e l p r o d u c e d but has been large ly 
over looked b y users of this equipment . 

T h e latest produc t i on m o d e l of the microcoulometr i c detect ion sys­
tem has a m i n i m u m detectable l i m i t of about 1 n g of chlor ine but , i n the 
w r i t e r s op in ion , the m i n i m u m for p rac t i ca l use is about 3 ng . T h i s esti­
mate is based u p o n responses obta ined b y D o h r m a n n Instruments per ­
sonnel w i t h s tandard solutions of pure l indane. These results were 
obta ined i n mode I operat ion (gas flow into the ce l l between the elec­
trodes) rather than mode I I operat ion (gas flow i m p i n g i n g d i rec t ly on 
the sensor e lec trode) , a more "sensit ive" mode current ly b e i n g used on 
last y e a r s m o d e l detector i n our laboratories. M o d e I is pre ferred , for 
operat ing parameters are m u c h less c r i t i ca l . 

I n 1966, M a r t i n (9 ) announced a t i trat ion ce l l for the microcoulo ­
metr i c system that is specific for n i trogen after pyrolysis of the sample 
under r e d u c i n g condit ions d u r i n g w h i c h the ni trogen is converted to 
ammonia . A l b e r t (10) extended this work , a n d C a s s i l et al. (11) have 
more recently reported on the use of this detector for de termin ing organo-
ni trogen pesticides a n d have compared its performance w i t h the elec­
tro lyt i c conduct iv i ty detector, finding t h e m equal . These authors f ound 
bo th detectors useful i n the range of 3 to 200 n g of n i trogen, permi t t ing 
the measurement of as l i t t le as 0.05 p p m of organonitrogen pesticides 
i n 100-gram samples. 

Burch f i e ld a n d his associates (12, 13, 14) reported a procedure i n ­
v o l v i n g reduct ive pyrolysis of the effluent gases whereby compounds 
conta in ing chlor ine , sul fur , or phosphorus f o rm H C 1 , H 2 S , or P H 3 , respec­
t ive ly . B y us ing an a l u m i n u m oxide scrubber f o l l o w i n g the pyrolysis 
stage, the system was specific for phosphorus. H o w e v e r , the detection 
system appears to be infer ior to other avai lable detectors for phosphorus 
a n d w i l l p robab ly have l i t t le or no use for this purpose. 

The Electrolytic Conductivity Detector 

T h e e lectro lyt ic conduct iv i ty detector for gas chromatography was 
deve loped b y C o u l s o n (15, 16, 17), w h o descr ibed modes of operat ion 
for the detection of chlor ine , sul fur , or ni trogen, but d i d not establish 
the re l i ab i l i t y of the detector for pest ic ide residue analysis or the m i n i ­
m u m detectabi l i ty for each molecular species. C a s s i l et al. (11) descr ibed 
the use of the detector for de termin ing residues of carbamate pesticides 
a n d compared its response w i t h that of the microcoulometr i c detector, as 
ment ioned earl ier , finding t h e m e q u a l i n response a n d selectivity a n d 
usable over a range of 3 to 200 n g of nitrogen. A n i m p r o v e d pyrolysis 
tube was descr ibed, a n d n i c k e l w i r e or turnings was used as the catalyst 
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5. W E S T L A K E Gas Chromatographic Measurement 79 

instead of the n i c k e l sulfate-treated quartz w o o l suggested b y C o u l s o n . 
Var i ous alkal ies were tested between the pyrolys is furnace a n d detector, 
b a r i u m oxide on 1 0 / 1 6 mesh per l i te be ing preferred . 

Patchett (18) made a deta i led study a n d evaluat ion of the electro­
l y t i c conduct iv i ty detector a n d deve loped techniques to p e r m i t d e p e n d ­
able a n d continuous use of the detector near a l ower l i m i t of detect ion of 
0.1 n g of ni trogen. H e made a substantial improvement i n detector re ­
sponse through m o d i f y i n g the detector ce l l b y p l a c i n g a Tef lon insert 
i n the inlet tube to reduce sorptive losses of ammonia . H e also proved 
the necessity for us ing h i g h - p u r i t y hydrogen gas a n d m a i n t a i n i n g h i g h -
p u r i t y de ion ized water between p H 7.0 a n d 7.5. B o t h Patchett a n d 
C a s s i l r e commend the use of hydrogen as the carr ier gas to obta in 
o p t i m u m consistent results. 

Wes t lake et al (19) used the e lectrolyt ic conduct iv i ty detector for 
de te rmin ing residues of A C D 1 5 M , a t r iaz ine herb i c ide ( A l l i e d C h e m i c a l 
C o . ) i n sweet corn gra in a n d plants (stalks a n d leaves) . T h e y also d e m ­
onstrated the separation of a mixture of eight tr iaz ine herbic ides a n d the 
absence of inter ferr ing responses at the retention t ime of the c o m p o u n d 
either b y natura l ly -o c curr ing p lant components or re lated pesticides. A 
major peak, f rom an unident i f ied component of the corn p lant extractives, 
was observed at a retention t ime about three t imes that of A C D 1 5 M . It 
was not present i n the corn gra in . In format ion to date indicates that such 
an interference is rare, but this serves to i l lustrate the necessity for v i g ­
i lance at a l l times, even w h e n us ing a detector as specific as this one, to 
guard against incorrect interpretations of the recorder responses. I n gen­
eral , the e lectrolyt ic c onduct iv i ty detector is r e m a r k a b l y free f rom inter­
ferences f rom natura l ly - o c curr ing components i n p lant extractives a n d 
anyth ing other than organonitrogen compounds , but there are frequent 
exceptions. 

T h e electrolyt ic conduct iv i ty detector has been used to determine 
organic iod ine w i t h excellent success b y W e s t l a k e (20), as w e l l as ch lo ­
r ine i n organochlor ine pesticides, operat ing i n the r e d u c i n g mode to 
y i e l d H I or H C 1 as the detected product . T h e m i n i m u m detectabi l i ty for 
chlor ine is approx imate ly equa l to that of the current microcou lometr i c 
detection system. C o u l s o n (4, 15) c ompared the responses of the elec­
tro lyt i c conduct iv i ty , microcoulometr i c , a n d electron capture detectors 
for organochlor ine compounds i n various extractives and f ound the first 
two approx imate ly e q u a l and the electron capture detector unsatisfactory 
because of h i g h background . 

O n e important advantage of the e lectrolyt ic conduct iv i ty detector is 
its s impl i c i ty . It requires no ampl i f i cat ion of s ignal , thus e l i m i n a t i n g the 
electrometer necessary for the other systems. In the r e d u c i n g mode, it is 
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80 PESTICIDES IDENTIFICATION 

h i g h l y specific for ha l ide or, w i t h a l k a l i scrubber , for ni trogen. I n the 
oxidat ive mode , i t is qu i te specific for sul fur or chlor ine . 

Summary 

E a c h of the detectors discussed has an extremely important p lace 
i n pest ic ide residue determinations. W h e n the l imitat ions a n d capabi l i t ies 
of each are recognized a n d the responses evaluated b y experienced per ­
sonnel , a reasonable assurance of the ident i ty of m a n y pesticides can be 
obta ined . N o n e of the detectors are complete ly specific and , for posit ive 
ident i f i cat ion, veri f icat ion b y an independent m e t h o d is requ i red . 

Unfor tunate ly , m a n y investigators fa i l ed to real ize ( a n d this is s t i l l 
true of some) that the gas chromatograph can a n d does l i e , a n d a tre ­
mendous vo lume of data of d o u b t f u l mer i t has been pub l i shed . T h e more 
experienced one becomes w i t h the technique , the more skept i ca l he 
becomes about the v a l i d i t y of the gas chromatographic responses. O n l y 
b y m a i n t a i n i n g this att i tude can v a l i d data be der ived f rom gas chroma­
tography of pest ic ide residues. 
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6 

Infrared Microtechniques Useful for 
Identification of Pesticides at the 
Microgram Level 

R O G E R C . BLINN 

American Cyanamid Co. , Princeton, N. J. 08540 

Infrared spectrophotometry has a long history of usefulness 
for identification of milligram amounts of organic com-
pounds. In recent years microtechniques have been devel­
oped for extending this utility to microgram amounts of 
material. Factors involved in achieving this sensitivity and 
in minimizing the effects of contamination are discussed. 
Isolation of pesticides from the sample for infrared char­
acterization is most conveniently achieved by thin-layer 
chromatography; however, trapping gas chromatographic 
effluents is also advantageous. Various procedures for pre­
paring micro potassium bromide pellets are described, as 
well as the use of micro multiple internal reflectance. 

/ T p h e subject of " Identi f icat ion of Pestic ides at the Res idue L e v e l " is b o t h 
J - t ime ly a n d important i n this p e r i o d w h e n w e are act ive ly r e v i e w i n g 

the values a n d hazards of pest ic ide usage, since such a rev iew is depend ­
ent u p o n re l iable ana ly t i ca l data. Therefore , the report ing of unconf i rmed 
residue data is mis l ead ing and can often result i n controversy. T h e use 
of in f rared spectrophotometry has p ioneered i n this important task of 
conf i rming the ident i ty of pest ic ide residues. 

In frared spectrophotometry has a l ong history of usefulness i n he lp ­
i n g to establish a n d to confirm the ident i ty of organic compounds. F u n c ­
t ional g r o u p - a b s o r p t i o n b a n d correlat ion charts are w e l l k n o w n a n d have 
been used rout ine ly b y organic synthesis chemists a n d b y analysts for 
character iz ing compounds of u n k n o w n ident i ty . W h e r e a synthet ica l ly 
prepared c o m p o u n d is not avai lable for comparison w i t h the u n k n o w n , 
in f rared data i n conjunct ion w i t h mass, ultravio let , a n d nuclear magnet ic 
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82 PESTICIDES IDENTIFICATION 

resonance spectral data can a l l ow the deduct ion of the u n k n o w n com-
p o u n d s structure w i t h reasonable assurance. H o w e v e r , posit ive ident i f i ­
cat ion must awa i t exact compar ison of the various properties of the 
u n k n o w n w i t h those of a c o m p o u n d prepared synthet ica l ly b y an u n ­
equ ivoca l procedure . I n pract ice , exact in f rared spectral compar ison 
alone usua l ly constitutes conf irmation of ident i ty . 

T h e l o w cost of m a n y fine in f rared spectrophotometers has con­
t r ibuted to their ava i lab i l i t y to most pest ic ide residue analysts, as con­
trasted to mass a n d nuc lear magnet ic resonance spectrometers. T h e 
sensit ivity inherent i n in f rared measurements for identi f icat ion purposes 
is on ly exceeded b y mass spectrometry. T h i s sensit ivity has been rea l i zed 
b y the development of suitable a n d pract i cable microtechniques , a n d 
some of these have been avai lable for at least 10 years. 

N o w , w h a t are the factors that can be var i ed i n order to achieve 
sensit ivity? T h e l a w descr ib ing the absorpt ion of e lectromagnetic energy 
b y absorb ing substances i n so lut ion, Beer's L a w , states that the absorb-
ance of a solut ion is propor t i ona l to the absorpt iv i ty of the absorb ing 
c o m p o u n d , the distance the energy b e a m passes through the so lut ion, 
a n d the concentration of the absorb ing c o m p o u n d i n the so lut ion. I n 
other words , sensit ivity can be achieved b y p l a c i n g the m a x i m u m n u m ­
ber of the avai lab le molecules of a c o m p o u n d i n the usable energy b e a m 
of the spectrophotometer. T h i s can be accompl ished b y increas ing the 
distance the energy b e a m passes through the solut ion, a n d / o r b y increas­
i n g the concentration of the sample i n the solut ion b y decreasing the 
vo lume requirements of the spectrophotometer s sample h o l d i n g acces­
sory. T h e w o r d " so lut i on" may also refer to the essentially pure c om­
p o u n d , either as a film or as par t i c ipated very finely i n a m e d i u m . 

T h e other factor i n B e e r s L a w affecting sensit ivity is the absorpt iv i ty 
of the sample. T h e analyst, of course, has no contro l over this factor, but 
he certainly should be aware of it . H e shou ld k n o w that a larger sample 
of the l ow-absorpt iv i ty cyc lodiene pesticides, for example, w i l l be re ­
q u i r e d to achieve a satisfactory spectrum than for the more strongly-
absorb ing organophosphorus pesticides. 

O f course, the rea l chal lenge to ach iev ing sensit ivity is i n e l i m i n a t i n g 
or m i n i m i z i n g the ever-present sources of interference. As the size of 
the sample decreases into the m i c r o g r a m range, decreasing the interfer­
ences at the same rate is increasingly difficult. T h e sources of interference 
are everywhere , ar is ing f rom the sample, solvents, reagents, atmosphere, 
h a n d l i n g , a n d other s imi lar sources. M a n y of these interferences can be 
m i n i m i z e d b y due care i n choosing isolation procedures, pre -wash ing 
sorbents a n d glassware, p u r i f y i n g solvents and reagents, a n d proper m a ­
n ipu la t ive techniques. B u t complete e l iminat ion of a l l inter fer ing mate­
rials is extremely diff icult to accompl ish . T h u s , interferences do l i m i t 
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6. B L I N N Infrared Microtechniques 83 

the sensit ivity that can be achieved. C h e n a n d D o r i t y ( J ) recently d is ­
cussed the importance of m i n i m i z i n g interferences i n m i c r o s a m p l i n g . 

W h a t order of sensit ivity is achievable i n the in f rared w i t h the 
techniques a n d equ ipment presently avai lable? Several workers have 
proposed that the absolute l ower l i m i t of sensit iv ity is 10 n g of a c o m ­
p o u n d w i t h moderate ly strong absorpt iv i ty values (2 , 3 ) . H o w e v e r , be ­
cause of the dif f iculty i n p l a c i n g a l l or most of the sample i n the ac tua l 
usable energy b e a m of the spectrophotometer, an ac tua l l ower l i m i t of 
sensit ivity is about one-tenth to one-half of a m i c r o g r a m , that is, about 
100 to 500 n g (4, 5 ) . F o r most workers , this l i m i t w i l l be about five to 
ten micrograms. O n e does not have to be a professional in f rared spec-
troscopist to attain success i n the m i c r o g r a m range. Students that have 
never prev ious ly used an in f rared spectrometer have achieved excellent 
spectra w i t h ten micrograms or less of a pestic ide after a f ew hours of 
instruct ion a n d pract ice , so microtechniques i n the in f rared are usable 
b y the pest ic ide residue analyst. 

A s stated previous ly , the pest ic ide must be isolated f r o m the sample , 
whether the sample is na tura l waters, so i l , or p lant or a n i m a l tissue. T h i s 
isolat ion must be v i r t u a l l y complete. U s u a l l y , a chromatographic process 
is used to achieve this separation of the pest ic ide f rom natura l substances 
extracted f r om the sample a n d f rom other pesticides a n d fore ign sub­
stances res id ing i n the sample. V a p o r phase a n d th in- layer c h r o m a ­
tography have t rad i t i ona l ly been the methods of choice for this purpose. 
W h e n us ing either of these chromatographic processes i n order to isolate 
a pestic ide for in f rared scrutiny, i t is advantageous to subject the sample 
extract to a r igorous " c l eanup" pr i o r to chromatography. W i t h a de­
creased amount of extraneous mater ia l to be separated f rom the pest ic ide , 
the chromatographic process w i l l be more efficient. E v e n w i t h a rigorous 
c leanup, a sample may require several chromatographic isolations before 
re l iable data can be obtained. H o w e v e r , for each process to w h i c h the 
sample is subjected, there is an inevi table loss of a por t ion of the sample. 
T h e loss m a y be minor , but a por t ion of the sample is lost f rom the 
in f rared procedure. Therefore , the start ing sample must be of sufficient 
size so that there w i l l be enough pest ic ide isolated via a l l of the iso lat ion 
procedures to a l l o w in frared evaluat ion. 

T h e wel l -deserved popu lar i ty of gas chromatography i n the field 
of pest ic ide residue analysis suggests that this tool be used for iso lat ion 
purposes. T h e t r a p p i n g of gas chromatographic peaks for in f rared i d e n ­
tif ication has been a n d is be ing used. Several factors must be considered 
i n the successful use of gas chromatography for t r a p p i n g a n d the m e a n ­
ing fu l evaluat ion of the spectrum of the t rapped mater ia l . T h e h i g h 
temperatures a n d the large, often cata lyt i ca l ly act ive, surface areas that 
are encountered i n the gas chromatographic process can change the 
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84 PESTICIDES IDENTIFICATION 

c h e m i c a l nature of the sample . Gas chromatography of such compounds 
c a n result i n usable a n d re l iab le e lut ion peaks for measurements, but 
c o u l d be mis l ead ing for identi f icat ion purposes. T h e larger amounts of 
mater ia l needed for in f rared purposes compared w i t h ana ly t i ca l studies 
makes the chromatographic process more diff icult a n d increases the pos­
s i b i l i t y for c h e m i c a l alteration of the pestic ide. A n o t h e r factor to be 
considered w h e n t r a p p i n g a gas chromatographic peak is that the spe­
ci f ic i ty of a detector w i l l often obscure the s imultaneous e lut ion of inter ­
f e r ing substances f r o m the sample a n d the c o l u m n . S u c h detectors as 
the electron capture , thermionic , flame photometr ic , microcoulometr i c , 
a n d n i trogen detectors respond selectively to certain types of compounds 
a n d insensit ively or not at a l l to others. T h i s is the reason that these 
detectors were chosen for pest ic ide residue analysis. Therefore , a detector 
response as a sharp peak f r om a basel ine m a y either be caused b y the 
e lut ion of a single c o m p o u n d or b y this c o m p o u n d i n company w i t h 
other mater ia l to w h i c h the detector is unresponsive. T h e latter case 
c o u l d be unsuitable for in f rared purposes. A n o t h e r source of interference 
of this type is f rom c o l u m n "b leed . " T h e stationary phase of any gas 
chromatographic c o l u m n does possess a certain amount of vo lat i l i ty a n d 
w i l l s l owly elute a n d often col lect at the exit port . T h e investigator 
shou ld be f a m i l i a r w i t h the in f rared spectrum of his stationary phase. 
F i g u r e 1 shows the spectrum of one of the c o l u m n materials used i n 
pest ic ide analysis, s i l icone o i l . E v e r y o n e us ing in f rared techniques shou ld 
k n o w this spectrum, as i t can arise as w e l l f r om stopcock gease on glass­
ware ( I ) . 

Because of the destructive nature a n d / o r extreme sensit ivity of c om­
m o n l y used detectors for pest ic ide problems, the gas chromatograph used 
for pest ic ide analysis usua l ly is not suitable for t rapp ing . A l t h o u g h 
splitters are avai lab le that can be used to convert the ana ly t i ca l ins t ru -
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Figure 1. Infrared spectrum of silicone oil 
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6. B L I N N Infrared Microtechniques 85 

ment for preparat ive purposes, this usual ly is not satisfactory o w i n g to 
the lost instrument t ime for analyt i ca l purposes a n d the man-hours a n d 
frustrat ion r e q u i r e d to achieve conversion. A preparat ive instrument 
w h i c h is used only for identi f icat ion purposes is preferable . 

T h e ac tua l t r a p p i n g procedure to be used is a matter of i n d i v i d u a l 
preference, since there are m a n y p u b l i s h e d procedures a n d commerc ia l 
types avai lable . T h e cap i l lary - type t r a p p i n g device (6, 7, 8 ) is appea l -
ing ly s imple , a n d the concentrated t rapped pest ic ide is confined on the 
s m a l l inner surfaces of the tube f r om w h i c h i t is q u i c k l y , easi ly, and , more 
important , efficiently transferred to whi chever in f rared m i c r o s a m p l i n g 
device is to be used. 

T h i n - l a y e r chromatography is a more adaptable procedure for the 
isolat ion of m i c r o g r a m quantit ies of a pestic ide pr ior to its ident i f i cat ion 
b y in f rared evaluat ion , a n d the th in- layer process aids i n the ident i f i cat ion 
as w e l l . L o c a t i n g the area i n w h i c h the pest ic ide resides on the deve l ­
oped chromatogram can be a p rob l em, however . A sorbent w i t h fluores­
cent ind icator can be used for those compounds w h i c h quench fluo­
rescence. A l ternat ive ly , the chromatography of standards i n a side c h a n ­
n e l can be used for l ocat ing purposes or an a l iquot of the u n k n o w n 
solut ion can be chromatographed i n a side channel for co lor imetr ic de­
tection. O n c e located, the sorbent f rom that area can be scraped f rom the 
plate for e lut ion. E l u t i o n should be accompl ished w i t h a m i n i m u m 
amount of as nonpolar a solvent as possible, thus restr ict ing the amount 
of co -e lut ing interferences f rom the sorbent. V e r y po lar solvents w i l l 
elute interferences f rom the sorbent w h i c h are very diff icult to c leanup 
{1,4). T h e sorbent on the th in- layer plate should have been pre -washed 
w i t h the e lut ing solvent or a solvent of greater po lar i ty pr i o r to the 
chromatography, of course. O n e should not overlook the poss ib i l i ty for 
chemica l alteration of the pest ic ide on the sorbent, as several types of 
compounds are subject to such changes—e.g., phenols a n d amines. A l s o , 
very po lar compounds are often diff icult or impossible to elute f rom the 
sorbent. A s i d e f r om these l imitat ions , th in- layer chromatography is a d ­
vantageous for iso lat ing pesticides pr ior to in frared evaluat ion. T h e 
s imple equipment a n d techniques requ i red a n d the relat ive f reedom 
f rom chemica l alteration makes this approach useful to a l l . 

N o w as to the microtechniques w h i c h have proved useful for in frared 
spectrometry, there are several types avai lab le i n the l i terature , such as 
microcel ls for solutions (9, 10), microgrooved plates for confined films 
(7, I I ) , suspended partic les on a membrane filter (12,13), microspecular 
spectrometry (14), the various micropel let procedures (15, 16,17,18,19, 
20, 21, 22, 23, 24, 25), a n d m u l t i p l e in terna l reflectance ( 5 , 1 2 , 1 5 , 2 6 , 2 7 ) . 
T h e n , of course, there is m u l t i p l e scan interference spectrometry (28) 
w i t h computer storage a n d h a n d l i n g of the data. It is w i t h this technique 
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that significant gains i n sensit ivity a n d speed w o u l d appear p r o m i s i n g 
for the future. B u t for the present, the use of m i c r o potass ium b r o m i d e 
pellets a n d m u l t i p l e in terna l reflectance are p r o v i n g most use fu l for 
pest ic ide problems. 

O f a l l of the m i c r o s a m p l i n g techniques descr ibed for in f rared spec­
trometry , the use of potass ium b r o m i d e pellets of 1-2 m m i n diameter 
offers the best opportuni ty for p l a c i n g the m a x i m u m number of molecules 
of the u n k n o w n i n the usable energy beam of the spectrophotometer. 
C e r t a i n l y , the best sensitivities have been rea l i zed b y this technique. T h e 
equ ipment c o m m o n l y used for p r e p a r i n g micro potassium b r o m i d e pellets 
is shown i n F i g u r e 2. T h e key to sensit ivity is the ab i l i ty to transfer the 
m a x i m u m amount of c o m p o u n d to the m i n i m u m amount of potassium 
b r o m i d e to be pressed into the micropel let . C o n v e n t i o n a l m i x i n g pro ­
cedures us ing a mortar a n d pestle, such as is shown i n F i g u r e 2, are sub­
ject to very large losses of c o m p o u n d to the surface area of the m i x i n g 
vessel w h e n on ly 10 m g or less of potassium b r o m i d e are used ( J , 18). 
O n e of the first attempts to resolve this p r o b l e m was the procedure 
i l lustrated i n F i g u r e 3, w h i c h was deve loped b y M c C a u l l e y (21) a n d 
then ref ined b y C h e n (16). W i t h this technique , p o w d e r e d potassium 
bromide was p a c k e d t ight ly i n the 1.5-mm orifice of the stainless steel 
disk. T h e sample i n so lut ion of a volat i le solvent was a d d e d dropwise 
to the potass ium bromide , a l l o w i n g the solvent to evaporate between 
addit ions . A f ter comple t ing the addit ions , the pel let was pressed i n the 
convent ional manner for in f rared evaluation. T h i s procedure theoret ical ly 
offers complete transfer of the sample to the energy beam of the spectro-

Figure 2. Equipment useful in preparing micro potassium bromide pellets 
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6. B L I N N Infrared Microtechniques 87 

Figure 3. Illustration of technique described by McCaulley (21) and 
Chen (16) 

photometer. Prac t i ca l l y , this usual ly does not h a p p e n since a por t i on 
of the solution is pre ferent ia l ly d r a w n f rom the potass ium b r o m i d e be ­
cause of the greater surface tension of the m e t a l disk. T h e losses are 
often very great, but w i t h due care a n d steady nerves, excellent sensit ivity 
can be rea l i zed w i t h this technique. 

A n o t h e r technique deve loped to m i n i m i z e losses of c o m p o u n d on 
container surfaces is descr ibed b y C h e n a n d D o r i t y (1 ) a n d b y de K l e i n 
( 29 ) , i n w h i c h the sample is deposi ted i n a cap i l l a ry tube. T h e p o w d e r e d 
potassium bromide can be a d d e d to the c a p i l l a r y tube either p r i o r to 
the add i t i on of the sample or afterwards; m i x i n g is accompl i shed i n the 
latter case b y shaking a n d le t t ing the scour ing act ion of the potass ium 
bromide reduce res idua l t u b i n g surface losses. 

C u r r y et al. (18) describe another technique , shown i n F i g u r e 4, 
i n w h i c h they "dispense" about ha l f of a micro l i ter of a ch loro form so lu­
t ion of the sample to the t ip of a syringe needle, " p i c k i n g u p " p o w d e r e d 
potassium bromide b y adher ing act ion on the needle t ip , d ispensing a n ­
other a l iquot of the solut ion to the powder , a n d evaporat ing the chloro ­
form. T h e "d i spens ing" of the solut ion is cont inued u n t i l the entire 
sample is transferred to the powder , w h i c h is then pressed into a m i c r o ­
pellet . T h i s procedure is theoret ical ly sound b u t w o u l d seem to be 
nerve -wrack ing i n operation. A c t u a l l y , the greatest dif f iculty is i n achiev­
i n g the i n i t i a l adhesion of the p o w d e r e d potassium b r o m i d e to the syringe 
needle. O n c e adhered , the p o w d e r w i l l stick to the needle t ip u n t i l 
complete ly d r y of solvent. 

T w o techniques for transferr ing samples to potassium bromide p o w ­
der are especial ly suited for use w i t h th in - layer chromatography. A 
procedure descr ibed b y de K l e i n (30) is i l lustrated i n F i g u r e 5. It i n -

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
04

.c
h0

06



88 PESTICIDES IDENTIFICATION 

Figure 4. Illustration of technique described by Curry et a l . (18) 

volves scrap ing the sorbent f r om around the chromatographic spot of 
interest, p l a c i n g a " d a m " of p o w d e r e d potassium b r o m i d e a r o u n d the t ip 
of the spot, e lu t ing the c o m p o u n d w i t h a vo lat i le solvent, a n d a l l o w i n g 
the solvent to s p i l l over to the " d a m " of potass ium b r o m i d e where i t is 
a l l o w e d to dry . T h e other technique involves us ing the commerc ia l l y 
avai lab le " w i c k s t i ck" a n d is descr ibed b y K r o h n e r a n d K e m m n e r ( 5 ) . 
T h e wedge of potass ium b r o m i d e is d i p p e d at its base into a so lut ion of 
the c o m p o u n d i n a vo lat i le solvent. T h e solut ion migrates u p the wedge 
to the t ip , where i t evaporates, a n d the c o m p o u n d is concentrated i n the 
t ip . T h e t ip is then broken f rom the wedge a n d pressed into a m i c r o ­
pel let . T h e use of " w i c k st i cks" is s imple , re l iable , a n d recommended for 
p r e p a r i n g mic ro potassium bromide pellets. 

A l l of these microtechniques are successful i n transferr ing the sample 
to the potass ium b r o m i d e micropel let , but losses of sample are inherent 
for each of them. These losses can be very great w i t h o u t attention to 
deta i l . E l i m i n a t i o n of water absorpt ion bands is also qui te diff icult to 
accompl ish . A further disadvantage of this procedure is the dif f iculty 
i n recovery of the sample for evaluat ion b y other means. B u t the ex­
cel lent sensit ivity achievable does r e commend this sampl ing procedure 
for micro quantit ies of mater ia l . 

I n F i g u r e 6 is presented the p r i n c i p l e b y w h i c h in f rared spectra 
are obta ined b y m u l t i p l e internal reflectance. T h e in frared energy is 
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6. B L I N N Infrared Microtechniques 89 

Figure 5. Illustration of technique described by de Klein (30) 

d i rec ted into the entrance face of the in f rared transparent crystal l ine 
plate . T h i s energy is reflected repeatedly f r o m the inner faces of the 
top a n d bot tom surfaces as i t transverses the plate , emerges through the 
exit face, a n d is d i rec ted into the spectrophotometer. T h e sample is 
p la ted as a film on the top a n d bot tom surfaces of the plate . A t each 
tota l ly in terna l reflection there is a penetrat ion of the electromagnetic 
field into the rarer m e d i u m b e y o n d the reflecting interface. A n y sample 
i n contact w i t h the surface is penetrated a f ew microns , a n d a spectrum 
results. T h e most useful crystal l ine mater ia l for m u l t i p l e interna l re ­
flectance spectrometry is K R S - 5 , a mixture of thallous bromide a n d 
thallous iod ide . W h e n us ing a 50- X 20- X 1-mm plate, sensitivities of 
about 15 to 20 fig are rout ine ly achieved w i t h stronger absorbing c om-

Figure 6. Pathway of infrared energy beam in multiple internal reflect­
ance plate 
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Figure 7. Infrared spectra of Abate mosquito larvicide by multiple in­
ternal reflectance and micro potassium bromide pellet 

pounds. There is n o w a micro version of this technique in t roduced b y 
W i l k s Scientif ic C o . us ing a 12.7- X 5- X 1-mm plate w h i c h w i l l a l l ow 
sensitivities of about 3 to 5 jig. T h e great advantage of m u l t i p l e internal 
reflectance is the ease of a p p l y i n g the sample to the surface of the re ­
flectance plate. It is just streaked or dotted as a solut ion onto the sur­
faces, a l l o w i n g the solvent to evaporate. A f ter the spectrum is recorded , 
the sample can be washed f rom the surfaces for any further evaluat ion 
desired. T h e on ly rea l di f f iculty w i t h sample preparat ion is w i t h those 
compounds whose crystal l ine structure makes int imate contact w i t h the 
surface diff icult a n d those materials w h i c h react w i t h the thallous bro ­
m i d e or iodide . T h e spectrum result ing f rom m u l t i p l e internal reflectance 
is s imi lar but s l ight ly different f rom transmission spectra, since absorp­
t ion is greater at the longer wavelengths. 

F i g u r e 7 shows the spectra obta ined f rom 4.9 fig of A b a t e mosquito 
larv i c ide , us ing bo th the mic romul t ip l e interna l reflectance a n d micro 
potassium b r o m i d e pel let techniques. T h e technique of C u r r y et al (18), 
dispensing the solution of the insect ic ide onto the potassium bromide 
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6. B L I N N Infrared Microtechniques 91 

p o w d e r adhered to a syringe needle, was used. I n F i g u r e 8 is shown the 
spectra of 9.8 fig of technica l D D T obta ined i n the same manner , a n d 
F i g u r e 9 shows s imi la r l y prepared spectra for 24.6 fig of endr in . These 
three figures were prepared to i l lustrate the sensitivities achievable , the 
superior sensit ivity of the m i c r o potass ium b r o m i d e pel let technique , 
a n d the greater sensit ivity achieved for the h i g h l y absorb ing organophos­
phorus pest ic ide than for the organochlor ine compounds . 

I n conclusion, three factors are very important to microtechniques 
i n in f rared spectrophotometry. F i r s t , i n order to ga in sensit ivity , an effi­
c ient transfer of the sample to the usable energy beam of the spectro­
photometer must be achieved. Mic ro te chn iques str ict ly l i m i t the amount 
of a l l owable contaminat ion f r o m such sources as the sample , solvents, 
sorbents, reagents, atmosphere, h a n d l i n g , a n d the l ike . 

Secondly , start the isolat ion procedure w i t h sufficient sample so that 
there w i l l be enough of the finally isolated pest ic ide to a l l ow a spectrum. 
R e m e m b e r that each h a n d l i n g step i n the isolat ion procedures a n d the 
micro in f rared techniques results i n some loss of the sought pestic ide. 

T h i r d a n d last, in f rared spectrophotometry is on ly one tool used 
b y the pest ic ide residue analyst, a n d he cannot be expected to become 
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Figure 8. Infrared spectra of technical DDT by multiple internal 
reflectance and micro potassium bromide pellet 
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24.6 fig ENDRIN 
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Figure 9. Infrared spectra of endrin by multiple internal reflectance and 
micro potassium bromide pellet 

as sk i l l ed as the professional spectroscopist. B u t he can achieve suc­
cessful results i n the 5 -10 jig range i f he uses the simplest techniques 
commensurate w i t h the objectives of the pro b l e m. 
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Ultraviolet Spectrophotometry in Residue 
Analysis; Spectra-Structure Correlations 

O S M A N M. ALY and S. D . FAUST I. H. SUFFET 

Department of Environmental Sci - Drexel Institute of Technology, Phi la -
ences, Rutgers University, New Bruns- delphia, Pa. 
wick, N. J. 08903 

Ultraviolet spectrophotometry is considered a valuable tool 
as an aid for confirming the identification of pesticide resi­
dues. A correlation between the UV spectrum and the struc­
ture of several pesticides is discussed. Knowledge of such 
correlation may provide clues about the general type of 
chromophore present and may help the analyst to design 
analytical procedures. The transparency of many groups in 
the near UV imposes a limitation on interpretations of the 
absorption bands in this region. However, when taken in 
conjunction with the information obtained by IR, NMR, and 
mass spectroscopy, UV spectra may lead to structural pro­
posals of value to the pesticide analyst. A discussion of the 
methods that have been utilized for the analysis of pesti­
cides on the submicrogram level is also presented. 

l travio let spectrophotometry has been, for some t ime, one of the most 
^ va luab le tools of pestic ide residue analysis. A n y c o m p o u n d w i t h a 

sufficiently wel l -def ined and intense absorpt ion spectra is potent ia l ly de­
tectable b y this spectrophotometric means. I n some cases, suitable chro -
mophores m a y be produced b y chemica l transformations. B l i n n a n d 
G u n t h e r (1) have rev i ewed the different procedures that have been 
u t i l i z e d for residue analysis at the m i c r o g r a m level . U V spectropho­
tometry is considered one of the va luab le aids for identi f icat ion of organic 
pesticides. A l t h o u g h the ultravio let data m a y not prov ide the mul t i tude 
of in format ion that can be gained f rom other spectrophotometric methods 
such as I R , N M R , or mass spectrometry, it is often possible to revea l 
subtleties of structure w h i c h these techniques cannot reveal (2,3,4). 
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96 PESTICIDES IDENTIFICATION 

D u r i n g the past decade, tremendous advances have been ach ieved 
i n the deve lopment of e m p i r i c a l correlations between the structure of 
organic molecules a n d their u l travio let spectra (4, 5 ) . T h i s paper d is ­
cusses the corre lat ion between the spectra of some pesticides i n the near 
ul travio let reg ion (190 to 400 fi) a n d the ir structure. S u c h in format ion 
w o u l d be of va lue to the residue chemist for qual i ta t ive a n d quant i tat ive 
purposes. A l s o , the app l i ca t i on of U V spectrophotometry for residue 
analysis on the submicrogram leve l is presented. 

Electronic Transitions 

A b s o r p t i o n of quanta of rad ia t i on i n the u l trav io let reg ion results i n 
a spectral transit ion i n w h i c h the electrons of molecules are excited f r om 
their g r o u n d state to h igher energy levels. T h e energy of a part i c le w h i c h 
is confined to a very s m a l l reg ion is restr icted to certain values. These 
energies are subjected to q u a n t u m restrictions w h i c h a l l o w the molecule 
(or electrons) to have on ly certain energies. Genera l l y , these restrictions 
are increasingly important as the reg ion i n w h i c h the part i c le is free to 
move becomes smaller. T h a t is, of the who le range of energies, fewer 
a n d more w i d e l y spaced ones are a l l o w e d as the part i c le mot ion is more 
restricted. Therefore , the electrons w h i c h are confined to the vo lume, or 
perhaps, to a part of the vo lume of the molecule are subject to significant 
q u a n t u m restrictions or w i l l be quant i zed . These restrictions a l l o w the 
properties of molecules to be s tudied b y the methods of spectroscopy 
( 6 ) . T h e energy of a q u a n t u m of rad iat ion is ca l cu lated f rom P l a n k s 
equat ion 

where A E is the energy of a q u a n t u m (ergs ) , K is P l a n k s constant (6.62 X 
10" 2 7 erg-sec) , v is the f requency of w a v e mot ion i n cyc les / second , a n d 

where c is the ve loc i ty of l ight (3 X 1 0 1 0 c m / s e c ) a n d A is the wave length 
i n cm. 

T h e energy of a q u a n t u m of rad ia t i on h a v i n g wavelengths of 700, 
400, 200, a n d 150 is, therefore, 2.85 X 1 0 1 2 , 4.97 X 10 1 2 , 9.9 X 10" 1 2 , a n d 
13.24 X 10" 1 2 ergs, respectively. 

W h e n a molecule is i r rad ia ted b y heterochromatic l ight , it absorbs 
only the protons whose energies are e q u a l to that r e q u i r e d for permiss ib le 
energy transitions w i t h i n the molecule . F o r most large molecules, the 
electronic absorpt ion b a n d is very compl i cated , a n d a rather b r o a d absorp-

AE = Kv (1) 

(2) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
04

.c
h0

07



7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 97 

t i on b a n d w i t h l i t t le or no de ta i l is obta ined . T h i s is p a r t i c u l a r l y true 
w h e n the mater ia l is s tudied i n solution. 

A l t h o u g h absorption of u l travio let l i ght results i n the excitat ion of 
electrons f r om their g round state, the n u c l e i w h i c h the electrons h o l d 
together determine the strength of the b i n d i n g . T h u s , the characterist ic 
energy of transit ion, a n d hence the wave length of absorpt ion, is re lated 
to the electronic structure of a group of atoms w i t h i n the molecule . T h e 
group p r o d u c i n g absorpt ion is ca l l ed a chromophore . S t ruc tura l changes 
affecting a chromophore can be expected to m o d i f y its absorpt ion. 

T h e three major contributors to electronic spectra are the s ingle b o n d 
(a-e lectrons) , the m u l t i p l e b o n d (^-electrons) , a n d the unshared electron 
p a i r (n-e lectrons) . 

C o m p o u n d s h a v i n g only a-valency electrons are saturated a n d do 
not absorb i n the near ul travio let region. A l l the electrons of the molecule 
are i n v o l v e d i n single bonds, a n d they cannot be rearranged to an excited 
state w i thout d i s rupt i on of the molecular bond ing . E x c i t a t i o n of these 
electrons requires h igh-energy photons i n the far u l trav io let reg ion (A < 
150 fi). T h e transparency of the saturated hydrocarbons to 190 p makes 
them excellent solvents for near ul travio let spectroscopy. 

T h e ^-electrons are associated w i t h compounds h a v i n g double or 
t r ip le bonds. O f par t i cu lar interest to the residue analyst are these u n ­
saturated compounds. T h e s implest c o m p o u n d i n this group is the olefin 
ethylene ( C H 2 = C H 2 ) . T h r e e electrons of each carbon atom form shared 
pairs w i t h the single electrons of the three ne ighbor ing atoms i n m u c h 
the same w a y as a s ingle -bonded molecule . These shared pairs of elec­
trons l ie i n a p lane a n d the r e m a i n i n g electron of each carbon atom 
occupies the general region i n space above a n d be l ow this plane. Shar­
i n g of these two electrons (^-electrons) , one f rom each carbon atom, 
makes the double b o n d (7r-bond). These TT electrons can be excited to 
different arrangements wi thout d i srupt ion of the molecule . T h i s transi t ion 
is descr ibed as TT — » T T * . I n conjugated systems where doub le bonds a n d 
single bonds occur alternately, the TT e lectron of one carbon atom can be 
shared w i t h one of either ne ighbor ing carbon atom, resul t ing i n d e r e a l i ­
zat ion of the 7r electrons. I n these systems, the q u a n t u m restrictions be ­
come less important ; i.e., the a l l o w e d energies are more closely spaced the 
larger the region i n w h i c h the part ic le can move. Therefore , ethylene 
absorbs at A = 175 ^ ( A E = 11.4 X 10" 1 2 erg) w h i l e butadiene absorbs 
at A = 210 fi (AE = 9.5 X 10" 1 2 e r g ) . T h e d e r e a l i z a t i o n effect is m u c h 
more pronounced as the n u m b e r of double bonds increases. T h e a l l o w e d 
energy levels become more closely spaced a n d the absorpt ion moves f rom 
the ul travio let reg ion to the v is ib le region—i .e . , the region of smaller 
q u a n t u m energies. 
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Figure 1. Ultraviolet absorption curve of phe­
nol in hexane ana ethanol 

T h e n-electrons are those associated w i t h hetero atoms such as N , O , 
S, a n d the halogens that are not invo lved i n b o n d i n g (also ca l l ed electron 
lone p a i r s ) . These electrons are h e l d more loosely than the a-electrons 
a n d undergo transitions at correspondingly higher wavelengths. T h i s 
transit ion is designated n —» <r*. T h e first absorpt ion m a x i m u m of satu­
rated compounds conta in ing a hetero atom occurs i n the far ul travio let 
reg ion and , therefore, they are not useful for diagnost ic purposes. I n 
add i t i on , the re lat ive ly weak bands associated w i t h the ir transitions are 
often obscured b y other, more active, absorb ing groups present i n the 
molecule . T h e transparency of the chromophore — O — R or ^ - C — H a l 
or - ~ C — N — i n the ultravio let region explains the w i d e use of such com­
pounds as ether, ethanol , a n d a l k y l hal ides as spectroscopic solvents. I n 
the a l k y l hal ides , the bathochromic shift increases w i t h increased subst i ­
tut ion . T h u s , the W values of C H 3 C 1 , C H 2 C 1 2 , C H C 1 3 , a n d C C 1 4 are 
173, 216, 229, a n d 236 respectively. T h e bathochromic shift increases 
w i t h decrease of the electronegativity of the halogen atom ( m e t h y l i od ide 
has a A m a x of 259) . C o m p o u n d s h a v i n g a hetero atom i n v o l v e d i n a double 
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7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 99 

b o n d w i t h a carbon a tom such as G = 0 , C = N , a n d C = S exhib i t batho ­
c h r o m i c shifts. T w o transitions are possible ( n - » TT* a n d n —» o-*) as a 
result of absorpt ion of rad ia t i on ( 4 ) . B o t h the TT electrons a n d the n-elec-
trons are exc i ted to a h igher energy level . Acetone, for example , shows 
two absorpt ion bands, one at 188 fi i n d i c a t i n g n - » a* t ransi t ion a n d the 
other at 279 fi i n d i c a t i n g n - » T T * . 

Choice of Solvents in Spectral Analysis 

T h e choice of a solvent is very impor tant i n s tudy ing absorpt ion 
spectra of various compounds (4,7,8,9). Spectra measured i n saturated 
hydrocarbons tend to reveal more fine structures, a n d sometimes i t is pos­
s ible to observe the effects of intramolecu lar interactions more c lear ly . 
T h e fine structures revealed i n these solvents i l lustrate the p r i n c i p l e that 
nonso lvat ing or nonche lat ing solvents produce a spectrum near that ob ­
ta ined i n the gaseous state. T h e use of h y d r o x y l i c solvents tends to 
smooth out the fine structures through so lvent-so lute interactions. F i g ­
ure 1 shows the loss of fine structure i n the spectrum of p h e n o l i n ethanol . 
T h e b r o a d b a n d o w i n g to H - b o n d e d so lvent-so lute complexes r ep lac ing 
the fine structure present i n hexane is qui te t y p i c a l (4). C o m m o n solvents 
a n d the ir w i n d o w regions are shown i n T a b l e I. 

Major Chromophores in Organic Pesticides 

Some of the chromophores that are repeatedly encountered i n pest i ­
cides w i l l n o w be discussed. T h e spectra presented here were measured 
i n 95% e thanol a n d a 1-cm path length i n a B e c k m a n D B spectropho­
tometer. W a v e l e n g t h values are accurate only to ± 2 p. T h e transmit -

Table I. Minimum Wavelength for Common Solvents Used 
In U V Spectroscopy0 

~ , Wavelength (\L) of Cut-out 

1 - m m Ce l l s 10 -mm Cel l s 

Cyc lohexane 
Hexane 
C a r b o n tetrachloride 
C h l o r o f o r m 
M e t h y l e n e chloride 
E t h a n o l 
M e t h a n o l 
W a t e r 

190 
187 
245 
223 
215 
198 
198 
187 

195 
201 
257 
237 
220 
204 
203 
191 

a Taken from Scott, Ref. 4, "Interpretation of the Ultraviolet Spectra of Natural 
Products," copyright by the Macmillan Company, 1964. 
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100 PESTICIDES IDENTIFICATION 

tancy values have been de l iberate ly omi t ted a n d the wave length scale is 
on ly presented for comparat ive purposes. 

A r o m a t i c Compounds . T h e correlat ion between the absorpt ion spec­
tra a n d structura l features of aromat ic compounds w i l l be discussed 
because of the w idespread occurrence of aromatic r ings among pesticides. 
A l t h o u g h the in f rared spectra f o rm the most general ly app l i cab le method 
of recognit ion of the presence of a C - a r o m a t i c r i n g , va luable in format ion 
m a y be ga ined b y care fu l s tudy of the ul travio let spectra of certain classes 
of aromat ic compounds. 

B E N Z O I D C H R O M O P H O R E . T h e spectrum of the aromat ic parent, b e n ­
zene ( F i g u r e 2 ) , displays considerable fine structure, a property w h i c h 
is not shared to the same extent w i t h m a n y of its derivatives. T h e three-
b o n d e d spectrum (248, 254, a n d 260 /*) of benzene w i l l be considered 
as one chromophore . Benzene absorbs at 184 /* (dm 60,000), 203.5 fi (a™ 
7400) , a n d 254 /* 204) i n hexane ( 4 ) . These m a x i m a are considered 
as the TT - » TT * bands of the benzene chromophore . Increasing a l k y l sub­
st i tut ion causes a bathochromic shift of the 254-/x b a n d , an effect w h i c h 
reaches its m a x i m u m at tetrasubstitution. N e w intense bands appear i n 
the spectrum of benzo id compounds u p o n introduct ion of a substituent 

i I . I i I 
200 240 280 320 

WAVELENGTH, my 

Figure 2. Ultraviolet absorption spectrum of 
benzene in ethanol 
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7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 101 

w i t h avai lab le n-electrons or one w i t h e l e c t ron -wi thdrawing properties. 
T h i s transit ion is assigned to the transfer of an electron to or f r o m the 
benzene w o rb i ta l . 

L o n g u e t - H i g g i n s a n d M u r r e l l (10) describe such a transit ion as an elec­
tron transfer, symbo l i zed as an E . T . absorpt ion band . T h e TT — » TT* b a n d of 
olefins a n d aromatic compounds a n d the n —» i r* bands of carbony l c om­
pounds are descr ibed as loca l excitation ( L . E . ) bands. D o u b a n d V a n d e r -
belt (11) s tudied the effect of various substituents on the absorpt ion bands 
of benzene a n d attempted to relate the nature a n d pattern of subst itut ion 
to the effect on the 2 0 3 . 5 - / * b a n d of benzene. B y consideration of a n u m ­
ber of d isubst i tuted benzenes i n h y d r o x y l i c solvents, those authors arr ived 
at the e m p i r i c a l re lat ionship (12) for pred i c t i on of the absorpt ion bands 
of d isubst i tuted benzenes. 

A M A X = A X 0 + 1 8 0 ( 3 ) 

T h e contr ibut ing subst i tut ional parameters, AA n , are f ound f rom E q u a ­
t ion 4: 

8 X 0 ' X 8 X 0 " = 2 4 . 0 5 X A A 0 ( 4 ) 

where 8A 0 is the d i sp lac ing effect of each substituent. 
T h i s re lat ionship holds reasonably w e l l for p-disubst i tuted derivatives 

of benzene and is only app l i cab le to substituents of opposite electronic 
effects, i n v o l v i n g an o -p-direct ing group i n the presence of an m-d i rec t ing 
group. T h e combinat ion of two s imi lar ly or ient ing groups results i n a 

Table II. 8\Q Values for Benzene Substitution" 

Substituent s x 0 go Substituent 8X„ (11) 
— H 24.05 — C N 43.9 
— N H 3 + 25.6 — C O ? 44.7 
— C H 3 29.6 — C O O H 50 
— C I 29.3 — N H 2 50 
— B r 31.5 — o - 55 
— O H 36.1 — C O C H 3 65.3 
— O C H 3 36.8 — C H O 68.9 
— S 0 2 N H 2 37.5 - N 0 2 91.6 

0 Taken from Daub and Vanderbelt, Ref. 11. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
04

.c
h0

07



102 P E S T I C I D E S I D E N T I F I C A T I O N 

spectrum s imi lar to the stronger chromophore . T a b l e I I shows 8A 0 values 
for benzene subst itut ion, a n d T a b l e I I I shows the compar ison between 
ca l cu lated a n d pred i c ted values for some substituted benzenes of re le­
vance to pest ic ide structures. I n order to obta in the pos i t ion of the second 
benzene absorpt ion b a n d (254 / A ) , the computed A m a x ( d i sp laced 203.5-/A 

b a n d ) is m u l t i p l i e d b y a factor of 1.25 (11). 

Table III. Prediction of the Position of A i and A 2 of Some 
Substituted Aromatic Compounds 0 

Calculated Found Calculated Found 

Benzene 204 203.5 255 254 
To luene 209.6 206.5 262 261 
Chlorobenzene 209.3 209.3 261.6 262 
Ni trobenzene 271.6 268.5 - -A n i l i n e 230 230 287.5 280 
P h e n o l 216 210 270 270 
Aniso le 216.8 217 271 271 

a Taken from Daub and Vanderbelt, Ref. 11. 

Table IV. Absorption Maxima of Some Chlorinated Hydrocarbon 
Pesticides and Related Compounds 

Common Name 

Toluene 
2 - P h e n y l ethanol 
P h e n y l acetic ac id 
Chlorobenzene 
D F D T 

Perthane 

K e l t h a n e 

Chlorobenzi late 
D D T 

D M C 

o , p - D D T 
T D E 

o , o - D D T 

1,2,4-Trichlorobenzene 
Fenac 

° Present investigation. 

Chemical Name 

l , l , l - T r i c h l o r o - 2 , 2 - b i s (p-
fluorophenyl)ethane 
2 , 2 - D i c h l o r o - l , l - b i s ( p - e t h y l -
phenyl )ethane 
4 ,4 / ~Dich loro~a - ( t r i ch lo ro -
m e t h y 1) benzhy d r o l 
E t h y l - 4 , 4 / - d i c h l o r o b e n z i l a t e 
1,1, l - T r i c h l o r o - 2 , 2 - b i s ( p -
chlorophenyl)ethane 
4 , 4 / - D i c h l o r o - a - m e t h y l -
benzhydro l 

1, l - D i c h l o r o - 2 , 2 - b i s ( p -
chlorophenyl) ethane 
1,1, l - T r i c h l o r o - 2 , 2 - b i s ( o -
chloropheny 1) ethane 

Tr ich lorophenylacet i c ac id 

((A) Ref. 

262 a 

260 a 

258 a 

264 a 

265 18 

265 14 

265.5 15 

266 IS 
267 13 

267.5 13 

268.5 13 
268.5 13 

270 13 

278 a 

276 a 
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7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 103 

LJ 
Z 
< 

< 

CHLOROBENZENE-

CI 

G-G-CL 

PERTHANE 

' C 2 H 5 - Q \ H H 
C-C-CL 

200 240 280 320 

WAVELENGTH, mj4 

Figure 3. Ultraviolet absorption spectra of 
chlorobenzene, DDT, and benthane in ethanol 

T h e pesticides that possess the t y p i c a l b e n z o i d chromophore are the 
chlor inated hydrocarbons . A l k y l or halogen subst i tut ion i n the r i n g causes 
a bathochromic shift i n the 254-fi b a n d of benzene to the 260-270-/* r e ­
gion. Subst i tut ion i n the side cha in , however , does not cause any change 
to the spectrum i n the near u l trav io let region. T h e spectra of some of 
these compounds are shown i n F i g u r e 3, a n d A m a x values for m a n y repre ­
sentatives of this group are shown i n T a b l e I V . A l l these compounds are 
derivatives of toluene. Subst i tut ion i n the side c h a i n w i t h an aromat ic 
r i n g does not change the wave length of m a x i m u m absorpt ion—for ex­
ample , d ipheny lmethane absorbs at 262 fi, as does toluene. H o w e v e r , 
subst i tut ion i n the r i n g w i t h halogen group causes a s l ight r e d shift ( c o m ­
pare A m a x of toluene, D D T , D F D T , T D E , etc . ) . Increased halogen sub­
st i tut ion causes more shift to longer wavelengths , as seen i n phenylacet i c 
a c id , w h i c h absorbs at 258 fi w h i l e fenac ( t r i ch lorophenylacet i c a c i d ) ab ­
sorbs at 276 fi. 
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104 P E S T I C I D E S I D E N T I F I C A T I O N 

Table V . Absorption Maxima of Phenol and Some Substituted Phenols 

A m a x 

Neutral Medium Alkaline Medium 

P h e n o l 
2 . 4 - D i c h l o r o p h e n o l 
2 .4 .5 - Tr i ch l o ropheno l 
o - C r e s o l 
4 - C h l o r o - o - c r e s o l 
6 - C h l o r o - o - c r e s o l 
4 , 6 - D i c h l o r o - o - c r e s o l 
m - C r e s o l 
4 - C h l o r o - m - c r e s o l 
6 - C h l o r o - r a - c r e s o l 
4 , 6 - D i c h l o r o - r a - c r e s o l 
3 . 5 - X y l e n o l 
4 - C h l o r o - 3 , 5 - x y l e n o l 
2 , 4 - D i c h l o r o - 3 , 5 - x y l e n o l 
2 .4 .6- T r i c h l o r - 3 , 5 - x y l e n o l 

Table VI . Absorption Maxima for Some Phenolic Ether Pesticides 

270 290 
284 302 
290 308 
271 290 
279 298 
272 294 
281.5 305 
272 289 
279 299 
276 295 
284 305 
271 289 
278.5 295 
287 302 
291 306 

Common Name Chemical Name X m a x (ti.) Ref. 

2 - P h e n o x y e t h a n o l 270 a 

M e t h o x y c h l o r 1,1, l - T r i c h l o r o - 2 , 2 - b i s ( p - 273 13 

A r a m i t e 
methoxyphenyl )e thane 

A r a m i t e 2 - (p - ter< -buty lphenoxy ) -L - 275 IS 
m e t h y l e t h y l - 2 - c h l o r o e t h y l 
sulfite 

B i s ( p - c h l o r o - 274 IS 
phenoxy)methane 

2 , 4 - D 2 ,4 -Dichlorophenoxyacet i c 284 12,18 
ac id 

M C P P 2 - ( 2 - M e t h y W - c h l o r o p h e n o x y - 287 19 
acetic acid) 

M C P A 2 - M e t h y l - 4 - c h l o r o p h e n o x y - 287 19 
acetic ac id 

2 ,4 ,5 -T 2 ,4 ,5 -Tr i ch lorophenoxy - 289 18 
acetic a c id 

a Present investigation. 

P H E N O L I C C H R O M O P H O R E . Free Phenols. P h e n o l exhibits a l ong -
wave length b a n d at 270 fi (a™ 1450) w h i c h is considered to be the d is ­
p l a c e d a n d intensif ied l o ca l excitat ion b a n d of benzene (254 / A ) . A n 
intense absorption b a n d appears at 210 tt (am 6000) w h i c h marks an E . T . 
transit ion (4) i n w h i c h an n-electron of oxygen is transferred to the 7r-or-
b i t a l of the r ing . I n an a lka l ine m e d i u m , an add i t i ona l p a i r of nonbonded 
electrons is made avai lable , a n d less energy is r e q u i r e d for excitation, 
resul t ing i n a shift of the wave length of m a x i m u m absorption of about 
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7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 105 

WAVELENGTH, mjj 

Figure 4. Ultraviolet absorption spectra of 2,4-D and 2,4-dichloro-
phenol (in neutral and alkaline medium) in ethanol 

+ 2 0 fi. T h i s bathochromic shift i n a lkal ine m e d i a constitutes a useful 
method for the recognit ion of m o n o h y d r i c pheno l chromophore a n d has 
been u t i l i z e d i n pest ic ide analysis (16, 17). Pheno l i c compounds con­
stitute the degradat ion products of several pesticides, a n d several sub­
st i tuted phenols are used as fungic ides a n d herbic ides . T a b l e V shows 
Amax values of some phenol i c compounds of importance i n residue analysis. 

Phenolic Ethers. Subst i tut ion of the phenol i c proton b y an a l k y l 
group results i n a spectrum w h i c h closely resembles that of the neutra l 
species of the parent pheno l (4). T h e pesticides that f a l l into this group 
are the phenoxy compounds. T a b l e V I shows the A n i a x values of some 
important pestic ide ethers. T h e a l k y l p h e n y l ethers do not exhibit a 
bathochromic shift w i t h p H change into the a lkal ine range because there 
is no free pheno l i c proton to be lost a n d no charged anion is formed. 
T h i s represents an important avenue i n ultravio let analysis, i n w h i c h 
smal l amounts of free phenols may be determined in the presence of an 
excess of the corresponding phenol i c ether. F i g u r e 4 shows the spectrum 
of 2,4-D a n d its parent pheno l , 2 ,4-dichlorophenol . I n an alkal ine m e d i u m , 
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106 P E S T I C I D E S I D E N T I F I C A T I O N 

on ly the pheno l is shifted to longer wavelength , enab l ing its independent 
identi f icat ion a n d determinat ion . 

Phenolic Esters. T h e esters of pheno l do not absorb at the same 
wave length as the parent phenol . T h e n-electrons of the oxygen atom 
are not avai lable for transfer to the r i n g (as shown b e l o w ) a n d a re turn 
to the spectrum of the parent hydrocarbon system is observed (4). 

r S 
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7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 107 

T h e pesticides that f a l l into this group are the N - a l k y l carbamates 
a n d the phosphate esters. F o r example , the spectrum of Sev in (1 -naph-
t h y l - N , N - d i m e t h y l carbamate) ( F i g u r e 5) reveals an absorpt ion b a n d at 
280 /JL w h i c h is on ly s l ight ly shi f ted f rom that of naphthalene ( A m a x 276) . 
O n the other h a n d , the absorpt ion b a n d of 1 -naphthol at 296 fi is shi f ted 
b y + 2 0 /JL to longer wave length than that of naphthalene. S i m i l a r l y , the 
phosphate ester pest ic ide paraoxon absorbs at 268 fi w h i c h is s l ight ly 
shi fted to longer wave length than the absorpt ion b a n d of nitrobenzene 
( A m a x 260 fi) o w i n g to the p-subst i tut ion i n the r i n g . Subst i tut ion of P = 0 
group b y a P = S group i n paraoxon results i n a s l ight bathochromic shift, 
thus parath ion absorbs at 274 /*. T a b l e V I I shows A m a x values of some 
pest ic ide esters together w i t h their parent chromophores. 

A R O M A T I C A M I N E C H R O M O P H O R E . A n i l i n e absorbs at 207, 230, a n d 
280 /x, the central b a n d h a v i n g an intensity w h i c h is characteristic of an 
electron transfer ( 4 ) . Genera l l y , subst i tut ion i n the r i n g or the hydrogen 
atoms of the amino group results i n a shift of the 230-/x b a n d of ani l ine 
to longer wavelengths. T h e ani l ides , the subst i tuted phenylureas , a n d the 
N-pheny l carbamate pesticides are representatives of this group. F i g u r e 6 
shows the spectra of ani l ine a n d the subst i tuted phenylureas , fenuron 

Table VII. Absorption Maxima for Phenolic Ester Pesticides 
and their Parent Chromophores 

Common Name Chemical Name A m a x ((A) Ref. 

S e v i n 1 - N a p h t h y l - A ^ - m e t h y l c a r b a m a t e 280 20 
N a p h t h a l e n e 0 276 5 
Zec t ran 4 - D i m e t h y l a m i n o - 3 , 5 - x y l y l 257 21 

methy l carbamate 
D i m e t h y l a n i l i n e 0 251 4 
B a y g o n O - I s o p r o p o x y p h e n y l - i V - 270 20 

methy l carbamate 
Isopropoxybenzene a 270 b 
P a r a o x o n D i e t h y l - p - n i t r o p h e n y l phosphate 268 22 
P a r a t h i o n O , 0 - d i e t h y l - 0 , p - n i t r o p h e n y l 274 22 

phosphorothioate 
T r i - p - n i t r o p h e n y l - 264 22 

phosphate 
E t h y l d i - p - n i t r o - 267 22 

phenylphosphate 
N i t r o b e n z e n e 0 260 b 
D i a z i n o n 0 , 0 - d i e t h y l - 0 - ( 2 - i s o p r o p y l - 247.5 23 

4 - m e t h y l - 6 - p y r i m i d i n y l ) 
phosphorothioate 

P y r i m i d i n e a 243 4 

a Parent chromophore of the preceding pesticide (s). 
6 Present investigation. 
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108 P E S T I C I D E S I D E N T I F I C A T I O N 

z < 

2 

WAVELENGTH, my 

Figure 6. Ultraviolet absorption spectra of 
aniline, 3,4-dichloroaniline, fenuron, and diuron 

in ethanol 

Table VIII. Absorption Maxima of Some Aniline Derivative 
Pesticides and Related Compounds 

Common Name Chemical Name A m a x Ref. 

A n i l i n e 238 a 

I P C Isopropy l -AT-phenylcarbamate 234 19 
C I P C I s o p r o p y l - i V - ( 3 - c h l o r o p h e n y l ) -

carbamate 237.5 19 
F e n u r o n 1 , 1 - D i m e t h y 1-3-pheny lurea 237 a 

3 ,4 -Di ch loroan i l ine 
1 , 1 - D i m e t h y 1-3-pheny lurea 

247 a 

P r o p a n i l S ' ^ ' - D i c h l o r o p r o p i o n a n i l i d e 248 19 
M o n u r o n 3 - ( p - C h l o r o p h e n y l ) - l , 1 - d i m e t h y l -

urea 
3 - ( 3 , 4 - D i c h l o r o p h e n y 1 ) -1 ,1 -

244 a 

D i u r o n 

3 - ( p - C h l o r o p h e n y l ) - l , 1 - d i m e t h y l -
urea 
3 - ( 3 , 4 - D i c h l o r o p h e n y 1 ) -1 ,1 -
d i m e t h y l u r e a 246 a 

N e b u r o n 3 - ( 3 , 4 - D i c h l o r o p h e n y l ) - l - b u t y l -
1 -methy lurea 

245 a 

° Present investigation. 
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7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 109 

a n d d iuron . T h e wavelengths of m a x i m u m absorbance of several other 
representatives o f ani l ine derivatives are shown i n T a b l e V I I I . 

H e t e r o c y c l i c Compounds . P Y R I D I N E C H R O M O P H O R E . T h e spectrum 
of p y r i d i n e i n ethanol reveals an absorpt ion b a n d at 247 fi w h i c h is con­
s idered the counterpart of the 254 fi ( TT - > IT* ) b a n d of benzene. I n aque­
ous solutions, p y r i d i n e absorbs at 251 /* a n d a n e w b a n d at 270 /x appears 
w h i c h marks a n n - > / transit ion of an n-electron to the r i n g o rb i ta l ( 4 ) . 
Ac id i f i ca t i on of a solut ion of c o m p o u n d conta in ing the p y r i d i n e nucleus 
removes this long-wavelength b a n d f rom the spectrum. Subst i tut ion of 
the p y r i d i n e r i n g i n the a or /3 positions results i n a shift of the 257-it 
b a n d to longer wavelengths. N i c o t i n e ( F i g u r e 7) a n d anabasine are 
t y p i c a l examples of the ̂ -subst i tuted p y r i d y l chromophore w h i c h absorbs 
at 262 ii . Paraquat (aqueous) absorbs at 256 /A . I n this molecule there 
are no nonbonded electrons but they are invo lved i n the cat ion f o rma­
t ion , a n d the spectrum is very s imi lar to that of an ac id i c solut ion of 

200 240 280 320 

WAVELENGTH, mjj 

Figure 7. Ultraviolet absorption spectra of pyridine, nicotine 
(in ethanol), paraquat, ana diquat (in water) 
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110 P E S T I C I D E S I D E N T I F I C A T I O N 

WAVELENGTH, 

Figure 8. Ultraviolet absorption spectra of 
simazine and atrazine (in water) 

p y r i d i n e . T h e spectrum of d iquat , on the other h a n d , shows a dramat ic 
bathochrome shift to 308 tt s imi lar to that observed w i t h the a - ter -amino-
p y r i d y l derivatives {24). 

S t / m - T R i A Z i N E C H R O M O P H O R E . T h e spectrum of s imazine a n d atrazine 
i n water ( F i g u r e 8 ) shows a weak b a n d at 263 tt w h i c h is to be compared 
w i t h the IT — » TT* (255 tt) b a n d of benzene. Another intense b a n d at 220 tt 
is observed w h i c h is characterist ic of a l l the subst i tuted st/ra-triazines 
( T a b l e I X ) . 

Ultraviolet Micro Spectrophotometry as an Aid to the 
Identification of Pesticide Residues 

Recent ly Suffet (25) a n d F a u s t a n d Suffet (26) reported an inten ­
sive study on the separation a n d identi f icat ion of the phosphate ester 
pesticides parath ion , d i a z i n o n , a n d fenthion a n d their degradat ion p r o d ­
ucts. A summary of a microspectrophotometr ic u l travio let technique that 
was u t i l i z e d as a n a i d i n ident i f y ing these compounds is presented here. 
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7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 111 

A B e c k m a n D K - 2 A spectrophotometer was ca l ibrated w i t h a s tand­
a r d benzene vapor spectrum. T h e spectrophotometer was adjusted for 
the highest resolut ion w i t h a tolerable signal-to-noise rat io . Since h i g h 
resolut ion demands a narrow sl it w i d t h , instrument sensit iv i ty was set as 
h i g h as possible. A s a m a x i m u m s ignal response was needed, a l o w t ime 
constant was set, a n d a re lat ive ly s low scanning speed was used. 

A 1-cm B e c k m a n mic roce l l (aperture v o l u m e of 50 / J ) of fused s i l i ca 
w i n d o w s w i t h a range of 220 to 2500 tt was u t i l i z e d . A var iab le -beam 
condenser served to attenuate the reference beam. A n actual wave length 
cutoff at 230 tt was observed for the microce l l . I n order to l ower the 
cutoff point , a matched 1-cm standard s i l i ca ce l l filled w i t h solvent was 
centered b e h i n d the reference b e a m attenuator. T h i s a l l o w e d a l ower 
cutoff at 205 it. E t h a n o l , 9 5 % , was chosen because of a l o w cutoff po int , 
205 tt, a n d a h i g h dissoluble capac i ty for the compounds of interest. 

T h e samples were co l lected f rom G L C columns b y two techniques. 
A system w i t h K B r as an absorbent was used to collect G L C peaks f r o m 
s ingle -co lumn operat ion w i t h a flame ion izat ion detector. T h i s was 
adapted f r om an or ig ina l design for d u a l c o l u m n operat ion ( 27 ) . It con­
sisted of c o l u m n effluent spl itter , co l lect ion tube, a n d fract ion collector. 
T h e sp l i t t ing ratio of the flow was 1:1.7, detector :output . T h i s system 
was chosen for the f o l l o w i n g reasons: 

( a ) T h e r e is a direct G L C to microspectrophotometr ic operat ion 
w i t h m i n i m u m intermediate h a n d l i n g . T h i s el iminates contaminat ion 
problems i n h a n d l i n g m i c r o g r a m quantit ies . 

(b) T h e co l lect ion of several peaks d u r i n g one chromatographic r u n 
is possible. 

( c ) T h e ease of operation a n d repeatabi l i ty . 
(d) C o l l e c t e d fractions can be dissolved a n d rechromatographed. 
(e) Recoveries of 50 to 7 5 % have been obta ined . 
T h e G L C peak co l lected on the K B r m a y be inserted into the m i c r o -

c e l l b y either of two techniques : b y p o u r i n g the p o w d e r d i rec t ly into a 

Table IX. Absorption Maxima for Some syw-Triazine Pesticides" 

Common Name Chemical Name A m a x (l*) 

A t r a t o n e 2 - E t h y l a m i n o - 4 - i s o p r o p y l a m i n o - 6 - m e t h o x y - s - 220 
tr iaz ine 

S imeton 2 , 4 - B i s ( e t h y l a m i n e ) - 6 - m e t h o x y - s - t r i a z i n e 220 
P r o m e t o n 2 , 4 - B i s ( isopropy l a m i n o - 6 - m e t h o x y ) - s - t r i a z i n e 220 
Simazine 2 - C h l o r o - 4 , 6 - b i s ( e t h y l a m i n o ) - s - t r i a z i n e 222 
Propaz ine 2 - C h l o r o - 4 , 6 ( i s o p r o p y l a m i n o ) - s - t r i a z i n e 223 
Tr ie taz ine 2 - C h l o r o - 4 - < i i e t h y l a m i n o - 6 - e t h y l a m i n o - s - t r i a z i n e 228 
A t r a z i n e 2 - C h l o r o - 4 - e t h y l a m i n o - 6 - i s o p r o p v l a m i n o - s -

tr iaz ine " 222 
° Taken from Baily and White, Ref. 19. 
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112 P E S T I C I D E S I D E N T I F I C A T I O N 

Table X . Comparison of the Ultraviolet Wavelength 

Standard 1-cm 
Matched Cells, 50-\d Microcell, 

Compound 95% EtOH, \L 95% EtOH, [L 

D i a z i n o n 247.5 247.5 
D i a z o x o n 245 246 
I M H P 271.5, 225 272 
P a r a t h i o n 274 275 
P a r a o x o n 271 270.5 
p - N i t r o p h e n o l 313, 231 314 
B a y t e x sh, 252 252 
B a y o x o n sh , 248.5 249 

solvent i n the m i c r o c e l l or b y d ispers ing an in f rared micropel le t d i rect ly 
into a solvent w i t h i n the microce l l . T h e wave length cutoff po int was 
h igher for e thanol a n d K B r (220 i*) than for ethanol alone (205 i i ) . T h e 
solvent spectra were recorded before the spectra of the s tandard , a n d 
col lected samples were r u n i n order to assure ce l l cleanliness. 

T a b l e X shows a comparison between the u l trav io let spectral m a x i m a 
obta ined i n this s tudy a n d the l i terature values. T h e s tandard a n d co l ­
lec ted G L C spectra are qua l i ta t ive ly the same. T h e characterist ic shift 
to l ower wave length b y an organophosphate oxon is evident. T h e shift 
to a l ower wave length w h e n a phosphate ester replaces the H atom of 
the hydrolys is product is noted also ( D i a z i n o n ) . 

These compounds can be identi f ied d i rec t ly f r om an electron capture 
detector outlet, as the general sensit ivity of the detector is i n the nano­
gram-to -microgram range. F i g u r e 9 shows an ul travio let spectrum of 
I M H P w h i c h was col lected f r om an electron capture detector. T h e col lec­
t i on device of K a b o t (31) was used w i t h an aged l i q u i d phase a n d an 
absorbent i n a m e l t i n g po int tube as suggested b y A m y et al. (32). T h e 
c o m p o u n d was e luted f r om the l i q u i d phase direct ly into the mic roce l l 
w i t h 9 5 % ethanol . Cleanl iness of the co l lect ion device was assured b y 
e lu t ing the glass w o o l retainer a n d me l t ing po int tube w i t h ethanol a n d 
d r y i n g i t before co l lect ing. 

These co l lect ion a n d microspectrophotometr ic techniques can be 
a p p l i e d to m a n y other pesticides that can be separated b y g a s - l i q u i d 
chromatography. 

I f 9 5 % transmittance (0.05 absorbance) above the noise l eve l is 
assumed as a m i n i m u m acceptable response a n d i f the values of I, U\ny Cm> 
a n d molecu lar we ight ( M W ) are k n o w n , then the theoret ical l ower l i m i t 
of detectabi l i ty ( L L D ) i n n g m a y be ca lcu lated for a mi c roce l l w i t h a 
vo lume of 60 / J . 
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7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 113 

Maxima of the Diazinon, Parathion, and Baytex Systems" 

Collected on KBr 
from GLC Literature 

Microcell, ft Value, (x Ref. 

247.5 247.5 23 
245.5 
272 272, 224.5 23 
274 274 (276) 28 
270 270 (268) 29 
314 314 28 
252 252 30 
249 

a All maxima are corrected for wavelength calibrations. 

A = amcj (5) 

ng 1000 
0 05 - a X n g 1 U U U X 1 0 U.U5 - am X 6 Q x M W X 1.0 

L L D = ng = — — X 3 X 10 3 

T a b l e X I shows these theoretical calculations for the organophosphates 
of interest. 

Whereas m i c r o g r a m quantit ies are needed for in f rared examinat ion , 
on ly nanograms are needed w i t h the ul travio let technique ( T a b l e X I ) . 
H e n c e , any c o m p o u n d w h i c h is co l lected i n sufficient amounts for in f rared 
examinat ion w i l l be sufficient for ul travio let examinat ion. 

Recent ly , K i r k l a n d (33,34) descr ibed a h igh-per formance u l trav io let 
photometr ic detector for use w i t h efficient l i q u i d chromatographic c o l ­
umns. T h e key advantages of this device are its unusual ly h i g h sensit ivity, 
s tabi l i ty , a n d w i d e range of l inear i ty . T h e detector incorporates a l o w -
vo lume sample ce l l w h i c h permits its use w i t h efficient, small -bore ana­
l y t i c a l co lumns. C h r o m a t o g r a p h i c peaks conta in ing nanogram amounts 
of moderate-absorpt iv i ty compounds cou ld be observed read i ly w i t h the 
detector, a n d its range of l inear i ty was roughly comparable w i t h thermal 
conduct iv i ty detectors for gas chromatography. T o t a l vo lume of the 
micro flow-through cells, i n c l u d i n g a 10-cm length of 0.02-inch inlet 
tub ing , were 20 a n d 7.5 / J , respectively. T h e detector was capable of 
operat ing at a ful l -scale sensit ivity of 0.01 absorbance un i t (at 254 / A ) 

w i t h a short-term noise of about ±0 .00015 absorbance. T h i s U V photo ­
metr i c detector was capable of detect ing extremely smal l amounts of 
materials w h i c h absorb at 254 /x even though these components m a y have 
their m a x i m u m absorption at m u c h higher or lower wavelengths. W h i l e 
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114 P E S T I C I D E S I D E N T I F I C A T I O N 

operat ion at 254 fx has proved to be the most general ly useful , the detec­
tor c o u l d be operated at other wavelengths by chang ing to appropr iate 
sources a n d filters. 

T e n nanograms of d i u r o n (absorpt iv i ty = 88 l i t e r / g r a m - c m at 254 ) 
were read i ly detected ( F i g u r e 10) w i t h the detector operat ing at a f u l l -
scale sensit ivity of 0.01 absorbance. T h e large peak preced ing d i u r o n is a 
solvent i m p u r i t y i n the 100-ttl sample a l iquot injected into the chroma­
tographic co lumn. In F i g u r e 11, a 3-/xl a l iquot conta in ing 1 fxg of fenuron, 
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7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 115 

Table XI . Calculated Lower Limit of Ultraviolet Detectability (ng) 
for the Diazinon, Parathion, and Baytex Systems 

Calculated Experimental 
Compound MW LLD, ng LLD, ng" 

D i a z i n o n 304 4,300 210 — 

I M H P 153 4,800 96 180 
P a r a t h i o n 291 9,570 90 -P a r a o x o n 275 9,630 - -9,590 84 -p - N i t r o p h e n o l 139 10,750 39 66 
B a y t e x 278 12,100 69 -B a y o x o n 262 13,500 58 -M M T P 154 - - -

a Determined in 60-jil microcell. 

SOLVENT 
IMPURITY 

F. A. Gunther and R. C. Blinn, 
"Analysis of Insecticides and 
Acaricides," Interscience 

Figure 10. High-sensitivity de­
tection 

Sample: 100 fil of 0.1 fig/ml diu­
ron [3-(3,4-dichlorophenyl)-l ,1 -di-
methylurea'] in n-butyl ether; sen­
sitivity: 0.01; absorbance: full 
scale; carrier: n-butyl ether; flow 
rate: 0.26 cc/min (after Ref. 13) 

"I 1 
30 15 O 

TIME, MINUTES 

monuron , d i u r o n , a n d l inuron was chromatographed us ing a detector 
sensit ivity 1 /20 of m a x i m u m . 

A l t h o u g h obvious ly l i m i t e d to compounds h a v i n g ultravio let absorp­
t ion , the U V detector descr ibed appears par t i cu lar ly app l i cab le for q u a n -
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c r OCH, 

T 
0005As 

1 
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Journal of Chromatographic Science 

Figure 11. Separation of substituted 
urea herbicides 

Column: 500 mm X 2.1 mm, i.d.; packing: 
1.0% p,p'-oxydipropionitrile on 37-44 mi­
cron CSP support; carrier: dibutyl ether; 
flow rate: 1.14 cc/min; sample: 1 fil of 67 
fig/ml each in dibutyl ether (after Ref. 34) 

t i tat ive analysis ; s t i l l , i t is necessary to cal ibrate i n d i v i d u a l l y for each of 
the compounds to be analyzed . T h e very h i g h sensit ivity of the device 
makes i t par t i cu lar ly useful for trace analysis. Satisfactory use of the U V 
photometr i c detector requires that the chromatography be carr ied out 
w i t h spectral ly pure carrier solvents; however , a w i d e range of such 
materials is n o w read i ly avai lab le f rom commerc ia l sources. 

Summary 

U l t r a v i o l e t spectrophotometry can be considered a valuable too l for 
conf i rming tentative identi f icat ion of pest ic ide residues. Because of its 
extreme sensit ivity, submicrogram quantit ies are often sufficient to ob­
ta in reasonable spectrograms. A knowledge of the correlat ion between 
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7. A L Y , F A U S T , S U F F E T Spectra-Structure Correlations 117 

the U V spectrum a n d structure may prov ide clues about the general type 
of chromophore present. T h e transparency of many groupings ( a n d often 
large segments of complex molecules) i n the ul travio let reg ion imposes 
a l i m i t a t i o n of usefulness on the results of interpretat ion of absorpt ion 
bands i n this region. H o w e v e r , w h e n taken i n conjunct ion w i t h the 
w e a l t h of de ta i l p r o v i d e d b y in frared , N M R , a n d mass spectra, U V 
spectrophotometry m a y lead to structural proposals of va lue to the pest i ­
c ide analyst. 

T h e h i g h absorpt iv i ty values of the U V - a b s o r b i n g compounds , p a r ­
t i c u l a r l y at the l ower wavelengths (200-220 fx), makes u l trav io let spectro­
photometry a p o w e r f u l ana ly t i ca l technique suitable for determinat ion 
of pest ic ide residues i n the submicrogram level . T h e development of 
h igh-per formance ul travio let photometr ic detectors i n connect ion w i t h 
l ow-vo lume cells a n d long l ight pa th provides a versatile a n d convenient 
means of ana lyz ing l o w concentrations of pestic ide residues w i t h sensi­
t ivit ies that can be matched w i t h many G L C detectors. 
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8 

Past, Present, and Future Application of 
Paper and Thin-Layer Chromatography for 
Determining Pesticide Residues 

MELVIN E . G E T Z 

Entomology Research Divis ion, Agricultural Research Service, U. S. Department 
of Agriculture, Beltsville, Md. 20705 

The past and present uses of paper and thin-layer chroma­
tography have been confined largely to qualitative identi­
fication and semiquantitative estimation. Developments in 
optical scanning instrumentation and refinements in spotting 
techniques have endeavored to show that these methods of 
analysis can be quantitative. The precision and accuracy 
of this approach are dependent upon uniformity of chroma­
tographic layer, uniform spotting of samples and standards, 
and uniform application of chromogenic reagents. These 
new investigations were undertaken so an alternate quanti­
tative method of analysis would be available for pesticide 
residue analysis. 

*Tphe effect on the environment of pesticides a n d their residues has be-
come a g rowing concern of the scientific c o m m u n i t y a n d the general 

p u b l i c ( J ) . Pesticides embrace a large var iety of chemicals , i n c l u d i n g 
insecticides, fungic ides , herbic ides , rodentic ides , nematocides, a n d m o l -
luscicides. Since these compounds are toxic i n nature, m a n y countries 
regulate their use b y l a w a n d specify h o w m u c h residue can be left i n a 
food product . I n order to enforce such regulations, sophist icated ana ­
l y t i c a l methods have h a d to be developed. 

In add i t i on to food analysis, the environment is moni tored to measure 
the degree of contaminat ion that m i g h t be caused b y the use of pesticides. 
These projects enta i l sampl ing of w i l d l i fe , water sources, a n d soils. 
W e a l t h y countries can ut i l i ze h i g h l y sophist icated a n d expensive e q u i p ­
ment, such as gas chromatography coup led w i t h mass spectrometry, for 
residue determinat ion and identi f ication. H o w e v e r , since there is inter -
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120 P E S T I C I D E S I D E N T I F I C A T I O N 

nat iona l concern about the use of pesticides, there is a need for a re l iab le 
ana ly t i ca l m e t h o d that is s imple a n d inexpensive. 

P a p e r a n d th in - layer chromatography are two such approaches. T h e 
techniques are s imple a n d require inexpensive equipment . I f one chooses 
the proper solvents, adsorbents, a n d chromogenic reagents, residues can 
be iso lated on a sheet of chromatographic paper or a t h i n layer of a d ­
sorbent. T h e type of res idue can then be de termined b y compar ison w i t h 
reference standards. 

T h e appl icat ions of these techniques are r e v i e w e d i n this paper . T h e 
a u t h o r s personal experiences are presented w i t h a look into future a p p l i ­
cations, i n par t i cu lar , quant i tat ive determinations b y op t i ca l scanning 
methods. 

Review 

Paper Chromatography. T h e first important step for any pestic ide 
residue methodo logy is to extract the residue f r om the substrate a n d iso­
late i t i n a pure enough state so that i t can be ident i f ied a n d measured. 
T h i s pur i f i cat ion step is ca l l ed " c lean-up , " a n d there is a great quant i ty 
of l i terature concerning the different approaches (2 , 3, 4, 5, 6). 

O n c e the res idue has been isolated i n a f a i r l y pure state, i t can be 
further resolved a n d ident i f ied b y chromatography. Paper chromatog­
raphy , w h i c h was in t roduced b y C o n s d e n et al. (7 ) i n 1944, was the first 
technique used. In i t i a l l y , i t was chiefly an art, since i t depended on 
manipulat ions of the i n d i v i d u a l investigators. B y 1957, suppliers of chro­
matographi c papers started to manufacture a h i g h - q u a l i t y product . It 
was at this t ime that M i t c h e l l (8 ) deve loped paper chromatography into 
a science b y sett ing u p a systematic approach for de termin ing o p t i m u m 
condit ions for resolut ion a n d sensit ivity. H i s w o r k w i t h immobile—mobile 
phase chromatography (9 ) demonstrated that pest ic ide separations cou ld 
be obta ined w i t h a w i d e degree of resolution a n d flexibility. 

O n e of the first laboratory groups to a p p l y paper chromatography 
as an identi f icat ion a n d est imation technique was that of M i i l l e r et al. 
(10). I n 1957, at the C o n t r o l L a b o r a t o r y i n Base l , his group deve loped 
an extract ion a n d c lean-up procedure for a f ew organochlor ine a n d or­
ganophosphorus insecticides a n d then determined the quant i ty of residue 
w i t h reverse phase paper chromatography. S i m i l a r procedures were f o l ­
l o w e d b y M c K i n l e y a n d M a h o n i n C a n a d a (11) a n d M i l l s i n the U n i t e d 
States (12). T h i s first series of papers tr iggered w i d e appl icat ions of 
paper methods for residue determinations (13, 14, 15, 16, 17, 18, 19, 20, 
21, 22). 

Thin-Layer Chromatography. A f e w years after the in troduct ion of 
paper chromatography, the pr inc ip les of th in- layer chromatography were 
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8. G E T Z Paper and Thin-Layer Chromatography 121 

demonstrated b y M e i n h a r d a n d H a l l ( 23 ) . K i r c h e n e r et al. (24) i n t ro ­
d u c e d the i n i t i a l th in - layer coat ing techniques. So la et al. (25) were the 
first group to s h o w that insecticides c o u l d be chromatographed b y this 
technique , w i t h W a l k e r a n d B e r o z a (26) present ing data obta ined b y a 
comprehensive coverage of a large n u m b e r of solvents w i t h m a n y types of 
insecticides. T h e successful app l i ca t i on of th in- layer chromatography to 
determine m u l t i p l e organochlor ine a n d organophosphorus residues i n 
food products was accompl i shed b y Kovacs (27, 28). 

Exce l l en t reviews of T L C techniques as a p p l i e d to pesticides have 
been w r i t t e n b y C o n k i n (29) a n d b y A b b o t a n d T h o m s o n (30). 

Personal Techniques 

C l e a n - u p . C h a r c o a l is the favorite adsorbent for the first steps i n the 
author's c lean-up procedures (31, 32). It is an excellent deco lor i z ing 
agent a n d removes m u c h of the large-molecule interferences. W h e n i t 
was i n i t i a l l y used, there was a p r o b l e m of r eproduc ib i l i t y . H e a v y m e t a l 
cations, especial ly i ron , were che lat ing w i t h or t y i n g u p the insecticides 

Figure 1. Paper chromatogram of different concentrations of a 
mixture of methyl parathion (A), Methyl Trithion (B), and carbo-
phenothion (C); also, 1-gram aliquots of cleaned-up samples of 

control squash and wax beans 

Paper: Whatman #1 20- X 20-cm 
Immobile phase: 20% dimethylformamide 
Mobile phase: 2,2,4-trimethylpentane 
Chromogenic reagent: p-nitrobenzylpyridine 
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122 P E S T I C I D E S I D E N T I F I C A T I O N 

Figure 2. Paper chromatogram of 10 fig of carbophenothion (Trithion) and 
its oxidative metabolites 

Paper: Whatman #3MM 20- X 20-cm 
Immobile phase: 10% soybean oil 
Mobile phase: 40% acetonitrile in distilled water 
Chromogenic reagent: silver nitrate-bromcresol green 

so that none or on ly part of them were be ing e luted. A s imple treatment 
w i t h hydroch lor i c a c i d t i ed u p the meta l ions a n d reproduc ib le results 
were obta ined then f rom the different w o o d charcoals. B o t h c o l u m n 
e lut ion a n d batchwise c lean-up techniques are used. 

I f there is a significant amount of o i ly mater ia l left after the decolor­
i z i n g step, a second treatment is necessary, i n v o l v i n g a smal l -vo lume 
l i q u i d - l i q u i d part i t i on (33 ) . T h i s approach has w o r k e d w e l l for organo­
chlor ine and organophosphorus insecticides. 

Spo t t ing . T h e present investigations of this laboratory are d irected 
t o w a r d m a k i n g thin- layer a n d paper techniques quant i tat ive b y the use 
of opt i ca l scanning. In part i cu lar , appl icat ions of the reflectance scanning 
device of Beroza et al. (34) are be ing explored. Var iat ions i n the a p p l i ­
cat ion of samples a n d standards to the chromatographic m e d i a have a 
pronounced effect on the l inear i ty of s tandard curves a n d do not give 
good reproduc ib i l i ty . 

F o r qual i tat ive w o r k a n d the first quant i tat ive scanning techniques, 
the sample was evaporated to dryness i n a centri fuge tube a n d then trans-
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8. G E T Z Paper and Thin-Layer Chromatography 123 

ferred to the chromatogram w i t h a spott ing pipette. Several r insings 
were per formed w i t h a volat i le solvent such as ether or ch loro form. T h e 
reference s tandard was usua l ly spotted w i t h a f ew fd of solvent. T h e final 
result was a diffuse spot for the sample a n d a t ight spot for the standard. 
A f t e r deve lopment of the chromatogram a n d v i sua l i zat ion of the spots, i t 
was dif f icult to make an accurate compar ison w i t h the standard. 

T h i s p r o b l e m is m i n i m i z e d b y the use of an automatic spotter de­
s igned b y G e t z (35). T h i s spott ing device , a l l o w i n g complete contro l of 
the i n i t i a l spot size of bo th sample a n d standard b y the appropr iate 
choice of solvents a n d a ir flow, is an improvement over an earl ier design 
b y B e r o z a et al. (6). 

C h r o m a t o g r a p h i c M e d i a a n d Solvent Systems. W h a t m a n # 1 a n d 
# 3 M M 20- X 20-cm papers are used for paper chromatography. T h e 
reverse phases of M i t c h e l l (9 ) give excellent results for the organochlo­
r ine a n d parent organophosphorus insecticides. T h e reverse phases of 
G e t z (36) successfully resolve the oxidat ive metabolites of the organo-

Figure 3. Thin-layer chromatogram of different concentrations of a 
mixture of methyl parathion (A), Methyl Trithion (B), and carbopheno-
thion (C); also, 1-gram aliquots of cleaned-up samples of control squash 

and wax beans 

Plate: Brinkman prepared silica gel, 250 my 
Solvent: 70% 2,2,4-trimethylpentane, 25% acetone, 5% chloroform 
Chromogenic reagent: p-nitrobenzylpyridine 
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124 P E S T I C I D E S I D E N T I F I C A T I O N 

Figure 4. Thin-layer chromatogram of actual organochlorine residues in 
nursery soils 

Plate: Eastman silica gel sheet 
Solvent: 90% 2,2,4-trimethylpentane, 10% methylene chloride 
Chromogenic reagent: silver nitrate-phenoxyethanol 

phosphorus insecticides. F i g u r e 1 represents some organophosphorus i n ­
secticides chromatographed w i t h a nonaqueous mob i l e phase, a n d F i g u r e 
2 represents the oxidat ive metabolites of carbophenothion chromato­
graphed b y an aqueous system. 

S i l i c a gel , a l u m i n a , F l o r i s i l , cel lulose, a n d porous glass are used for 
p r e p a r i n g 20- X 20-cm glass plates. C a l c i u m sulfate, c o l l o ida l s i l i ca , a n d 
co l l o ida l a l u m i n a are used as b inders . C o m m e r c i a l l y - p r e p a r e d plates also 
have been used. T h e solvent systems a n d adsorbents invest igated b y G e t z 
a n d W h e e l e r (37) are used for i dent i f y ing organophosphorus insecticides. 
T h e organochlor ine insecticides are resolved b y a l u m i n a a n d s i l i ca gel , 
us ing the solvent systems of Kovacs ( 2 7 ) , W a l k e r a n d Beroza ( 2 6 ) , a n d 
B e r o z a et al ( 38 ) . 

F i g u r e 3 shows separation of some organophosphorus insecticides b y 
th in - layer chromatography , a n d F i g u r e 4 shows a chromatogram of some 
organochlor ine insecticides i n so i l extracts. 

D e v e l o p m e n t is car r i ed out i n tanks w i thout l iners, for experience 
has shown that the shape of the spot is more symmetr i ca l i f there is no 
l iner present, especial ly w h e n b i n a r y or ternary solvent systems are used. 

Chromogenic Reagents. I n order to determine the Rf values of pure 
insecticides, any type of reagent m a y be used to v isual ize the migra ted 
spot. B u t w h e n this reagent is used for actual residue determinations, 
there m a y be nonresidue spots f o rmed b y extractives f r om the substrate. 
Therefore , i t is desirable that the chromogenic reagents be as selective 
as possible. 
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8. G E T Z Paper and Thin-Layer Chromatography 125 

F o r detect ing the presence of organochlor ine compounds , an acetone 
solut ion of s i lver nitrate is used as a spray reagent ( 8 ) . S i lver ni trate 
also can be incorporated into the th in - layer mater ia l (39) a n d seems to 
g ive better results. H o w e v e r , the th in- layer m e d i a must have a l o w ch lo ­
r ine content or else the b a c k g r o u n d m a y t u r n b r o w n or gray. T h e spots 

A 

Figure 5. Scan of five different concentra­
tions of an organophosphorus insecticide 
mixture: (A) dimethoate, (B) mevinphos, (C) 
Dasanit, (D) malathion, (E) carbophenothion 

Plate: Quanta prepared silica gel, high abrasion 
resistance 

Solvent: 70% 2,2,4-trimethylpentane, 25% ace­
tone, 5% chloroform 

Chromogenic reagent: p-nitrobenzylpyridine 
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126 P E S T I C I D E S I D E N T I F I C A T I O N 

10 2.0 3.0 4.0 SO 6.0 7 0 8 0 AJ1 

Figure 6. Standard curves obtained from (A) dimethoate, (B) mevinphos, 
(C) Dasanit in the concentration range of 0.5 to 8.0 fig 

are deve loped b y exposing the chromatogram to h igh- intensi ty U V l ight . 
T h e colors vary f rom b r o w n to purp l i sh -b lack . 

Several reagents are used for the organophosphorus insecticides. A n 
acetone solution of s i lver nitrate a n d bromcreso l green (or b r o m p h e n o l 
b l u e ) (31, 32) is sprayed onto the chromatogram. T h e spots are v i s u a l ­
i z e d b y spray ing w i t h a 0 . 0 1 % c i t r i c a c i d solution or a p H 4.0 citrate 
buffer solution. T h i s reagent reacts only w i t h the th iophosphory l con­
figurations to give b lue or magenta spots. 

Treatment w i t h p -n i t robenzy lpyr id ine a n d tetraethylenepentamine 
visualizes a l l the organophosphorus insecticides as b lue or magenta spots 
(40). 

Serum cholinesterase w i t h b r o m t h y m o l b lue indicator a n d acetylcho­
l ine as a substrate detects the chol inesterase- inhibit ing insecticides (36). 

Possible interferences w i t h the si lver nitrate chromogenic reagent 
are sul fur compounds w h i c h w o u l d give a b r o w n spot a n d r e d u c i n g 
groups on molecules w h i c h might produce a spot. 

T o date, no compounds other than organothiophosphates give a b lue 
or magenta spot w i t h the si lver n i t r a t e - d y e reagent. Sul fur compounds 
w i l l react w i t h the si lver nitrate to give b r o w n spots, a n d artifacts w i t h 
a c i d characteristics h a v i n g R / s s imi lar to the insecticides w o u l d prevent 
the color formation. 
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8. G E T Z Paper and Thin-Layer Chromatography 127 

T h e p -n i t robenzy lpyr id ine w i l l react w i t h epoxides, lactones, other 
a lky lat ing - type compounds , a n d herbic ides such as atrazine. It w i l l also 
give a color react ion w i t h organochlor ine insecticides that have an epoxy 
group. 

Quantitative Chromatography 

There have been m a n y attempts at quant i tat ing paper a n d th in- layer 
chromatograms (41), but the simplest approach appears to be opt i ca l 
density measurements of the migra ted spots. M a n y excellent scanning 
devices are n o w on the market . T h e y are precise opt i ca l instruments 
capable of great accuracy where the opt i ca l measurements are concerned. 
T h e one used i n this laboratory is the reflectance scanner of Beroza et al. 
(34) w h i c h uses double -beam fiber optics. 

H o w e v e r , there are other manipulat ions per formed for chromatog ­
r a p h y that affect the prec is ion a n d accuracy of the final result. A s m e n ­
t ioned previous ly , the spott ing technique var iat ion was m i n i m i z e d b y the 
use of an automatic spotter (35) w h i c h spots sample a n d standard under 
s imi lar parameters, a n d the size of the i n i t i a l spots are adjusted so that 
the E ins te in -Smoluchowsky effect is m i n i m i z e d (42), a l l o w i n g a range 
of concentrations f rom the m i n i m u m detectable to 20 fig. 

30 

IS 

20 

IS 

10 

A43. 10 2.0 3 0 4 . 0 SO 6.0 70 80 

Figure 7. Standard curves obtained from (D) malathion and (E) carbo-
phenothion in the concentration range of 0.5 to 8.0 /tg 
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128 P E S T I C I D E S I D E N T I F I C A T I O N 

Figure 8. A reflectance scan of 10-fig mixture 
of three organophosphorus insecticides resolved 

with paper chromatography 

Paper: Whatman #1 20- X 20-cm 
Immobile phase: 20% dimethylformamide 
Mobile phase: 2,2,4-trimethylpentane 
Chromogenic reagent: p-nitrobenzylpyridine 

W i t h the spott ing technique o p t i m i z e d , the reproduc ib i l i t y prec is ion 
was almost ent ire ly dependent u p o n the uni formity of the chromato­
graph i c layer . M o s t plates h a d th i ck edges so that samples or standards 
spotted near the edge c o u l d not be i n c l u d e d i n the quant i tat ive ca l cu la ­
tions. O n e b r a n d of c o m m e r c i a l p late prepared b y spray ing techniques 
gave the best un i f o rmi ty f r om edge to edge, a n d w h e n standard curves 
were prepared us ing the w h o l e plate , very smooth curves were obtained. 
T h e other commerc ia l plates used gave good results w h e n the center was 
used for four samples or standards. 

T h e abrasive resistance of the plates have to be better than those 
used for qual i tat ive work , a n d the chromogenic reagents have to be ap­
p l i e d b y d i p p i n g or incorporat ing into the t h i n layer to prevent damage 
to the surface a n d uneven spott ing of the b a c k g r o u n d area. 

F i g u r e 5 shows the scans obta ined f r om different concentrations of a 
mixture of five organophosphorus compounds : d imethoate ( A ) , m e v i n -
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8. G E T Z Paper and Thin-Layer Chromatography 129 

phos ( B ) , Dasan i t ( C ) , ma la th ion ( D ) , a n d carbophenothion ( E ) . F i g ­
ures 6 a n d 7 show the s tandard curves obta ined f r om these scans b y 
p l o t t ing the areas of the curves vs. concentrat ion. 

F i g u r e 8 is a scan of the 10-/*g mixture of m e t h y l parath ion , M e t h y l 
T r i t h i o n , a n d carbophenothion shown i n F i g u r e 1. 

F i g u r e 9 compares the s tandard curves obta ined f r om various con­
centrations of d i a z i n o n at two different attenuation settings. T h e atten­
uator response is l inear but the reflectance scan does not respond l inear ly 
( 5 ) . 

Future Prospects 

A s w e compare paper w i t h th in - layer chromatography , w e can see 
that paper sheets as such p r o b a b l y w i l l be supp lanted b y th in - layer 
cel lulose med ia . T h i s means that the same i m m o b i l e - m o b i l e systems that 
are a p p l i e d to paper can also be used for cel lulose t h i n layer . T h e inor ­
ganic adsorbents do not appear to be very efficient for reso lv ing h i g h l y 
po lar compounds . W h e n they are impregnated w i t h i m m o b i l e phases, 
ascension times are increased great ly because the capi l lar ies are b e i n g 

I 
C M 
SO 

4 0 -

3 0 -

2 0 

/0-

b I All NO N 

V 5 / 2 

MS. 2.0 4 T 60 80 10 12 14 

Figure 9. A comparison of standard curves obtained from diazinon at two 
different attenuation levels 
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130 P E S T I C I D E S I D E N T I F I C A T I O N 

filled w i t h a l i q u i d , a n d l i q u i d - l i q u i d par t i t i on ing is also t a k i n g place . 
I n some instances, the ascension times are too l ong for prac t i ca l purposes. 
W i t h th in- layer cellulose, w e can ut i l i ze the separations p r o d u c e d b y 
i m m o b i l e - m o b i l e phases w i t h better resolution because the spots p r o ­
d u c e d are more compact than that obtainable f r om paper. 

A n y mater ia l w i t h a cap i l lary structure that can be made to adhere 
as a layer can be used for th in- layer chromatography. Quant i tat ive de ­
terminations b y this technique are b o u n d to increase as more a n d more 
laboratories obta in scanning equipment . T h i s w i l l g ive impetus to the 
companies w h o make commerc ia l ly -prepared plates to produce them 
w i t h more care a n d uni formity . 
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9 

Applications of Combined Gas 
Chromatography-Mass Spectrometry 
to Pesticide Residue Identifications 

F R A N C I S J . B I R O S 

Perrine Primate Research Branch, Divis ion of Pesticide Chemistry and 
Toxicology, Food and D r u g Administration, U. S. Dept. of Health, 
Education, and Welfare, Perrine, F l a . 33157 

Several individual and multiresidue analytical methods are 
available for gas chromatographic-mass spectrometric con­
firmation and identification of pesticide residues. Specific 
examples considered in this report include the analysis of 
intact and derivatized phenolic residues such as pentachloro-
phenol and 1-naphthyl chloroacetate, organophosphorus in­
secticide metabolic and hydrolytic products including O,O­
-diethyl O-methyl phosphorothionate, O,O-diethyl S-methyl 
phosphorothiolate, and O,O-diethyl O-methyl phosphate, 
several organochlorine pesticides of the DDT and cyclodiene 
type, phenoxyalkanoic acid herbicide exposure and method­
ology studies involving 2,4-D and 2,4,5-T, and polychlo-
rinated biphenyl residues. Conventional residue analytical 
methodology and gas chromatographic column technology 
are, in general, directly applicable to the analysis of human, 
animal, and environmental substrates by the combined tech­
nique. Evaluation of mass spectral fragmentation pathways 
provides definitive and conclusive confirmation of residue 
identity as well as characterization of residues and their 
metabolites of unknown structure. 

T T n e q u i v o c a l ident i f i cat ion of pesticides, pest ic ide metabolites , a n d 
^ other c h e m i c a l env ironmenta l pol lutants i n most cases requires more 

evidence than can be p r o v i d e d b y a single chromatographic method . Sev­
era l approaches m a y be u t i l i z e d to secure firm proof of ident i ty . F o r 
example, support ive chromatographic data such as relat ive retention 
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9. BIROS Gas Chromatography—Mass Spectrometry 133 

values on two gas chromatographic co lumns of d i f fer ing characteristics 
m a y be obta ined . O f further va lue is in fo rmat ion der ived b y means of 
th in - layer chromatography (Rf va lues ) , the solvent par t i t i on ing charac ­
teristics of the residue of interest (p -va lues ) , a n d the response behavior 
on several more or less specific gas chromatographic detectors. I n a d d i ­
t i on , spectrometric techniques such as in f rared a n d ul travio let spectro­
photometry m a y be a p p l i e d to prov ide even less ambiguous proof of 
residue s tructura l ident i ty . T h e value of mass spectrometry as a too l for 
p r o v i d i n g the s tructura l ident i ty of complex organic molecules has be­
come w e l l recognized i n recent years. Mass spectra furn ish in format ion 
concern ing the s tructura l arrangement of atoms w i t h i n a molecule o n the 
basis of the mode of fragmentat ion of the c o m p o u n d as a r a d i c a l i o n , 
usual ly p r o d u c e d b y electron bombardment . Fragmenta t i on patterns re ­
sul t ing f r o m b o n d fission a n d rearrangement of atoms are h i g h l y diagnost ic 
a n d characterist ic of the o r ig ina l molecu lar structure. Interpretations are 
usua l ly made o n the basis of e m p i r i c a l correlations, compar ison w i t h the 
mass spectra of s tandard materials , or deta i led studies of i on decompo­
sit ion mechanisms. T h e theories a n d pr inc ip les governing the interpre ­
tat ion of mass spectra have been discussed i n m a n y reference texts a n d 
comprehensive reviews ( J , 2 ) . 

T h e potent ia l u t i l i t y of mass spectrometry i n eva luat ing the meta ­
bo l i c pathways of pest i c ida l chemicals b y p r o v i d i n g the structural ident i ty 
of metabolites was stated as early as 1962 i n a rev iew b y G u n t h e r ( 3 ) . 
M o r e recently , several reviews (4, 5, 6) have considered the role of mass 
spectrometry i n chemica l structure evaluations w i t h special reference to 
pest ic ide residue analysis. 

Corre lat ions of mass spectral fragmentation pathways w i t h the struc­
ture of pesticides are requ i red to obta in background in format ion useful 
i n the interpretat ion of the mass spectra of u n k n o w n pestic ide metabolites 
a n d other conversion products . For tunate ly , the chemica l modes of f rag ­
mentat ion of a large number of pest i c ida l compounds have been deter­
m i n e d ( 7 ) . T h i s in format ion is par t i cu lar ly useful i n those instances 
w h e n only m i c r o g r a m quantit ies of materials are avai lable for charac­
ter izat ion ; mass spectrometry offers one of the best instrumental ap ­
proaches i n v i e w of the l ow sensit ivity of such complementary techniques 
as nuclear magnet ic resonance spectrometry. T h e investigator may then 
re ly on this single source of in format ion for a l l the s tructural data. A n 
add i t i ona l advantage of the mass spectrometric approach is the a v a i l ­
ab i l i t y of c ombined gas chromatograph-mass spectrometer instruments 
w h i c h permit h i g h sensitivity analyses of mul t i component mixtures. M a s s 
spectrometry, of course, has been w i d e l y employed as an i n d i v i d u a l t ech ­
n ique for analysis of residues a n d metabolites isolated b y convent ional 
separation techniques such as thin- layer , l i q u i d , paper, g a s - l i q u i d , a n d 
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134 P E S T I C I D E S I D E N T I F I C A T I O N 

c o l u m n chromatography. I n these instances, spec ia l ized techniques are 
employed for the efficient t r a p p i n g a n d co l lect ion of i n d i v i d u a l gas chro ­
matographic peaks or th in - layer chromatographic spots for subsequent 
mass spectral analysis b y s tandard sample v a c u u m introduct ion methods. 

Recent reports have focused attention on the need for conf irming 
pest ic ide residues, par t i cu lar ly those isolated f rom environmenta l samples 
(8, 9 ) , a n d for chemica l ident i ty i n ul tramicroanalys is i n general . O f the 
spectrometric techniques avai lable for conf irmation of residues, the c om­
b i n e d gas chromatographic -mass spectrometric approach affords m a n y 
advantages i n c l u d i n g re lat ive ly h i g h sensit ivity, e l iminat ion of the neces­
sity for iso lat ing minute quantit ies of pure samples w i t h s tandard chro­
matographic methods, a n d a greater certainty i n identi f icat ion of an e luted 
component than that achieved b y convent ional detector response charac­
teristics a n d gas chromatographic retention times alone. Because of the 
definit ive s tructural in format ion obta ined b y mass spectrometry, proper 
use of the technique w o u l d obviate the necessity for the app l i cat ion of 
two or more different careful ly selected techniques for character iz ing 
pest ic ide residues ( 8 ) . 

A n add i t i ona l obvious advantage w o u l d be the character izat ion a n d 
identi f icat ion of f requent ly encountered, u n k n o w n components of extracts, 
w h i c h m a y represent pest i c ida l metabolites, photochemica l a n d other 
"weathered" residues, nonpest i c ida l chemica l pol lutants , or co-extractive 
interferences whose ident i ty m a y be required . 

T h i s report presents a discussion of recent appl icat ions of c ombined 
gas chromatography-mass spectrometry to analysis of pestic ide residues 
isolated f r om h u m a n , a n i m a l , a n d env ironmenta l med ia . E m p h a s i s w i l l 
be p laced on analyt i ca l techniques, re lated gas chromatographic c o l u m n 
technology, a n d analysis of fragmentation pathways pert inent to the 
identi f icat ion of pestic ide residues. 

Experimental 

T h e mass spectrometric analyses i n i t i a l l y reported i n this c o m m u n i c a ­
t ion were per formed w i t h a double focusing l o w resolut ion mass spec­
trometer; M o d e l 270, P e r k i n - E l m e r C o r p . , N o r w a l k , C o n n . , c oup led 
through a W a t s o n - B i e m a n n type of molecular separator w i t h a gas 
chromatographic system. ( C o m m e r c i a l sources a n d trade names are pro ­
v i d e d for identi f icat ion only. T h e i r ment ion does not constitute endorse­
ment b y the P u b l i c H e a l t h Service or b y the U . S. D e p t . of H e a l t h , 
E d u c a t i o n , a n d W e l fa re . ) 

C o i l e d glass gas chromatographic co lumns were employed except 
where otherwise ind icated . P r o g r a m m e d temperature analyses were made 
w i t h the i n i t i a l a n d final oven condit ions as w e l l as the program rate g iven 
i n the discussion. T h e molecular separator and gas inlet temperatures 
were mainta ined at 200° a n d 210°C, respectively. A l l mass spectra were 
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9. BIROS Gas Chromatography—Mass Spectrometry 135 

recorded at 80 e V electron energy w i t h 2400 V accelerat ing voltage; the 
filament emission current was 100 /*a. Chromatograms were recorded 
f r om the tota l i o n current moni tor located between the electrostatic a n d 
magnet ic analyzer sectors. H e l i u m carrier gas was approx imate ly 10 m l 
per m i n for the p a c k e d chromatographic co lumns a n d approx imate ly 2 m l 
per m i n for the cap i l lary columns. Injector temperature was m a i n t a i n e d 
at 165 ° C . Mass spectra were scanned magnet i ca l ly over the range of 
interest at a rate of either 3 or 10 sec per decade. T h e c o m b i n e d gas 
chromatograph-mass spectrometer system has been descr ibed i n more 
de ta i l elsewhere (10 ) . 

Phenolic Residues 

Conf i rmat ion of the ident i ty of pentachlorophenol ( P C P ) i n samples 
of h u m a n b lood , ur ine , tissue, c l o th ing , a n d b e d d i n g materials has been 
reported ( I I ) , u t i l i z i n g c o m b i n e d gas chromatographic -mass spectro­
metr i c analysis of hexane extracts of these substrates. 

T h i s report constituted a deta i led account of the ana ly t i ca l aspects 
of an ep idemic of in fant deaths associated w i t h the ingestion of this 
c ompound , w h i c h was the act ive ingredient of a m i l d e w preventat ive , 
the suspected source of exposure. Ana lys i s of the hexane extracts was 
per formed on a 1.0 m X 2.5 m m co i led glass gas chromatographic c o l u m n 
p a c k e d w i t h 3 % D E G S a n d 2 % concentrated phosphor ic ac id . U n d e r 
these condit ions, analysis c o u l d be per formed wi thout pr ior der ivat izat ion 
of the P C P . A l l sample spectra gave four ident i ca l major ions w h e n com­
pared w i t h P C P standard mass spectrum obta ined at 20 e V . T h u s , ident i ty 
of the residues of P C P was conf irmed on the basis of the observation of 
the molecular i on peak at m / e 264, a fragment i on of m / e 229, o w i n g to 
e l iminat ion of a C I atom, a major fragment result ing f rom the consecutive 
loss of H C 1 a n d C O at m / e 200, a n d finally a characterist ic fragment of 

0 2 4 6 8 1 0 1 2 1 4 0 2 4 6 8 H> U ft 

Figure I . Total ion current chromatograms of (A) standard 1-naphthyl chloro-
acetate (1 fig) and (B) 1-naphthyl chloroacetate isolated from human urine 

Programmed temperature conditions: two minutes at 165°C, to 185°C at 5°C/min, 
isothermal at 185°C 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
04

.c
h0

09



136 P E S T I C I D E S I D E N T I F I C A T I O N 

-CHCICO 

B/.89 

Figure 2. Electron impact-induced fragmentation scheme for 1-naphthyl 
chloroacetate 

m / e 165 u n d o u b t e d l y resu l t ing f rom loss of a ch lor ine atom f rom the 
m / e 200 ion . 

D u r i n g the course of ana ly t i ca l method studies i n v o l v i n g the deve l ­
opment of procedures for the detect ion a n d quant i ta t ion of 1-naphthol , 
a major metabol i te of carbary l , i n h u m a n a n d a n i m a l ur ine ( 1 2 ) , the 
der ivat i zed residue, 1 -naphthyl chloroacetate, was conf irmed b y gas chro -
matography -mass spectrometry. T h e ana lyt i ca l procedure for the iso­
la t i on of 1-naphthol residues i n v o l v e d a c i d hydrolys is of 1-naphthol 
conjugates i n the ur ine , benzene extraction, der ivat izat ion w i t h chloro -
acetic anhydr ide a n d p y r i d i n e , a n d r e m o v a l of inter fer ing mater ia l i n 
ur ine b y c o l u m n chromatography us ing s i l i ca gel . 1 - N a p h t h y l chloroace­
tate was e luted w i t h 6 0 % benzene-hexane . P r o g r a m m e d temperature gas 
chromatographic analysis w i t h a co i l ed glass c o l u m n , 4 ft X 1/8 i n c h o.d., 
p a c k e d w i t h 2 % S E - 3 0 on 6 0 / 8 0 mesh Gas C h r o m Q , was used to conf irm 
residues of 1-naphthol as the chloroacetate ester i n h u m a n ur ine of i n d i ­
v iduals occupat ional ly exposed to carbary l ( F i g u r e 1 ) . D iagnost i c mass 
spectral peaks observed for 1 -naphthyl chloroacetate i n c l u d e d the molec ­
u lar i o n of m / e 220, a base peak fragment w h i c h m a y be f ormulated as a 
1-naphthol r a d i c a l i o n (or an isomer) f o u n d at m / e 144 ar is ing f rom 
hydrogen rearrangement a n d loss of — C H C I C O , a re lat ive ly w e a k peak 
at m / e 127 f o rmed either b y e l iminat i on of — O C O C H 2 C l f rom the m o ­
lecular i o n a n d / o r b y loss of water f rom the m / e 145 fragment, a n d finally, 
other peaks characterist ic of the fragmentat ion of 1-naphthol at m / e 115 
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9. BIROS Gas Chromatography—Mass Spectrometry 137 

a n d m / e 116 ar i s ing f rom expuls ion of C H O a n d C O , respectively, a n d 
a peak at m / e 89 presumably resul t ing f rom a C 7 H 5

+ i o n f o rmed b y the 
loss of acetylene ( C 2 H 2 ) f r om the m / e 115 fragment ( F i g u r e 2 ) . 

Organophosphorus Pesticides 

I n connect ion w i t h the deve lopment of an ana ly t i ca l method (13) 
for the determinat ion of organophosphorus pesticides i n h u m a n b l o o d 
a n d ur ine , mass spectral conf irmation of a series of methy la ted a n d e t h y l -
ated derivatives of the h y d r o l y t i c a n d metabol i c products of these insect i ­
cides was requ i red . T h e ur ine of a n i n d i v i d u a l occupat ional ly exposed 
to parath ion was extracted w i t h a 1:1 ( v / v ) solvent mixture of acetonitr i le 
a n d d i e t h y l ether. S imultaneously , the intact organophosphorus insec t i ­
cides were h y d r o l y z e d b y a d d i n g a por t i on of 5 N hydroch lo r i c a c i d to 

O 2 4 6 8 K> 12 14 

O 2 4 6 8 10 12 14 16 

Figure 3. Total ion current chromato­
grams of (A) standard mixture of meth­
ylated dialkylphosphateSy phosphorothio-
ates, and phosphorodithioates (2 fig) and 
(B) human urine extract containing meth­
ylated hydrolytic and metabolic products 

of parathion 
Programmed temperature conditions: five 
minutes at 75°C, to 120°C at 5°C/min, 

isothermal at 120°C 
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138 P E S T I C I D E S I D E N T I F I C A T I O N 

the ur ine . F o l l o w i n g extraction, the organic layer was concentrated a n d 
the residues i n solut ion der ivat i zed b y means of d iazomethane. T h e m i n e 
extract was then subjected to a c lean-up procedure e m p l o y i n g s i l i ca ge l 
c o l u m n chromatography (14), a n d benzene ( I ) , 4 0 % ethy l acetate i n 
benzene ( I I ) , a n d 8 0 % ethy l acetate i n benzene ( I I I ) as e lu t ing solvents. 
Concentrat i on of the chromatographic c o l u m n eluents p r o v i d e d the ur ine 
extract w h i c h was subjected to p rogrammed temperature analyses on a 
co i l ed glass c a p i l l a r y c o lumn, 110 ft X 0.025 i n c h i . d . , coated w i t h V e r s -
a m i d 900 conta in ing 5 % Igepa l C O - 8 8 0 . T h e resul t ing total i on current 
chromatogram is shown i n F i g u r e 3. A l s o i l lustrated is the total i o n current 
trace obta ined b y analysis of a series of methy lated d i a l k y l phosphate 
s tandard materials . 

T h e metabol i c a n d / o r hydro ly t i c products of parath ion encountered 
as residues i n the ur ine inc lude bo th d i e t h y l phosphor ic a c i d a n d d i e t h y l 
phosphorothio ic a c id , most p robab ly as their salts (potassium or s o d i u m ) . 
D e r i v a t i z a t i o n of these residues w i t h d iazomethane w o u l d result i n the 
format ion of three t r i a l k y l phosphate compounds , namely , 0 , 0 - d i e t h y l 
O - m e t h y l phosphate ( D E M M P ) , 0 , 0 - d i e t h y l O - m e t h y l phosphoro -
thionate ( D E M M T P ) , a n d 0 , 0 - d i e t h y l S -methyl phosphorothiolate 
( D E M M P T h ) . E a r l i e r ( 1 5 ) , it h a d been shown b y combined gas chro -
matography -mass spectrometry a n d other ana ly t i ca l data that a later-
e lut ing major product (ca. 8 5 % ) of the methy lat ion of d i e t h y l phos­
phorothio ic a c id f ormed under the condit ions of the ana ly t i ca l method 
was D E M M P T h , a n d the m ino r product f ormed (ca. 1 5 % ) was 
D E M M T P . A c c o r d i n g l y , a l l three t r i a l k y l phosphates were observed a n d 
conf irmed b y mass spectrometry i n the analysis of the h u m a n ur ine ex­
tract. Sufficient interna l b o n d energy differences are associated w i t h the 
isomeric structures D E M M P T h a n d D E M M T P that qual i ta t ive ly a n d 
quant i tat ive ly d iss imi lar fragmentation patterns are observed for bo th 
isomers as can be seen f rom the mass spectra of these compounds shown 
i n F i g u r e 4. 

T h e mass spectrum of D E M M T P is character ized b y both phospho­
r u s - o x y g e n a n d c a r b o n - o x y g e n b o n d fission as ev idenced b y the f orma­
t ion of fragment ions at m / e 140 ( M - G > H 4 0 ) a n d m / e 156 ( M - C 2 H 4 ) . 
S ingle a n d double hydrogen rearrangements accompany the loss of the 
e thy l substituent. Subsequent fragmentation reactions noted were s imi lar 
b o n d fission i n v o l v i n g e l iminat ion of the r emain ing a l k y l substituents as 
an ethylene molecule or an ethoxyl rad i ca l . A re lat ively intense peak, for 
example, of m / e 111 [ C H * O P ( : S ) - O H + ] , appears to be f ormed b y con­
secutive loss of ethylene (to f orm the m / e 156 i on ) a n d an ethoxyl sub­
stituent f rom the molecular i on as ev idenced b y metastable peaks at m / e 
132.26 a n d m / e 78.98 observed for these two processes. Significant f rag ­
ment ions were also f ormed through loss of both sulfur atoms or su l fhydry l 
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Figure 4. Mass spectra of (A) 0,0-diethyl O-methyl phosphorothionate 
(DEMMTP), and (B) 0,0-diethyl S-methyl phosphorothiolate (DEMMPTh) 

radicals f rom intermediate daughter ions. F i g u r e 5 i l lustrates the major 
dissociative processes observed i n the mass spectrum of D E M M T P . T h e 
P ( : S ) - O R to P ( : 0 ) - S R isomerizat ion i n d u c e d under electron impact 
condit ions for compounds of this structure c o u l d not be conf irmed for 
D E M M T P a l though other investigators have observed this rearrangement 
for organic phosphorothionates (16,17). O t h e r t r i a l k y l phosphorothionate 
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Figure 5. Electron impact-induced fragmentation scheme for OyO-diethyl 
O-methyl phosphorothionate (DEMMTP) 
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Figure 6. Electron impact-induced fragmentation scheme for 0,0-di­
ethyl S-methyl phosphorothiolate (DEMMPTh) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
04

.c
h0

09



9. BIROS Gas Chromatography—Mass Spectrometry 141 

compounds have also been observed to undergo this rearrangement 
process ( 1 8 ) . 

A somewhat more complex dissociative scheme was observed for 
D E M M P T h ( F i g u r e 6 ) . T h e molecu lar i o n of this c o m p o u n d d e c o m ­
poses b y fission of a c a r b o n - o x y g e n b o n d ( m / e 156, M - C 2 H 4 ) , phos ­
p h o r u s - o x y g e n b o n d ( m / e 140, M - C 2 H 4 0 ) , a n d the p h o s p h o r u s - s u l f u r 
b o n d ( m / e 138, M - C H 2 S ) . T h e structure of the m / e 156 f ragment ( F i g ­
ure 6 ) permits a subsequent i d e n t i c a l t r ip l e decomposi t ion scheme to 
y i e l d fragments of m / e 128 ( 1 5 6 - C 2 H 4 ) , m / e 109 ( 1 5 6 - C H 3 S ) , a n d m / e 
111 ( 1 5 6 - C 2 H 5 0 ) . A n o t h e r significant react ion observed was the e l i m i ­
nat ion of water w h i c h , for example , l e d to the format ion of a n intense 
i o n fragment at m / e 91 ( 1 0 9 - H 2 O ) , characterist ic of the e lectron i m p a c t 
f ragmentat ion of esters. 

T h e decompos i t ion of D E M M P under electron impac t results i n the 
f o rmat ion of signif icant fragment ions of m / e 141, m / e 113, a n d m / e 95, 
accord ing to the dissociative scheme i l lustrated i n F i g u r e 7. 

Organochlorine Pesticides 

C h l o r i n a t e d h y d r o c a r b o n pest ic ide residues i n h u m a n adipose tissue 
a n d l i ve r tissue samples have been ident i f ied b y mass spectrometry cou ­
p l e d w i t h gas chromatography. A general , extensive extract ion a n d 
c leanup procedure adapted f r o m exist ing methods was used to isolate 

Figure 7. Electron impact-induced fragmentation scheme for OyO-diethyl 
O-methyl phosphate (DEMMP) 
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142 P E S T I C I D E S I D E N T I F I C A T I O N 

a n d p u r i f y the organochlorine residues. T h e tissue samples were extracted 
w i t h acetonitr i le or petro leum ether, f o l l owed b y l i q u i d - l i q u i d par t i t i on ­
i n g of the extract between hexane or petro leum ether a n d acetonitri le . 
C o l u m n chromatography a n d c leanup on F l o r i s i l p r o v i d e d two i n d i v i d u a l 
fractions ( 1 9 ) , w h i c h were then concentrated a n d subjected to further 
c leanup a n d pest ic ide residue fract ionation b y means of s i l i ca ge l c o l u m n 
chromatography employ ing a pub l i shed procedure (20). T h e pest ic ide 
residues were separated b y the s i l i ca ge l chromatographic step into two 
fractions w i t h sufficient resolut ion on the gas chromatographic c o l u m n 
for the identi f icat ion of seven pestic ide residues f rom the adipose tissue 
sample a n d six pest ic ide residues f rom the l iver tissue sample. These 
i n c l u d e d : /?- a n d y-hexachlorocyclohexane ( H C H ) , 1,4,5,6,7,8,8-hepta-
chloro-2,3-epoxy-2,3,3a,4,7 ,7a-hexahydro-4,7-methanoindene (heptachlor 
epox ide ) , 1,2,3,4,10,10 - hexachloro - 6,7 - epoxy - l,4,4a,5,6,7,8,8a - o c tahydro -
1,4 - endo,exo - 5,7 - d imethanonaphthalene ( d i e l d r i n ) , 2,2 - bis (p - ch loro -
p h e n y l ) -1 ,1-dichloroethylene ( p , p ' - D D E ) , 2,2-bis (p - ch loropheny l ) -1,1-
dichloroethane ( p , p ' - D D D ) , a n d l , l - b i s (p - ch lo ropheny l ) -2 ,2 ,2 - t r i ch lo ro -
ethane a n d 1- ( o - ch lorophenyl ) - 1 - (p - ch loropheny l ) -2,2,2-trichloroethane 
( p , p ' - D D T a n d o , p ' - D D T , respect ive ly ) . T h e concentration of the pest i ­
cides i n tissue ranged f rom 0.073 to 28.7 p p m . Gas chromatographic 
separations were per formed on a 4 ft X 1 /8 i n c h o.d. co i led glass c o lumn 
packed w i t h 3 % O V - 2 1 0 on 80 /100 mesh Chromosorb W ( H P ) . F i g u r e 8 
il lustrates the total i on current chromatogram obta ined b y analysis of the 
adipose tissue extract representing 5 grams of tissue. 

Instrumental sensit ivity was sufficient to ident i fy residues at concen­
trations of 0.30 p p m . C o m p u t e r enhancement techniques (21) permit ted 
identi f icat ion of heptachlor epoxide residues at a l eve l of 0.073 p p m . 

__, , l - i 

0 2 4 6 8 10 12 14 ~6 2 4 6 8 10 12 14 

Figure 8. Total ion current chromatograms of extracts containing organo-
chh rine pesticide residues isolated from adipose tissue (A) fraction 1 and 

(B) fraction 2 
Programmed temperature conditions: one minute at 150°C, to 200°C at 5°CI 

min, isothermal at 200°C 

MINUTES MINUTES 
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9. BIROS Gas Chromatography—Mass Spectrometry 143 

Def in i t ive conf irmation of pest ic ide residues was obta ined b y compar ison 
of parent a n d fragment i on intensities a n d mass numbers of e luted pest i ­
cides a n d reference pesticides. T a b l e I lists the residues encountered a n d 
the mass numbers a n d intensities of the characterist ic fragments employed 
for identi f icat ion i n the adipose tissue sample. T h e mass spectral f rag ­
mentat ion patterns for a l l the compounds i n c l u d e d i n T a b l e I w i t h the 
exception of / 2 - H C H have been adequately discussed b y other invest i ­
gators ( 7 ) . 

Table I. Gas Chromatographic Peak Identities and Characteristic 
Mass Spectral Fragments and Intensities of Some Organochlorine 

Pesticide Residues Isolated From Human Adipose Tissue 

Characteristic Mass Spectral Peaks 
and Intensities Peak No. 

1 

2 

3 

5 

6 

Pesticide 

p , p ' - D D E 

o , p ' - D D T 

p , p ' - D D T 

£ - H C H 

H e p t a c h l o r epoxide 

D i e l d r i n 

p , p ' - D D D 

m / e 246 ( 1 0 0 % ) , 318 ( 8 3 % ) , 316 ( M o ­
lecular i on , 6 6 % ) , 248 ( 5 8 % ) , 320 
( 4 1 % ) , 176 ( 4 1 % ) , 210 ( 1 6 % ) . 

m / e 2 3 5 ( 1 0 0 % ) , 2 3 7 ( 7 0 % ) , 165 ( 4 0 % ) , 
75 ( 2 0 % ) , 199 ( 1 8 % ) , 246 ( 1 8 % ) , 352 
( M o l e c u l a r i o n , 3 % ) . 

m / e 235 ( 1 0 0 % ) , 237 ( 7 2 % ) , 165 ( 4 8 % ) , 
75 ( 2 2 % ) , 50 ( 1 8 % ) , 51 ( 9 % ) , 352 
( M o l e c u l a r i on , 2 % ) . 

m / e 109 ( 1 0 0 % ) , 2 1 9 ( 8 5 % ) , 181 ( 7 8 % ) , 
183 ( 8 0 % ) , 111 ( 6 2 % ) , 193 ( 6 2 % ) , 
288 ( M o l e c u l a r i on , 4 % ) . 

m / e 81 ( 1 0 0 % ) , 353 ( 8 4 % ) , 355 ( 7 6 % ) , 
351 ( 4 8 % ) , 357 ( 3 5 % ) , 237 ( 3 3 % ) , 
386 ( M o l e c u l a r i on , 8 % ) . 

m / e 79 ( 1 0 0 % ) , 108 ( 1 9 % ) , 263 ( 1 8 % ) , 
277 ( 1 9 % ) , 279 ( 1 6 % ) , 345 ( 7 % ) , 378 
( M o l e c u l a r i on , 3 % ) . 

m / e 2 3 5 ( 1 0 0 % ) , 2 3 7 ( 6 6 % ) , 165 ( 5 8 % ) , 
75 ( 2 1 % ) , 82 ( 1 6 % ) , 88 ( 1 6 % ) , 318 
( M o l e c u l a r i on , 5 % ) . 

Some difficulties were encountered in the absolute conf irmation of 
configurational a n d structural isomers where mass spectral peak intensities 
a n d mass values of characterist ic fragment ions were too s imi lar under 
the condit ions of the analysis. I n those instances, however , identi f icat ion 
was read i ly made on the basis of gas chromatographic retention t ime 
data. T h e estimated lower l i m i t of detectabi l i ty of organochlor ine pest i ­
c ide residues b y this ana lyt i ca l scheme a n d instrument configuration was 
determined to be approximate ly 0.05 to 0.1 p p m . 
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Herbicide Residues 

C o m b i n e d methodology a n d metabo l i sm studies i n v o l v i n g the h e r b i ­
c ides 2 ,4-dichlorophenoxyacetic a c i d ( 2 , 4 - D ) a n d 2,4,5-trichlorophenoxy-
acetic a c i d (2 ,4,5-T) furn ished a n oppor tun i ty for the app l i ca t i on of the 
gas chromatographio -mass spectrometric technique to the conf irmat ion 
of der iva t i zed intact residues a n d metabolites a n d the s tructura l charac ­
ter izat ion of u n k n o w n metabol ites isolated f r o m rat ur ine . T h e ana ly t i ca l 
technique , br ief ly summar ized , involves a c i d hydro lys is of pheno l i c con­
jugates, extraction of free phenols a n d acids w i t h benzene, extract c on ­
centrat ion a n d der ivat i zat ion w i t h diazoethane, a n d finally, c o l u m n 
chromatographic c leanup a n d separation b y s i l i ca ge l chromatography 
e m p l o y i n g benzene -hexane a n d b e n z e n e - e t h y l acetate solvent systems 
as eluents ( 2 2 ) . P r o g r a m m e d temperature gas chromatographic analyses 
of the ur ine extracts w i t h a 7 ft X 1/8 i n c h o.d. a l u m i n u m c o l u m n p a c k e d 
w i t h 2 0 % O V - 1 0 1 o n 6 0 / 8 0 mesh Gas C h r o m Q p r o v i d e d the to ta l i o n 
current chromatograms shown i n F i g u r e 9. T h e mass spectral f ragmenta­
t i o n data w e r e used to conf irm the presence of 2 ,4-D a n d 2,4,5-T as the 
e t h y l esters a n d t r i ch loropheno l ( T C P ) as the e thy l ether i n the several 

"12 .4.5-TCP 

• 2 4 • t M 1 2 W t t t « 2 * 2 2 2 4 

Figure 9. Total ion current chromatograms of animal urine 
extracts containing (A) 2,4-D, (B) 2,4,5-T, and (C) 2,4,5-trichloro-
phenol and an isomer of trichlorodihydroxybenzene, peak 2 (as 

ethyl esters and mono- and diethyl ethers, respectively) 
Programmed temperature conditions: five minutes at 180° C, to 220° C 

at 5°C/min, isothermal at 220°C 
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^ ^ OCRjCOOCijClj 

• / • 213 

— I 
-C«2=CH 2 

• / , 24S 

-COOCt 

CI 

• / • "5 

» C 6H40Cl7 

• / t 162 

Figure 10. Electron impact-induced fragmenta­
tion scheme for 2,4-dichlorophenoxyacetic acid, 

ethyl ester 

analyses per formed. T h e diagnost ic fragmentat ion pattern for 2 ,4-D 
ethy l ester i n c l u d e d peaks at m / e 248, molecular i o n ; m / e 213, e l iminat i on 
of a C I atom; m / e 185, consecutive e l iminat ion of a C I atom a n d ethylene 
( C 2 H 4 ) f r om the parent i on species; m / e 175, loss of the carboethoxyl 
funct ion f rom the molecular i o n ; a n d finally, a peak at m / e 162 p r e s u m ­
ab ly ar is ing f rom a d i ch loropheno l or dichlorocyc lohexadienone-type r a d ­
i c a l i o n ( F i g u r e 10) . A n analogous fragmentat ion scheme was observed 
for the e thy l ester of 2,4,5-T: m / e 282, molecular i o n ; m / e 247, loss of 
chlor ine a tom; m / e 219, consecutive e l iminat ion of a chlor ine atom a n d 
a molecule of ethylene f rom the parent i o n ; m / e 209, decomposi t ion of 
the parent i on w i t h e l iminat ion of the carboethoxyl group ; a n d finally, 
m / e 196, corresponding to a t r i ch loropheno l or tr i ch lorocyc lohexa-
dienone-type r a d i c a l i on species. 

I n add i t i on to the intact residues of 2,4,5-T excreted i n the rat ur ine , 
mass spectral evidence was obta ined for the presence of the metabol i te 
T C P a n d a tr i ch lorod ihydroxybenzene isomer, w h i c h were observed as 
their mono- a n d d i e t h y l ether derivatives , respectively. T h u s , T C P e t h y l 
ether d i sp layed a molecular i o n at m / e 224 a n d characterist ic fragments 
at m / e 196 a n d m / e 160 o w i n g to consecutive e l iminat i on of ethylene 
a n d H C 1 f rom the parent i on . T h e fragmentation pattern of 2,4,5-tri-
ch loropenol was observed to exhibit s imi lar behavior be l ow m / e 196. 
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• J 4 6 8 10 U M 16 O 20 22 24 2^ ~0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6 2 8 
minutes minutes 

Figure 11. Total ion current chromatograms of (A) standard Aroclor 1260 
mixture of polychlorinated biphenyls. Programmed temperature analysis: two 
minutes at 200°C, to 230°C/min, isothermal at 230°C. (B) Human adipose 
tissue extract. Programmed temperature analysis: two minutes at 190°C, to 

230°C at 5°C/min, isothermal at 230°C. 

T h e mass spectral evidence for the tr ichlorodihydroxybenzerre d i e t h y l 
ether i n c l u d e d a molecular i o n of m / e 286 a n d significant f ragment ions 
at m / e 240, m / e 212, a n d m / e 176 ar is ing f r om the consecutive e l i m i n a ­
t ion of two molecules of ethylene a n d one molecule of H C 1 . 

Polychlorinated Biphenyls 

Conf i rmatory evidence for the presence of po lych lor inated b iphenyls 
( P C B ) i n fish, seabirds, conifer needles, a n d h u m a n depot fat has been 
obta ined b y gas chromatography-mass spectrometry (23, 24). T h e mass 
spectral behavior of standards of P C B materials ( A r o c l o r 1254 a n d 1260) 
a n d P C B compounds isolated f r om h u m a n adipose tissue u t i l i z i n g stand­
a r d ana ly t i ca l methodology (19) has been reported recently ( 25 ) . A n 
i l lustrat ion of the total i o n current chromatogram obtained b y pro ­
g r a m m e d temperature analysis of a mixture of standard P C B compounds 
( A r o c l o r 1260) on a 100 ft X 0.02 i n c h i .d . stainless steel cap i l lary c o l u m n 
coated w i t h O V - 1 si l icone o i l is depic ted i n F i g u r e 11. M o s t components 
of the A r o c l o r standard p r o d u c e d mass spectra w i t h molecular i on groups 
of h i g h intensity. I n add i t i on , the characterist ic isotopic d i s t r ibut ion 
patterns corresponding to the number of chlor ine atoms i n the parent ion 
a n d chlor ine-conta ining fragment ions were observed. O t h e r noteworthy 
features of the mass spectra were the re lat ive ly intense i on fragments 
resul t ing f rom consecutive loss of chlor ine atoms f rom the parent i on a n d 
the presence of intense d o u b l y charged fragments w i t h i n the mass spectra 
of most of the P C B compounds . T h u s , i t was possible to establish the 
molecular we ight a n d n u m b e r of chlor ine atoms associated w i t h each 
major numbered component i n the chromatogram of F i g u r e 11. T h e 
standard A r o c l o r 1260, on this basis, was shown to consist of at least 
two pentachlorobiphenyls , four hexachlorobiphenyls , six heptachlorob i -
phenyls , two octachlorobiphenyls , two nonachlorobiphenyls , a n d deca-
ch lorob ipheny l . 
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9. BIROS Gas Chromatography—Mass Spectrometry 147 

A l t h o u g h i t was apparent that several of the major peaks i n the chro -
matogram of the s tandard P C B mater ia l were i n fact composed of more 
than a single component , no further attempt was made to elaborate on 
the ident i ty or nonident i ty of the i n d i v i d u a l components of each of these 
peaks. 

S t ruc tura l studies of the P C B components must necessarily invo lve 
the app l i ca t i on of complex separation procedures coup led w i t h deta i l ed 
spectrometric studies of each isolated component. F i g u r e 11 also inc ludes 
the total i on current chromatogram of a h u m a n adipose tissue extract 
w h i c h was shown to contain traces of P C B compounds (peaks a through 
/) whose mass spectra were consistent w i t h those f ound for A r o c l o r 1260, 
namely , peaks 6 a n d 9 through 17. 

P C B materials i n field-collected b a l d eagle specimens have been 
identi f ied u t i l i z i n g c o m b i n e d gas chromatography-mass spectrometry 
techniques i n conjunct ion w i t h th in- layer chromatographic separations 
of s tandard materials as w e l l as tissue extracts ( 26 ) . A tota l of 19 P C B 
compounds were detected i n the field samples. Analyses were per formed 
employ ing a sp i ra l glass gas chromatographic c o lumn, 9 ft X 0.25 i n c h 
o.d., p a c k e d w i t h 1 % S E - 3 0 on 100 /120 mesh Gas C h r o m Q. M a s s spectra 
of the major components of A r o c l o r 1254 P C B standard were presented 
i n this report as w e l l as relat ive retention data for the i n d i v i d u a l c o m ­
ponents. 

Discussion 

O f a l l the systems w h i c h have been u t i l i z e d for the analysis of pest i ­
c ide residues, c o m b i n e d gas chromatography-mass spectrometry affords 
a par t i cu lar ly useful approach because posit ive identi f icat ion of the c om­
ponents of a mixture can be made wi thout pr i o r separation at sensitivities 
compat ib le w i t h the l i m i t e d quantit ies of residues general ly avai lable . 
F r o m the results of recent studies i n v o l v i n g the app l i ca t i on of this t e ch ­
n ique , it has been demonstrated that avai lable residue ana ly t i ca l methods 
prov ide efficient isolation a n d adequate c leanup of extracts of h u m a n , 
a n i m a l , a n d environmenta l m e d i a i n most cases to permit gas chromato-
graphic—mass spectrometric analyses w i t h m a x i m u m confidence. A d d i ­
t i ona l ly , i t has been shown that this c o m b i n e d technique w i l l convenient ly 
prov ide def init ive a n d conclusive conf irmation of residue ident i ty as w e l l 
as character izat ion of residues a n d their metabolites of u n k n o w n structure. 

I n add i t i on to the appl icat ions reported here, gas c h r o m a t o g r a p h y -
mass spectrometry has been employed i n the character izat ion of photo ­
chemica l degradat ion products of p , p ' - D D T a n d p , p ' - D D E ( 2 7 ) , synthetic 
intermediates i n p , p ' - D D T metabo l i sm studies ( 2 8 ) , a n d transformation 
products of h e r b i c i d a l chloroani l ines i n soi l (29). 
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F r o m a technique standpoint , add i t i o na l studies shou ld be made on 
improvements of ins trumenta l sensit ivity to a l l ow rout ine conf irmation 
of pest ic ide residues at the nanogram a n d possibly the p i cogram leve l . 
Some gains have a lready been reported i n this area, u t i l i z i n g computer 
enhancement techniques (21), pulse height analysis (30, 31), a n d other 
methods (4). Studies document ing c o m p o u n d y i e l d a n d enr ichment fac­
tors for the several classes of organic pesticides a n d various gas chroma-
tographic—mass spectrometric inter fac ia l systems under a var ie ty of 
operat ing condit ions are requ i red . Techno log i ca l studies systematical ly 
des igned to exploit the advantages of cap i l l a ry a n d other gas c h r o m a ­
tographic co lumns for pest ic ide residue analysis are also needed. F i n a l l y , 
deve lopment of a complete residue analysis system e m p l o y i n g either an 
electron capture or flame ion izat ion detector a n d spl itter arrangement i n 
tandem w i t h the molecu lar separator p e r m i t t i n g simultaneous mass spec­
trometr ic ident i f i cat ion a n d detect ion a n d quant i tat ion of pest ic ide res i ­
dues f rom a single gas chromatographic inject ion w o u l d offer obvious 
advantages. 

T h e reported appl icat ions of c o m b i n e d gas chromatography-mass 
spectrometry to the analysis of pest ic ide residues have been increasing 
i n f requency i n recent years. W i t h developments i n instrument technology 
a n d ava i lab i l i t y of instrumentat ion , i t can be expected that the technique 
w i l l be re l i ed u p o n to an even greater extent i n the future. 
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10 

The Identification of Pesticides at Residue 
Concentrations 

K. E . E L G A R 

Shell Research Ltd., Woodstock Agricultural Research Centre, 
Sittingbourne, Kent, England 

It is important to confirm the identity of pesticide residues 
convincingly. Some methods, such as TLC, paper chroma­
tography, or p-values share the same physical property of 
partition in achieving separations of mixtures. They do not 
give independent evidence for the identity of a compound. 
Similarly, GLC retention times for a compound on different 
stationary phases are often highly correlated. Thus, the 
choice of confirmatory techniques should be carefully made. 
Although powerful methods such as GC/MS are being 
studied, there is a need for simpler operations—for instance, 
the formation of chemical derivatives. Experiments with 
aldrin and dieldrin have revealed a number of reactions 
which are convenient for the confirmation of residues of 
these compounds. 

' T p h e impl i cat ions of f inding a pestic ide residue i n a sample can often 
A be far -reaching, a n d i t is important that the identi f icat ion of the 

residue is conv inc ing ( I , 2, 3 ) . T h e authent ic i ty of a trace constituent 
can be established b y m a n y different methods, some of these contr ibut ing 
m u c h more evidence than others. I f there is sufficient residue a n d it can 
be isolated in a reasonably pure state, the methods of in f rared spec­
troscopy (4) and mass spectroscopy (5, 6) are very p o w e r f u l tools a n d 
often give results w h i c h the analyst feels settle the quest ion of ident i ty . 
It is rare to be able to settle the quest ion so easily. M o r e often, the 
analyst is faced w i t h a possible residue present at a very l o w concentra­
tion indeed , a n d he has to resort to other methods, the results of w h i c h 
are more ambiguous. It is important to choose ana ly t i ca l procedures 
w h i c h give independent evidence for the ident i ty of the residue. 
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0 0.2 0.4 0.6 0.8 1.0 
Iso octane/Phenoxyethanol (Rp) 

20 40 60 80 100 120 
Aq. pyridine/Mineral oil (Rijndane) 

Journal of the Association of Official 
Agricultural Chemists 

Figure 1. Paper chromatography; A) Ref. 7; B) Ref. 8 

0 0.2 0.4 0.6 0.8 1.0 
Silicagel/Hexane (Rp) 

0 0.2 0.4 0.6 0.8 1.0 
Silica gel Light petrol/1iq. 

paraffin/dioxan (Rp) 

Figure 2. Thin-layer chromatography; Ref. 9 

0 0.2 0.4 0.6 0.8 1.0 
Isooctane/DMF 

0.2 0.4 0.6 0.8 1.0 
Heptane/90% Ethan oI 

Journal of the Association of Official 
Agricultural Chemists 

Figure 3. Extraction ^-values; Ref. 10 
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10. E L G A R Identification at Residue Concentrations 153 

I n F i g u r e 1, RF values for organochlor ine insecticides i n different 
systems have been p lo t ted (7,8). It is c lear that i n general the points l i e 
close to a l ine , a n d therefore there is a h i g h degree of correspondence 
between the RF of a c o m p o u n d i n one system a n d the RF i n a complete ly 
different system. T h i s shows that i n order to conf irm the ident i ty of a 
residue i t is not enough to r u n the extract i n two or even several paper 
chromatography systems, because they a l l r e ly on one parameter—the 
par t i t i on coefficient of the c o m p o u n d between i m m i s c i b l e l i qu ids . 

I n F i g u r e 2, the RF values of organochlor ine insecticides i n different 
th in- layer chromatography systems are shown ( 9 ) . A g a i n , i t is ev ident 
that r u n n i n g portions of extract i n different systems tells the analyst l i t t le 
more than r u n n i n g i t i n one system only . 

I n F i g u r e 3, B o w m a n a n d Beroza's extraction p-values obta ined f r o m 
different pairs of i m m i s c i b l e solvents are p lo t ted (10). T h e degree of 
correspondence for the p-values of these compounds—organochlor ine a n d 
organophosphorus insecticides a n d other pest i c ides—from one p a i r of 
solvents to another is c lear ly featured. T h e add i t i ona l independent e v i ­
dence for ident i ty ga ined b y obta in ing a second p-value is very smal l . 

F i g u r e 4 shows the recent data g iven b y T h o m p s o n et al. (11). G L C 
retention times w i t h the nonpolar d i m e t h y l siloxane po lymer D C 200 as 
the stationary phase are p lot ted against retention times on other phases 
w h i c h gave good resolut ion of i n d i v i d u a l pesticides. T h e correspondence 
between retention times on different phases is h i g h l y significant. W i t h 
the stationary phases p lo t ted i n F i g u r e 5, the degree of concordance is 
less significant. Indeed , i t is clear f rom these two figures that o n the 
grounds of independent evidence for ident i ty , the h igh ly -po lar stationary 
phase D E G S makes an admirab le complement to the nonpo lar phases. 

T h i s po int can be carr ied a stage further . RF values i n different paper 
chromatographic systems are not independent parameters, nor are RF 

0 1.0 2.0 3.0 4.0 5.0 6.0 0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
OV-1/QF-1 ( R A | d H n ) OV-17/QF-1 (R A l d r i n ) 

Journal of the Association of Official 
Agricultural Chemists 

Figure 4. Gas-liquid chromatography; Ref. 11 
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0 1.0 2.0 3.0 4.0 5.0 6.0 
Q F 1 RAldrin 

1.0 2.0 3.0 4.0 5.0 6.0 
DEGS R, 'Aldrin 

Journal of the Association of Official 
Analytical Chemists 

Figure 5. Gas-liquid chromatography; Ref. 11 
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Figure 6. A) Paper chromatography vs. thin-layer chro­
matography; B) Extraction p-value vs. thin-layer chroma­

tography 

values i n different T L C systems or extraction p-values i n different pairs 
of solvents. I n add i t i on , since the basis of separation for a l l three of these 
techniques lies i n part i t i on phenomena, i t w o u l d not be surpr is ing to find 
some concordance between values for a c o m p o u n d b y a l l these tech­
niques. F i g u r e 6 shows a p lot of RF values for organochlor ine insecticides 
i n a paper chromatography system against a th in- layer chromatography 
system a n d p-values against RF i n thin- layer chromatography. W h i l e an 
RF f rom T L C gives some extra independent evidence over a n d above an 
RF f rom paper chromatography, i t is not great, a n d i t is p r o b a b l y not 
w o r t h the effort to use bo th methods; s imi lar ly for the p-value a n d the RF 

on th in- layer chromatography. 
B y contrast, some techniques obviously depend on different p h y s i c a l 

effects to achieve separation. A n RF va lue obta ined b y paper chroma­
tography w o u l d not be expected to correspond to a retention t ime on a 
G L C co lumn since the former depends on part i t i on a n d the latter, largely , 
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10. E L G A R Identification at Residue Concentrations 155 

on vapor pressure. F i g u r e 7 shows plots of G L C vs. paper chromatogra­
p h y a n d also G L C us. th in- layer chromatography. T h i s figure shows that 
paper or th in - layer chromatography gives extra support to a tentative 
identi f icat ion b y G L C . 

T h e po int that has been m a d e so far f r o m a theoret ica l s tandpoint 
has prac t i ca l mean ing i n the laboratory . F i g u r e 8 shows G L C chromato ­
grams for s tandard solutions of p , p ' - D D E , o , p ' - D D T , a n d p ^ - D D T , for 
a s tandard solut ion of po lych lor inated b ipheny ls a n d of an extract of the 
l iver of coho salmon, bo th concentrated a n d d i l u t e d (12). These were 

0.2 0.4 0.6 0.8 1.0 
Isooctane/Phenoxyethane (Rp) 

0.2 0.4 0.6 0.8 1.0 
Silica gel/Hexane (Rp) 

Figure 7. A) Gas-liquid chromatography vs. paper chroma­
tography; B) Gas-liquid chromatography vs. thin-layer chro­

matography 

DDT Standard solution Salmon liver Salmon liver 
standard ofPCBs extract concentrated extract diluted 
solution 

Figure 8. Gas-liquid chromatography of salmon liver 
extracts on SE 30 
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156 P E S T I C I D E S I D E N T I F I C A T I O N 

r u n on the stationary phase S E 30. H o w e v e r , the l i ver was shown b y 
G L C / m a s s spectroscopy to contain not on ly D D E but also a constituent 
of po ly ch lo r inated b iphenyls tentat ively identi f ied as pentach lorob ipheny l 
( 1 3 ) , a n d this has a retent ion t ime on S E 30 co inc ident w i t h p , j / - D D E . 
F i g u r e 9 shows the same extracts r u n on a polar stationary phase, p h e n y l -
d iethanolamine succinate ( P D E S ) . T h e peak i n the d i l u t e d l i ve r extract 
contains b o t h p , p ' - D D E a n d pentach lorob iphenyl . T h i s co inc idence of 
retention times occurred on other po lar stationary phases, such as the 
ni t r i l e s i l icone X E 60. I n other words , i f the analysis of this extract h a d 
been carr i ed out b y G L C only , a lbeit on different stationary phases, the 
concentrat ion of the D D E part of the m i x e d res idue w o u l d have been 
incorrect . 

T h u s , techniques used to give further evidence for the ident i ty of a 
pest ic ide residue should be inte l l igent ly chosen. I f evidence f r o m in f rared 
or mass spectroscopy is not avai lable , then adequate c r i ter ia of ident i f i ca ­
t i on w o u l d be one or two G L C retent ion t imes, p lus an RF va lue f r om 
paper or th in- layer chromatography or an extraction p-value. A l t e r n a ­
t ive ly , one or two G L C retention times plus a G L C retention t ime of a 
der ivat ive f o rmed b y chemica l react ion w o u l d be a basis for confidence. 

M u c h more emphasis must be p l a c e d u p o n this subject of the ident i f i ­
cat ion of trace constituents. T h e p r o b l e m that the po lych lor inated b i ­
phenyls present i n the analysis of organochlor ine pesticides has been 
i l lustrated . T h i s is just one example of the need to ident i fy accurately a 
very w i d e range of c h e m i c a l compounds i n extremely smal l concentra­
tions. 

i i 

DDE standard PCBs standard Salmon liver extract Salmon liver 
solution solution concentrated extract diluted 

Figure 9. Gas-liquid chromatography of salmon liver 
extracts on PDES 
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10. E L G A R Identification at Residue Concentrations 157 

J (a) Per-acid, heat 

(b) Bromine water 

NaOH/alcohol 

Bromine water 

(c) HI/HgBr2, 100°. 1 hour 

(d) Silver acetate/I 2/acetic acid 

(e) N-bromo succinimide/acetic acid 
100°, Vi hour 

(f) I/trace ethanol, 100°C. 1 hour 

NaOH/alcohol 

Bracketed numbers refer to GLC retention times on SE30 relative to aldrin 

Figure 10. Derivatives of aldrin 

T h e emphasis n o w be ing p l a c e d u p o n the G L C / m a s s spectroscopy 
combinat ion is a l ready p a y i n g a r i c h d i v i d e n d i n some areas of ana ly t i ca l 
chemistry. F u r t h e r research on this combinat ion is b o u n d to l ead to a 
q u i c k e n i n g interest f r om instrument manufacturers . T h e need is for an 
apparatus w h i c h is sufficiently sensitive a n d w h i c h , i n terms of expense 
a n d expert labor , is w i t h i n the range of laboratories spec ia l i z ing i n 
residue analysis. W h e n a reasonably inexpensive a n d easy-to-use e q u i p ­
ment, capable of w o r k i n g at trace concentrations, becomes avai lable , i t 
w i l l have the capac i ty to solve m a n y ana ly t i ca l problems. H o w e v e r , i t 
w i l l be some years before this k i n d of instrument is on the market . 

I n add i t i on to this approach , there is a need for fa i r l y s imple , rout ine 
tests that can be incorporated into the ana ly t i ca l procedures that every 
residue chemist can use. Con f i rmat ion procedures such as the format ion 
of derivatives b y c h e m i c a l react ion were first a p p l i e d some years ago, 
but i t is on ly recently that Cochrane a n d C h a u i n C a n a d a (14, 15,16,17, 
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158 P E S T I C I D E S I D E N T I F I C A T I O N 

18, 19, 20) a n d others (21) have b e g u n to look at this approach syste­
mat i ca l ly . T h e G L C of derivatives for organochlor ine insect ic ide residues 
has been used i n our laboratory since i t was first apprec iated h o w n o n ­
specific the electron capture detector c o u l d be. A n y derivat ive should 
reta in as m u c h as possible of the electron capture response; i t shou ld have 
a retention t ime different f r o m that of the parent molecule , pre ferably a 
longer retention t ime i n order to differentiate i t c lear ly f r om the back­
ground . F i g u r e 10 shows some w o r k on a l d r i n w i t h a v i e w to finding 
suitable derivatives for conf irmation. O u r n o r m a l procedure for con ­
firming any a l d r i n residue was to convert i t to d i e l d r i n w i t h per -ac id , a 
technique p u b l i s h e d b y N o r e n (22) a n d b y Osadchuk a n d Wanless (23). 
B u t F i g u r e 10 indicates that there are a number of other derivatives w h i c h 
c o u l d be used for w h i c h the react ion is easy to carry out, gives a reason­
able y i e l d of product , a n d where the G L C peak is convenient for confir­
mat ion . F i g u r e 11 shows some derivatives of d i e l d r i n . O u r usua l con ­
firmation was react ing the residue w i t h acetic a n h y d r i d e / h y d r o b r o m i c 
a c i d , part of the o l d p h e n y l az ide co lor imetr ic method for d i e l d r i n . A t 
100 ° C , the product is the bromoacetate der ivat ive , but i n the co ld , as 
p u b l i s h e d b y H a m e n c e et al. (24), a mixture of bromoacetate a n d bromo-

(a) HBr/acetic anhydride 
100°, Yi hour 

Hl/acetic anhydride 
100°, 5 mins 

HCI/acetic anhydride 
100°, 15 mins 

(b) CH3COOCH3/trace H 2S0 4 

60°, 5 mins 

(c) HBr 100°, J4 hour 
Bromohydrin 

(i) Ag20/alkyl iodide 
30°. 1 hour 

(ii) 60°, 2 hours 

(iii) CH3COBr 
100°, 8 hours 

(iv) K 2 Cr 2 0/H 2 S0 4 

100°, 1 hour 

(v) CICOOEt/pyridine 
80°C 

x^OCOCH, 

x * 0 OCOCH 

^ O C O C H , 

X 
\ * O H I cii 
s^Bt 

x^Br 
\ , O E 

x^Br 

X ' 
^OCOOEt 

COCH3 

cis 

OMe 

Br 
OEt 

Br 
Br 
OCOCH, 

(6.0) 

(8.0) 

(4.7) 

(5.7) 

(5.2) 

(3>3) 

(3.8) 

(6.0) 

(3.9) 

(9.7) 

Bracketed numbers refer to GLC retention times on S€30 relative to aldrin 

Figure 11. Derivatives of dieldrin 
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10. E L G A R Identification at Residue Concentrations 159 

h y d r i r i is obta ined . A g a i n , a n u m b e r of interest ing derivatives were f o u n d 
w h i c h c o u l d be used for conf irmatory purposes. B y contrast, w i t h e n d r i n 
i t seems difficult to make any other der ivat ive than the pentacyc l i c ketone 
product , the so-cal led "A-keto , " whatever reagents a n d condit ions are 
employed . 

O n e further w a y of i m p r o v i n g the specif ic ity of the analysis step is 
to remove more of the crop extractives that interfere w i t h the analysis. 
T h e most c ommonly used are s t i l l par t i t i on between i m m i s c i b l e solvents 
a n d c o lumn chromatography. A l t h o u g h these remove most of the u n ­
w a n t e d materials , techniques w h i c h have a different basis for separation 
have not yet been s tudied adequately . A separation based on molecular 
we ight differences us ing gel permeat ion chromatography has been p u b ­
l i shed b y R u z i c k a et al (25) a n d b y H o r l e r ( 26 ) . T h i s technique w a r ­
rants further study to find whether i m p r o v e d efficiency a n d resolution can 
be obtained. Robust permeable membranes are n o w marketed a n d these 
also have obvious appl icat ions to c lean-up w h i c h should be s tudied . In 
fact, the who le area of inter fer ing substances is s t i l l open to further 
research. Foodstuffs can be rough ly classed as l i p i d , carbohydrate , a n d 
prote in , p lus other substances such as pigments , a lkalo ids , a n d minerals 
w h i c h are present i n smaller concentration. O f these, the class w h i c h 
c lear ly represents the greatest contr ibut ion to G L C interference is the 
l i p i d . I n c l u d e d i n the l ip ids are groups such as fatty acids, glycerides, 
phosphol ip ids , resins, resin acids, p lant sterols, terpenes, i n c l u d i n g caro­
tenes a n d xanthophyl ls , a n d waxes w h i c h are m a i n l y esters but w h i c h 
contain hydrocarbons , alcohols, ketones, a n d acids. A s w i t h the prepara ­
t ion of derivatives for conf irmation of a residue, i t appears that here is 
another area where the analyst m i g h t a p p l y chemica l reactions prof i tably . 
L e a d acetate complexes or urea complexes w i t h fatty acids c o u l d be used 
to reta in selectively at least the saturated members of this group. Phos ­
phatides are insoluble i n acetone a n d some f o rm complexes w i t h m a g ­
nes ium or c a d m i u m chlor ide . H y d r o c a r b o n s f o rm picrates, a n d po ly -
hydroxy compounds f o rm borates. It may be that there is l i t t le w h i c h 
is nove l i n this approach a n d that w h i l e i t is possible to remove inter fer ing 
compounds as complexes on a chromatography co lumn, the job can be 
done more easily another way . H o w e v e r , this approach of systematical ly 
c lear ing an extract of the major components of G L C interference seems 
never to have been attempted i n pest ic ide residue analysis. 

M o r e attention shou ld be p a i d to the needs of the residue analyst 
w o r k i n g at the bench . M u l t i d e t e c t i o n ana ly t i ca l methods are an enormous 
gain , but w e need to beware of constantly a d d i n g n e w pesticides or 
b r e a k d o w n products to an already-exist ing mul t idetec t i on scheme. T o do 
this w i l l eventual ly make conf irmation of ident i ty an imposs ib le job. F o r 
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160 P E S T I C I D E S I D E N T I F I C A T I O N 

example , the mul t ide tec t i on scheme based o n electron-capture G L C for 
the organochlor ine insecticides shou ld be reta ined for this group a n d a 
separate scheme used for the organophosphorus compounds based on 
G L C w i t h a phosphorus-sensit ive detector. Separat ion i n groups b y 
c o l u m n chromatography, a l ready used for organochlor ine insecticides a n d 
other pesticides by , for instance, L a w s a n d W e b l e y (3), M c L e o d et dL 
( 2 7 ) , a n d Sans (28) needs further study. E a c h group shou ld have its 
o w n mul t ide tec t i on procedure , a n d conf irmatory steps should be p a r t of 
the procedure . S u c h separation schemes w i l l be increasingly necessary 
as the emphasis i n residue analysis moves towards env i ronmenta l samples 
w h i c h m a y w e l l conta in contaminat ing substances f r o m industry a n d 
commerce . 

T h e conf irmation of the presence of a residue often is carr ied out b y 
people w i t h l i t t le t ime or effort to spare. A p p a r a t u s a n d materials re ­
d u c e d to the s m a l l scale save t ime a n d do not necessari ly sacrifice a c c u ­
racy a n d prec is ion. T h e accent must be on r e l i a b i l i t y a n d reproduc ib i l i t y , 
on speed a n d on s impl i c i ty . 
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Analysis of Pesticide Residues: 
Immunological Techniques 

C. D . ERCEGOVICH 

Department of Entomology and Pesticide Research Laboratory, Pennsylvania 
State University, University Park, Pa . 16802 

Past investigations which are known to have been conducted 
on immunological methods for analyzing pesticides and their 
degradation products are limited to those of only three sepa­
rate research groups. Two of these groups were successful 
in developing antisera specific for DDA, a metabolite of 
DDT, and malathion. Parathion, aminotriazole, and several 
degradation products were readily detected by immuno­
logical methods by the third group of investigators. None 
had shown the practicality of such methods for the analysis 
of actual or fortified residue samples; however, their results 
clearly demonstrate a potential usefulness of immunological 
methods for detecting pesticides. The development of immu­
nological methods for pesticide analysis as supplemental 
methods for rapid screening and confirmatory test is en­
couraged. The advantages and disadvantages of such 
methods are discussed. 

T n keep ing w i t h the theme of this vo lume , identi f icat ion of pesticides at 
the residue ( s u b m i c r o g r a m ) leve l , the questions of w h a t appl icat ions 

of i m m u n o l o g i c a l techniques have been used i n the past, a n d w h a t poten­
t i a l usefulness do these techniques have for these purposes i n the future 
are considered. T h e top ic considers b o t h i m m u n o l o g i c a l a n d serological 
techniques. Immuno logy , i n a restr icted sense, deals w i t h the procedures 
used a n d the mechanisms invo lved whereby a host establishes resistance 
to a disease ( i m m u n e state) after a specific exposure to a fore ign infec ­
tious agent ( ant igen ) . I n a broader sense, i m m u n o l o g y is concerned 
w i t h hypersensit ive b i o l og i ca l phenomena of a l tered tissue react iv i ty such 
as allergies, a cqu i red tolerances to a n d rejection of fore ign tissue, a n d 
auto immune diseases. Serology is a b r a n c h of b i o l og i ca l science con -

162 
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11. E R C E G O V I C H Immunological Techniques 163 

cerned w i t h the d iagnost ic a n d exper imental procedures b y w h i c h ant igen-
ant ibody reactions can be s tudied . I t is so n a m e d because serology 
involves the use of serum. Since m a n y i m m u n e reactions are s tud ied b y 
serological techniques, i t is permiss ib le to refer to the top i c m e r e l y as 
i m m u n o l o g i c a l techniques. 

T h e average pest ic ide residue chemist or toxicologist m a y have no 
or on ly a superf ic ial knowledge of i m m u n o l o g y a n d serology. Perhaps 
his f a m i l i a r i t y w i t h these sciences is l i m i t e d to a sophomoric knowledge 
of the ir re lat ion to i m m u n i z a t i o n i n disease prevent ion , diagnosis for 
allergies, b l o o d t y p i n g , a n d disease resistance. C e r t a i n l y these are among 
the p r i m a r y concerns of i m m u n o l o g y a n d serology, a n d more recent ly 
the importance of i m m u n i z a t i o n as i t appl ies to the reject ion of organ 
transplants has g iven spec ia l importance to these fields. Because these 
sciences are h i g h l y spec ia l ized , i t m a y be w o r t h w h i l e to r ev i ew brief ly 
some of the ir u n d e r l y i n g pr inc ip les to assist better the pest ic ide researcher 
to g a i n a n unders tanding a n d apprec iat ion of h o w these techniques m a y 
a p p l y to his interests. Since on ly a l i m i t e d discussion of basic pr inc ip les 
a n d methodology can be presented here, the reader is re ferred to ex­
cel lent monographs b y B u r r o w s et ah ( I ) , D a y ( 2 ) , G a r y ( 3 ) , a n d 
We i s e r et ah (4) for the general pr inc ip les of immuno logy , i m m u n o -
chemistry , a n d i m m u n e reactions, Landste iner ( 5 ) , N e z l i n ( 6 ) , a n d 
Pressman a n d Grossberg (7 ) for a better unders tand ing about the b i o ­
chemistry a n d specif icity of antibodies , a n d C a m p b e l l et ah ( 8 ) , K a b a t 
a n d M a y e r ( 9 ) , K w a p i n s k i ( 1 0 ) , N o w o t n y (11), a n d W i l l i a m s a n d 
Chase (12) for specific a n d deta i led in format ion about methodology. 

General Principles 

Essent ia l ly , w h e n a foreign prote in , ant igen, is in jected into a suitable 
a n i m a l , the organism responds b y p r o d u c i n g a specific pro te in ca l l ed an 
ant ibody . T h e i m m u n o l o g i c a l response of a n a n i m a l to the i n i t i a l injec­
t i on of a n ant igenic substance is not immediate , but after a suitable 
i n c u b a t i o n p e r i o d the properties of the b l o o d serum i n respect to the 
ant igen are altered. T h i s effect is demonstrated b y the produc t i on of an 
i m m u n e serum, ant iserum, w h i c h differs f r om n o r m a l serum i n that i t 
reacts e i ther in vivo or in vitro w i t h the homologous antigen. T h i s p r o p ­
erty of ant iserum is the result of the presence of antibodies , substances 
w h i c h are f o rmed b y the organism i n response to the injected ant igen. 
T h e ant ibody is f o u n d i n the largest amount a n d most convenient f o r m 
i n the b l o o d serum a n d is in t imate ly associated w i t h the serum prote in . 
A n t i s e r u m m a y conta in f rom 1 to 5 or even more, m g per m l of ant ibody 
prote in . T h e ant ibody ac t iv i ty general ly is l o ca l i zed i n the g l o b u l i n 
fract ion of the serum prote in . T h e i m m u n e g l o b u l i n , however , is i n d i s ­
t inguishable f r o m n o r m a l serum g l o b u l i n b y chemica l analysis. A n t i b o d y 
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act iv i ty of ant iserum m a y be destroyed b y denaturat ion w i t h heat, a lcohol , 
or urea a n d b y degradat ion w i t h strong a c i d or a l k a l i . I m m u n e g l o b u l i n 
reacts w i t h substances such as 1 3 1 I or fluorescent dyes to l a b e l the ant ibody 
for various exper imental purposes w i t h o u t loss of act iv i ty . 

A l t h o u g h the s t imulat ion of ant ibody produc t i on is usua l ly observed 
w i t h proteins, certa in polysaccharides , such as the capsular components 
of pneumococc i a n d other microorganisms, are also antigenic . T h e a n t i ­
genic property of substances is var iab le i n that some antigens give 
m a r k e d i m m u n e response w h i l e others st imulate on ly a l o w grade i m ­
m u n e response as demonstrated b y the s m a l l amount of ant ibody pro ­
duc t i on . Substances such as o v a l b u m i n , serum g l o b u l i n , d i p h t h e r i a tox in , 
a n d tetanus toxoids are examples of good antigens w h i l e hemog lob in , 
nucleoproteins , a n d histones are poor antigens. G o o d antigens are gen­
era l ly natura l ly o c curr ing substances of re lat ive ly large molecu lar size, 
at least p a r t i a l l y digest ible b y enzymes, a n d are fore ign or conta in 
structures w h i c h are fore ign to the ant ibody -produc ing a n i m a l . 

T h e natura l l y o c curr ing proteins w h i c h are good antigens usua l ly 
conta in a f u l l complement of amino acids. A n u m b e r of d e r i v e d proteins, 
notab ly gelat in, are not ant igenic , or on ly feebly antigenic , even though 
they m a y be of h i g h molecu lar weight . T h e poor ant igenic property of 
ge lat in is thought to be caused b y its deficiency i n aromatic amino acids , 
t h o u g h there is l i t t le def init ive evidence for this belief . L a r g e molecu lar 
size i n v a r i a b l y accompanies the ab i l i t y to st imulate ant ibody format ion , 
t h o u g h a l l large molecules are not antigenic . T h e r e is some corre lat ion 
between re lat ive ant igenic i ty a n d molecu lar we ight since natura l l y oc­
c u r r i n g substances h a v i n g molecu lar weights of less t h a n about 40,000, 
e.g. lysozyme, protamines, histones, a n d insu l in , are poor antigens. C o n ­
sistent w i t h this in format ion the ant igenic i ty of a pro te in disappears 
r a p i d l y u p o n enzymat ic hydro lys is , a n d proteoses a n d po lypept ides are 
not antigenic . I t is possible that h i g h molecu lar w e i g h t synthetic po lymers 
are antigenic , but w i t h the exception of p o l y v i n y l pyrro l idone none are 
f o u n d to be antigenic . 

A prerequis i te for ant igenic i ty is that the ant igen be fore ign a n d 
d is t inguishable as "not-self" b y the ant ibody -produc ing organisms. T h e 
fore ign q u a l i t y of antigens is of v a r y i n g degree a n d is reflected i n the 
specif ic ity of the ant igen-ant ibody react ion. W i d e l y different antigens 
appear to be qu i te unre lated i m m u n o l o g i c a l l y w h i l e closely re lated a n t i ­
gens show cross-reaction of v a r y i n g degree w i t h appropr iate heterologous 
ant ibody a n d behave as poor antigens w h e n they are closely re lated to 
constituent antigens of the i m m u n i z e d a n i m a l . A n t i g e n i c substances, 
therefore, f r om one species of a n i m a l st imulate ant ibody format ion i n 
another a n i m a l species, a n d antigens of p lant o r i g i n are antigenic i n 
animals . 
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11. E R C E G O V I C H Immunological Techniques 165 

T h i s specif icity is read i ly i l lustrated b y the f o l l o w i n g example. S e r u m 
proteins, w h i c h are among the most c ommonly used antigens, f rom sheep, 
horse, ch i cken , m a n , etc., b u t not homologous r a b b i t serum, are antigenic 
i n rabb i t . S i m i l a r l y the serum prote in f rom rabb i t , sheep, horse a n d m a n , 
but not the homologous ch i cken serum prote in , are antigenic i n ch i cken . 
Speci f ic i ty is also expressed i n the react ion of ant igen w i t h ant ibody . 
F o r instance, ant iserum to horse serum prote in prepared i n the rabb i t 
w i l l react in vitro on ly w i t h the homologous horse serum prote in ant igen 
a n d w i l l not react w i t h serum prote in f r om ch icken , cattle , m a n , rabb i t , 
etc. Speci f ic i ty of this nature is referred to as species specificity. O n 
the other h a n d , specif icity is less sharp between antigens f rom closely 
re lated sources. T h e ant iserum to ch i cken serum prote in w i l l also react 
w i t h p igeon serum prote in ; ant iserum to sheep g l o b u l i n w i l l react w i t h 
beef serum g l o b u l i n , etc., bu t the heterologous react ion is weaker t h a n 
that of the homologous antigen. 

E x p e r i m e n t a l evidence establ ished that the specif icity of antigens 
is determined b y the ir chemica l composit ion. Exper iments w i t h a var iety 
of ant igenic proteins showed that i m m u n o l o g i c a l l y i dent i ca l proteins are, 
as far as can be determined , i dent i ca l i n composit ion. A n t i g e n i c proteins 
di f fer ing f r om one another i n composi t ion are also i m m u n o l o g i c a l l y 
d ist inct w h i l e antigens showing some degree of cross-reaction are closely 
re lated i n c h e m i c a l structure. T h r o u g h the study of a l tered specif icity 
a n d art i f i c ia l antigens evidence has been ga ined that i m m u n o l o g i c a l 
specif icity is a proper ty of molecu lar configuration. A n t i g e n i c pro te in 
m a y be heated, par t ia l l y denatured , or treated w i t h f ormaldehyde i n such 
a w a y that part of the o r ig ina l specificity is lost, but species specif icity 
remains, a l though somewhat broadened. Treatment of pro te in w i t h 
iod ine , n i t r i c a c i d , or nitrous a c i d alters the specif ic ity of the antigen so 
pro found ly that species specif icity is destroyed. 

Landste iner a n d colleagues (5 ) have shown that species specif icity 
of antigens m a y be altered i n ways other than b y at tack ing the aromatic 
moieties of prote in as w i t h iod ine a n d acids. T h e a d d i t i o n of smal l 
radicals , acety l , e thy l , or m e t h y l , to large prote in molecules b y acetylat ion 
w i t h acetic anhydr ide , esterification w i t h e t h y l a lcohol , or methy la t i on 
w i t h diazomethane, respectively, results i n pronounced changes i n spec i ­
ficity of the o r ig ina l prote in molecule . T h e i m m u n o l o g i c a l properties 
of egg a l b u m i n have been altered through phosphory lat ion . 

U p to this po int w e have been concerned p r i m a r i l y w i t h so-cal led 
complete antigens, substances w h i c h bo th st imulate ant ibody produc t i on 
a n d react w i t h the ant ibody so formed. O t h e r substances, however , have 
a more l i m i t e d antigenicity—e.g. , w h i l e they react specif ical ly w i t h a n t i ­
body , they are unab le to st imulate ant ibody formation. These substances 
are p a r t i a l antigens or haptens. T h e use of i m m u n o l o g i c a l a n d serological 
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techniques to detect a n d analyze pesticides depends on the unders tand­
i n g of haptens. H a p t e n s are s u b d i v i d e d into two groups b y some w o r k ­
ers. O n e of these is made u p of haptens w h i c h react w i t h ant ibody in 
vitro to give the usua l serological reactions; the other group inc ludes 
those substances w h i c h react w i t h ant ibody , but w i t h o u t overt evidence 
of the react ion, a n d the ant igen-ant ibody react ion is demonstrable only 
ind i rec t ly as an interference or i n h i b i t i o n phenomenon. T h e latter is a 
consequence of the structure of the hapten a n d is not re lated to its 
antigenic specificity. T h e def init ion of a hapten has v a r i e d since the 
w o r d was first used b y Landste iner i n 1921 to refer to s imple organic 
residues that react specif ically w i t h antibodies. H o w e v e r , none describe 
w h a t is rea l ly meant as w e l l as the o r i g i n a l Greek mean ing , to touch , 
to grasp, a n d to fasten ( 2 ) . B y s imple i m m u n o b i o l o g i c a l def init ion h a p ­
tens are descr ibed as p a r t i a l antigens w h i c h i n themselves are incapable 
of i n d u c i n g ant ibody format ion i n animals , but w h i c h , w h e n attached 
to ord inary immunogens such as proteins a n d polysaccharides , induce 
ant ibody format ion against themselves. O t h e r substances—such as c o l ­
l od i on partic les , sephadex, r e d b l o o d cells, a n d charcoa l—have been used 
as the carr ier mater ia l for haptens. Haptens range i n size f r om smal l 
organic compounds such as p -aminobenzoic a c id (5, 13) to po lypept ide 
chains (14, 15). 

T h e influence of the a d d i t i o n of re lat ive ly s imple organic radicals 
o n the i m m u n o l o g i c a l specif icity of ant igenic proteins has been expla ined 
b y the study of the i m m u n o l o g i c a l behavior of a var iety of compounds 
prepared f rom prote in a n d the d i a z o n i u m derivatives of a n u m b e r of 
m e t h y l , chloro , bromo, a n d ni tro subst i tut ion products of an i l ine , o-, m-, 
a n d p-aminobenzenesul fonic a c i d , p -aminophenylarsenic a c i d , a n d o-, m-, 
a n d p -aminoc innamic a c i d as w e l l are the parent c o m p o u n d (16, 5, 13). 
F r o m studies of this nature i t became apparent that the i m m u n o l o g i c a l 
behavior of antigens can be modi f ied specif ical ly b y a l ter ing a re lat ive ly 
smal l part of the large prote in molecule a n d that the specif icity of the 
ant igen is determined b y the chemica l structure of this a d d e d part . T h e 
spat ia l arrangement i n the determinat ive groups, as w e l l as their nature , 
is reflected i n immuno log i ca l behavior . T h e pos i t ion of ortho, meta , or 
para substitutions i n aromatic radicals attached to proteins produces d i f ­
ferences i n specificity. T h e stereo isomers of tartaric a c i d a n d p -amino-
benzoy lphenylacet i c a c id y i e l d i m m u n o l o g i c a l l y d ist inct antigens w h e n 
coup led w i t h prote in , a n d the pos i t ion of amino acids i n pept ide -azopro-
teins is a factor i n de te rmin ing i m m u n o l o g i c a l specificity. 

T h e i m m u n o l o g i c a l functions of the haptens n o w are c lear i n their 
ro le as determinants of i m m u n o l o g i c a l specificity. T h e re lat ive i m p o r ­
tance of hapten-determined specificity is very great since a large por t i on 
of natura l ly o c curr ing ant igenic substances are conjugated antigens con-
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11. E R C E G O V I C H Immunological Techniques 167 

sist ing of a pro te in a n d a hapten . T h i s is i l lustrated for some p n e u m o -
coccus whose po lysacchar ide capsular substance acts as a hapten a n d 
provides the ant igenic specificity r e q u i r e d to produce a n i m m u n i t y to 
the injected microorganisms. I m m u n e response, often mani fested as a 
hypersensit iv i ty , to l o w molecular we ight substances such as drugs, dyes, 
cut t ing oils , a n d s imi lar substances responsible for occupat ional d e r m a ­
tit is , occur frequently . It is probable that these l ow-molecu lar -we ight 
substances funct ion as a hapten b y c o m b i n i n g w i t h the host's p ro te in , 
thus a l ter ing the ir specif icity so that they become foreign, ant igenic 
substances w h i c h provoke i m m u n e responses. T h e ant ibody f o r med re ­
acts specif ically w i t h the hapten ic substance p r o d u c i n g a l lerg ic reactions. 
Sensit izat ion to p e n i c i l l i n , w h i c h is re lat ive ly often observed, is a n 
excellent example of this phenomenon. 

Past Attempted Uses of Immunological Techniques 
for Pesticide Analysis 

I m m u n o l o g i c a l techniques have been used extensively i n the field 
of med i c ine to study the causes a n d treatment of diseases. T h e pro te in 
a n d enzyme chemist has also used i m m u n o l o g i c a l methods to good a d ­
vantage to isolate, pur i f y , a n d study proteins. I n agr icul ture such m e t h ­
ods have been used b y the viro logist w h o uses ant igen-ant ibody reactions 
to diagnose p lant diseases. T h e veter inar ian uses these techniques to 
diagnose a n i m a l diseases a n d to ident i fy pathogenic bacter ia a n d viruses. 
Entomologists have used i m m u n o l o g i c a l methods to study the venom of 
insects a n d to develop ways of i m m u n i z i n g against such substances. T h e y 
have also used immunospec i f i c i ty as a c r i ter ion to s tudy the differences 
i n various insect enzymes—e.g . , acety l cholinesterase a n d D D T - d e h y d r o -
chlor inase—to unders tand the mode of act ion of insecticides a n d the 
mechanism of insect resistance to insecticides. 

At tempts to u t i l i ze the specif ic ity of a n t i g e n - a n t i b o d y react ion for 
the analysis of pesticides appear to have been l i m i t e d to w o r k of Centeno 
et al. (17) a n d H a a s a n d G u a r d i a (18). T h e former group postulated , 
because of observations of a l lergic contact sensit ivity to ma la th ion a n d 
scattered reports about u n u s u a l reactions to D D T , that c o m m o n pesticides 
might act as ant igenic a n d a l lerg ic determinants , p r o v i d e d they become 
coup led to an appropr iate prote in carrier. T o test this postulate, they 
s tudied the immunogen i c i ty of prote in conjugates of c losely re lated 
derivatives of D D T a n d malath ion , the metabol i te D D A , [2,2-bis( p - ch lo ­
r o p h e n y l ) acetic a c i d ] , a n d [ 0 , 0 - d i m e t h y l S - ( l , 2 -b i s carboxyethy l ) phos-
phorod i th ioate ] . T h e i r results were h i g h l y significant because they were 
able to produce antibodies i n rabbits to the above haptens w h e n con ­
jugated to bov ine serum a l b u m i n ( B S A ) , D D A - B S A , a n d m a l a t h i o n - B S A , 
respectively. 
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168 P E S T I C I D E S I D E N T I F I C A T I O N 

A m e t h o d for ascertaining the ant ibody t iter o f the respective a n t i -
sera was deve loped us ing a b i s ( d i a z o t i z e d - b e n z i d i n e ) hemagglut inat ion 
system. T h o u g h significant titers to these conjugates were detected i n 
a l l of the animals , the conjugated m a l a t h i o n ant igen e l i c i ted ant ibody 
response i n m u c h h igher t iter a n d after fewer injections t h a n d i d the 
D D A antigen. G e l di f fusion tests establ ished the specif ic ity of react ion 
between antisera to D D A - B S A a n d m a l a t h i o n - B S A w i t h their respective 
homologous B S A antigen. T h e antisera to m a l a t h i o n - B S A gave no de ­
tectable p r e c i p i t i n react ion w i t h bov ine serum a l b u m i n , i n d i c a t i n g that 
the carr ier pro te in underwent m a r k e d conf igurat ional changes d u r i n g 
conjugat ion or that some of its ant igenic determinant groups were masked . 
Centeno et al. (17) also stress that the D D A - B S A a n d m a l a t h i o n - B S A 
conjugates d i d not react w i t h antisera to bov ine serum a l b u m i n , i n d i c a t i n g 
that they were ant igenica l ly different f r o m the o r i g i n a l carrier prote in . 
T h e i r s tudy demonstrated that antibodies to D D T a n d m a l a t h i o n metabo­
lites are r e a d i l y p roduced , a n d they suggest that these antibodies serve 
for the deve lopment of sensitive h isto log ica l procedures a long w i t h rad io -
i m m u n o c h e m i c a l a n d fluorescein l abe l l ing techniques, to determine the 
l o ca l i zat ion of these chemicals i n a n i m a l tissues. 

T h e report b y H a a s a n d G u a r d i a (18) pertains to their efforts to 
a p p l y i m m u n o l o g i c a l methods for the assay of pest ic ide residues, a n d 
expresses their a i m to test the su i tab i l i ty of methods for field ana ly t i ca l 
purposes. H a a s a n d G u a r d i a also used D D T a n d m a l a t h i o n to represent 
two of the most important classes of insectic ides, ch lor inated hydrocar ­
bons a n d organophosphorus compounds . T h e y first at tempted to prepare 
insec t i c ide -pro te in antigens i n w h i c h enzymes were used as the pro te in 
carr ier . A n t i s e r u m of rabbits injected w i t h D D A - c a r b o n i c anhydrase or 
ma la th ion - chymotryps in f a i l ed to show the presence of the respective 
antibodies . 

T h e y exper imented w i t h four other proteins as carr iers : rabb i t serum 
a l b u m i n , bov ine serum a l b u m i n , bov ine fibrinogen f ract ion I , a n d bov ine 
/^-globul in f ract ion I I I . T h e s tructura l ly re lated derivatives of D D T a n d 
mala th ion , D D A , a n d 0 , 0 - d i m e t h y l S-carboxy-carboxyethyl phosphoro-
d i thioate ( m a l a t h i o n ha l f ester ) , respect ively , were used as the specific 
haptens attached to these carr ier proteins. These compounds conta in free 
c a r b o x y l groups, w h i c h w h e n they reacted w i t h th iony l ch lor ide , prov ide a 
means of c o u p l i n g of the hapten to the amino groups of the pro te in carrier . 

U n l i k e Centeno et al. (17) H a a s a n d G u a r d i a c o u l d not show the 
presence of antibodies i n the ant iserum of rabbits i m m u n i z e d w i t h the 
hapten conjugates of bov ine serum a l b u m i n . T h e results w i t h ^ - g l o b u l i n 
conjugates were inconsistent, whereas the D D A a n d m a l a t h i o n hal f -
ester conjugates w i t h fibrinogen gave the best ant igenic responses. 
T h r o u g h the serological test methods of prec ip i ta t i on , tanned ce l l hemag-
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11. E R C E G O V I C H Immunological Techniques 169 

g lut inat ion , a n d tanned c e l l hemagglut inat ion i n h i b i t i o n they d e m o n ­
strated the presence of antibodies to D D A - f i b r i n o g e n a n d m a l a t h i o n -
fibrinogen i n the ant iserum of the respect ively i m m u n i z e d rabbits . 

U s i n g the tanned ce l l hemagg lut inat ion i n h i b i t i o n test, they deter­
m i n e d that the sensit iv ity of this method was between 0.1 a n d 1.0 ftgram 
for D D A a n d malath ion . D D T c o u l d not be detected i n this manner . 
N e i t h e r D D T , D D A , nor m a l a t h i o n c o u l d be detected b y d irect react ion 
i n the p r e c i p i t i n or tanned c e l l hemagg lut inat ion tests. T h e antibodies 
p r o d u c e d against the various conjugates were specific for the p a r t i c u l a r 
pro te in carrier since the i m m u n e serum f r o m rabbits inocu lated w i t h 
D D A - f i b r i n o g e n d i d not agglutinate the D D A - r a b b i t serum a l b u m i n con ­
jugate a n d v ice versa. A n t i h a p t e n antibodies appeared to be transitory. 
M a x i m u m titer was obta ined approx imate ly 6 weeks after the i n i t i a l 
inocu lat ion a n d no react ion was detectable 3 weeks later. T h e haptenic 
antisera were unstable after a f ew days of storage at 4 ° or —10°C . T h e 
ant ibody ac t iv i ty appeared to be m a i n t a i n e d i f the antisera w e r e first 
f rozen w i t h d r y ice a n d stored at — 30 ° C . 

P r i o r to l earn ing about the aforementioned groups ' efforts invest iga­
tions were begun i n the a u t h o r s laboratory to test the usefulness of 
i m m u n o l o g i c a l methods for detect ing a n d a n a l y z i n g pesticides a n d pest i -
c i d a l degradat ion products i n b io l og i ca l specimens. O n l y a summary of 
these studies can be presented here since our findings are considered 
p r e l i m i n a r y a n d specific details w i l l be p u b l i s h e d subsequently elsewhere. 

U n l i k e the other workers w h o selected compounds possessing car -
b o n y l groups for c o u p l i n g purposes to the prote in carriers, our invest iga ­
tions centered o n pestic ide compounds w h i c h possess either an amine 
group or a ni tro group , w h i c h can be reduced read i ly to an amine. These 
i n c l u d e d the herb i c ide aminotr iazole , the insect ic ide parath ion , a n d 
pest ic ide degradat ion products n i t ropheno l , 4-chloronitrotoluene, a n d 
ani l ine . Hapten—protein conjugates of a l l of these materials were r e a d i l y 
prepared b y m o d i f y i n g s l ight ly the method descr ibed b y W i l l i a m s a n d 
C h a s e (12). A n unsuccessful attempt to use egg a l b u m i n as the carr ier 
pro te in l e d to the use of bov ine p lasma prote in . These carr ier proteins 
were unsatisfactory because they lacked specif icity a n d l o w titer f o rma­
t i on i n the ant iserum. T h e h i g h degree of heterogenous ant ibody pro ­
d u c t i o n created problems of cross react ion w h i c h c o u l d not be corrected 
adequate ly t h r o u g h antiserum-antigen adsorpt ion techniques. F o l l o w i n g 
the undesirable results w i t h these two prote in carriers, bov ine fibrinogen 
fract ion I was tested for this purpose at the suggestion of H a a s (personal 
c ommunica t i on ) (19). T h e first results obta ined f r om tests us ing fibrino­
gen as the pro te in carr ier revealed a h i g h degree of specif icity t o w a r d 
the homologous azoprote in antigens. T h i s specif icity was somewhat 
greater, however , d u r i n g the first hours of incubat i on a n d decreased as a 
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funct ion of t ime w i t h a l i m i t i n g value of approx imate ly 24 hours. V e r y 
l i t t le , i f any, cross-reactions were observed i n the early hours of i n c u b a ­
t ion , b u t heterogenous precipitates began to f o rm after about eight hours 
of in cubat i on of the p r e c i p i t i n tests. I n a second i m m u n i z a t i o n t r i a l 
w i t h the various hapten fibrinogen azoproteins, somewhat h igher titers 
of antisera were p r o d u c e d b u t w i t h a greater loss of specif icity as e v i ­
denced f rom the decreased length of t ime i n v o l v e d for cross-reactions 
to develop. 

I n a t h i r d attempt to use fibrinogen as the carrier prote in a different 
i m m u n i z a t i o n schedule was fo l l owed . Whereas i n the earl ier experiments 
the animals , N e w Zea land male a n d female rabbits , were b l e d for a n t i ­
serum recovery four days after the last of seven injections, intervals of 
two days after the last in ject ion of the hapten-prote in conjugates, were 
t r i ed . R e - i m m u n i z a t i o n of the rabbits was repeated 30 days afterwards 
instead of the former s ix-day interval . Ant i se ra of h igher t i ter were 
p r o d u c e d i n a l l cases, however , the shorter per i od of i m m u n i z a t i o n d i d 
not prevent the produc t i on of re lat ive ly h i g h titers of heterogenous 
antibodies as ev idenced b y the h i g h degree of cross reactions. I n a d d i ­
t i on to the lack of specif icity a n d cross-reactions w i t h the fibrinogen 
conjugates this prote in was less desirable because of the di f f iculty ex­
per ienced i n the preparat ion of w o r k solutions of its hapten-azoprote in 
conjugates. T o dissolve such azoproteins a so lut ion of 8 M urea a n d 
sod ium hydrox ide was used. U r e a , a m i l d denatur ing agent, disrupts 
the secondary structure of proteins b y causing the prote in c h a i n to be­
come stretched, thus exposing an extremely large n u m b e r of possible 
antigenic sites. O n c e injected into a n a n i m a l such chains apparent ly 
are easily degraded into smal ler fragments w h i c h are also capable of 
i n d u c i n g ant ibody format ion . T h i s phenomenon m a y expla in the lack 
of specif icity a n d h i g h produc t i on of heterogenous antibodies i n our 
antisera as demonstrated b y p r e c i p i t i n tests. It is v i r t u a l l y imposs ib le 
to remove these inter ferr ing heterogenous antibodies f r o m the ant iserum 
b y adsorpt ion techniques w i t h ant igen since the responsible antigens 
were f o rmed in vivo o w i n g to degradat ion of the o r ig ina l l y in jected 
azoprotein . A d s o r p t i o n w i t h fibrinogen alone removed on ly a smal l 
f ract ion of the overa l l inter ferr ing heterogenous antibodies . 

B o v i n e serum a l b u m i n p r o v e d to be a m u c h better prote in carrier 
of the haptens used i n our invest igat ion. T h i s pro te in was also used b y 
Centeno et al. (17) whose produc t i on of antisera to the D D A - B S A a n d 
m a l a t h i o n - B S A conjugates is discussed i n preced ing paragraphs. B o v i n e 
serum a l b u m i n is re lat ive ly smaller i n molecular size than fibrinogen. 
T h e azoprote in conjugates p r o d u c e d w i t h i t can be so lub i l i zed b y less 
erratic procedures w h i c h cause less s tructura l alterations of the carrier 
prote in , therefore p r o d u c i n g fewer heterogenous antibodies. T h e ex-

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
04

.c
h0

11



11. E R C E G O V I C H Immunological Techniques 171 

traneous antibodies w h i c h do occur w h e n bov ine serum a l b u m i n is used 
as the hapten carrier is r emoved read i ly f r o m the ant iserum b y adsorpt ion 
w i t h the unconjugated prote in . 

A digest of the l i m i t e d amount of in format ion ava i lab le about the 
subject causes this rev iewer to be somewhat opt imist i c about the po tent ia l 
usefulness of i m m u n o l o g i c a l methods for the analysis of pesticides. E x ­
periences gained f r o m investigations conducted i n our laboratory revea l 
that methodo logy exists w h i c h can be used to implement the deve lopment 
of i m m u n o l o g i c a l procedures for pest ic ide analysis. T h e three groups 
w h o are k n o w n to have tested i m m u n o l o g i c a l methods for detect ing 
pesticides were a l l successful i n deve lop ing antisera for some very c o m ­
m o n pesticides a n d their degradat ion products . T w o of the groups 
demonstrated that i t was possible to detect submicrogram quantit ies of 
these chemicals . T h e same workers have s h o w n that w h i l e i t m a y not be 
possible to detect these pesticides b y d i rec t serological tests—e.g., p re ­
c i p i t i n a n d hemagglut inat ion reactions—these chemicals can be detected 
i n trace amounts b y ind irect serological tests w h i c h are re lat ive ly s imple 
to conduct . T w o of the most useful ind irect methods w h i c h can be used 
to detect the unconjugated f o r m of the pesticides are the hapten i n h i b i t i o n 
of prec ip i ta t ion a n d passive hemagglut inat ion i n h i b i t i o n test. T h e p r i n ­
c ip le of hapten i n h i b i t i o n involves the react ion of an ant ibody w i t h free 
hapten a n d observ ing a decrease i n the prec ip i ta t i on of the ant ibody 
w i t h the add i t i on of the appropr iate antigen— i .e . , the hapten conjugated 
prec ip i ta t ing prote in . T h e amount of prec ip i ta t i on is d i rec t ly propor ­
t i ona l to the amount of hapten present to compete for act ive sites o n the 
ant ibody . T h e hapten i n h i b i t i o n of prec ip i ta t ion m e t h o d is more specific 
t h a n the passive hemagglut inat ion i n h i b i t i o n method but is less adaptable 
for re l iab le quant i tat ive data. 

Prognosis for the Future Use of Immunological Methods 
for Pesticide Analysis 

T h e pest ic ide chemist w i l l quest ion w h a t the prac t i ca l appl icat ions 
of i m m u n o l o g i c a l techniques for residue analysis of pesticides are. H e 
w i l l be concerned about the specif icity, quant i tat ive aspects, a n d a d v a n ­
tages these techniques have over the exist ing co lor imetr ic , chromato­
graphic , spectrophotometric , a n d bioassay methods w h i c h w o r k for h i m . 
Because of the stringent requirements to amass a l l of the necessary 
toxico logical a n d residue data needed to obta in registrat ion for the sale 
of a pestic ide, one of the first objectives of a w o u l d - b e producer is to 
develop re l iab le methods to analyze his product . F o r this reason there 
exist adequate methods for a n a l y z i n g f ood products , components of the 
environment , a n d patho log i ca l specimens for specific pesticides a n d their 
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degradat ion products . These methods, however good they are for ana ­
l y z i n g specific compounds , are not adequate to analyze efficiently a n d 
meaning fu l ly the general f ood supply , a n d a l l of the other samples of 
concern, for the comprehensive qual i tat ive a n d quant i tat ive in format ion 
w h i c h is des ired about the pesticides that m a y be present. 

Pest i c ide laboratories of f ood industries a n d regulatory agencies are 
cont inua l ly faced w i t h the p r o b l e m of ana lyz ing samples whose history 
of exposure to pesticides is u n k n o w n . M o r e than one pestic ide m a y be 
present i n any of these samples a n d the residue of each m a y have to be 
determined . T o he lp solve this p r o b l e m of a n a l y z i n g diverse sample 
types for exposure to different types of pesticides, effort has been made 
b y the F D A scientists, a m o n g others, to develop methods for the m u l t i p l e 
analysis of pesticides. 

T h e subject of methods for the m u l t i p l e analysis of pesticides has 
been adequate ly rev i ewed recently b y B u r k e (20 ) . A c c o r d i n g to B u r k e , 
however , a definite procedure for conf irming the ident i ty of a g iven 
pest ic ide residue has not been established. T h i n - l a y e r chromatography, 
gas chromatography on co lumns that give different retent ion patterns, 
a n d the p-values of B o w m a n a n d Beroza (21, 22) are p r o b a b l y the most 
universa l ly app l i cab le conf irmatory techniques. D e r i v a t i z a t i o n of the 
res idue i n quest ion f o l l owed b y gas chromatography of the der ivat ive 
seems an excellent approach , a n d several procedures are descr ibed i n 
the recent l i terature (23, 24). M u l t i r e s i d u e methods have a serious l i m ­
i tat ion since m a n y pest ic ide chemicals are not determined a n d not a l l 
sample types can be h a n d l e d i n a rout ine fashion. A l s o , as prev ious ly 
ment ioned , there is no complete scheme for conf i rming the ident i ty of 
m a n y pesticides. T h e selection of methods of analysis , therefore, depends 
extensively u p o n the pesticides a n d nature of the sample to be ana lyzed , 
the equ ipment a n d personnel r equ i red , a n d the s impl i c i ty , speed, cost, 
accuracy , a n d r e p r o d u c i b i l i t y of the method . T i m e f requent ly p lays a 
predominant role i n the selection of methods to be used b y the food 
processor, w h o must c o m p l y to pest ic ide tolerances, a n d regulatory 
agencies, w h o must enforce them. A p p a r e n t l y , a combinat ion of screening 
a n d specific methods is needed b y such organizations since neither types 
of methods alone can satisfy the ir ana ly t i ca l requirements . 

Some techniques m a y offer selective screening as w e l l as specif ic ity 
—e.g., microcoulometr i c methods descr ibed b y C o u l s o n et al. (24). T h i s 
technique consists of a combinat i on of gas chromatography, combust ion , 
a n d continuous coulometr ic t i t rat ion for ch lor ine or sulfur. T h e deve lop­
ment of the flame photometr ic detector offers a s imi lar potent ia l for the 
selective screening a n d specif ic ity of pesticides w h i c h conta in phosphorus 
or sul fur (25). E v e n so, one or more tests i n a d d i t i o n to the i n i t i a l 
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11. E R C E G O V I C H Immunological Techniques 173 

analysis m a y be r e q u i r e d to ident i fy proper ly the pesticides present i n 
a sample. 

A c r i t i c a l eva luat ion of the l i m i t e d amount of in format ion ava i lab le 
about the detect ion of pesticides b y i m m u n o l o g i c a l methods enables one, 
w i thout too m u c h o p t i m i s m , to rep ly i n the affirmative to the residue 
chemist's quest ion regard ing specificity. B o t h Centeno et ah a n d H a a s 
a n d G u a r d i a were successful i n p r o d u c i n g antisera w h i c h were specific 
for derivatives of D D T a n d malath ion , D D A a n d m a l a t h i o n esters, r e ­
spectively. Ant i se ra w h i c h were specific for parath ion , aminotr iazo le , 
p -n i t ropheno l ( a degradat ion product of p a r a t h i o n ) , a n d 4-chloro-2-
nitrotoluene have been p r o d u c e d i n the authors laboratory. T h e p r o -
duct ionof these antisera was accompl i shed b y convent ional i m m u n o l o g i c a l 
techniques. Con f i rmat ion of these antibodies was read i ly demonstrated 
b y w e l l k n o w n serological methods. 

T h e re lat ion between antigen a n d ant ibody is h i g h l y specific, as 
ind icated . I n a sense the serological methods used to demonstrate ant igen-
ant ibody reactions are ana ly t i ca l methods, sensitive, semi-quanti tat ive , 
a n d h i g h l y specific. There is a l i m i t , however , to the prec is ion of sero­
l og i ca l specificity. W h e n different homologous antigens are used to 
i m m u n i z e animals , the antibodies for one ant igen react also w i t h other 
antigens, though less strongly. These are ca l l ed cross-reactions. Say ing 
that a n ant ibody is specific for a par t i cu lar ant igen is a relat ive t e rm 
because i t is based on the degree to w h i c h an ant ibody reacts w i t h various 
antigens, not r e q u i r i n g i t to react solely w i t h on ly one of them. It is also 
re lat ive because the ant ibody m a y not have been tested against a l l pos­
sible antigens; thus there c o u l d be others w i t h w h i c h i t m i g h t react. 

A n t i s e r u m to a n azoprote in or to other types of conjugated pro te in 
is p r o d u c e d p r i m a r i l y to ob ta in antibodies against k n o w n structures. F o r 
some u n k n o w n reason haptenic groups are not very immunogenic , r e ­
gardless of the prote in carrier , a n d ant iserum usual ly contains a re lat ive ly 
l o w concentrat ion of ant ibody against the conjugated hapten . I n w o r k i n g 
w i t h conjugated proteins it shou ld be remembered that antibodies p r o ­
d u c e d to i t m a y exhib i t three types of specif ic ity: one d i rec ted t o w a r d 
the hapten , one t o w a r d the pro te in carrier , a n d one t o w a r d the hapten -
prote in conjugate. A s a ru le an ant iserum against a g iven conjugated 
prote in contains a d ivers i ty of antibodies. Because of this mixture of 
ant ibody molecules, a serological test for hapten ant ibody must be made 
w i t h the hapten attached to the prote in molecule h a v i n g no cross-reaction 
w i t h the one used for i m m u n i z a t i o n . T h e inter ferr ing antibodies , w h i c h 
give rise to cross-reactions, however , are removed f r om ant iserum b y a 
process k n o w n as adsorpt ion. T h i s process involves i n c u b a t i n g the a n t i ­
serum w i t h respective antigens w h i c h are r e q u i r e d to react w i t h the 
extraneous antibodies. T h e resu l t ing a n t i g e n - a n t i b o d y complexes can 
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then be removed b y centr i fugat ion, l eav ing a speci f ic i ty-enriched a n t i ­
serum. 

T h e exploratory investigations w h i c h have been conducted u s i n g 
i m m u n o l o g i c a l a n d serological techniques to analyze pesticides have been 
restr icted to a t y p i c a l sample condit ions. T h r o u g h the use of tanned ce l l 
hemagglut inat ion i n h i b i t i o n tests, H a a s a n d G u a r d i a c o u l d detect q u a n ­
tities of 0.1 a n d 1.0 /mgram of D D A a n d malath ion . H o w e v e r , b y this 
same technique they were unable to detect D D T w i t h the ant iserum 
w h i c h was p r o d u c e d i n response to i m m u n i z a t i o n w i t h D D A - f i b r i n o g e n . 
These findings are significant because they demonstrate specif icity for 
one of the major degradat ion products of D D T a n d that such procedures 
can detect mi c rogram quantit ies of t w o important pest i c ida l ly re lated 
chemicals . It is of interest to attempt to conjugate D D T itself to a carrier 
prote in b y m a k i n g an arsenate der ivat ive of i t , or a c o m p o u n d more 
closely re lated s tructura l ly to D D T than D D A . S u c h a c o m p o u n d w o u l d 
be Ke l thane , [ l , l - b i s ( p - ch loropheny l ) -2 ,2 ,2-tr ichloroethanol] . 

P r e l i m i n a r y trials us ing a s imi lar type of passive hemagglut inat ion 
techniques enabled B a b i s h (personal c ommunica t i on ) (26) to detect 
12 ngrams of parath ion a n d 150 ngrams of aminotr iazole . N e i t h e r group 
of workers , however , at tempted to detect any of these compounds i n 
c rude or forti f ied extracts of so i l , p lant , or a n i m a l tissue. Therefore , the 
quest ion about the su i tab i l i ty a n d effectiveness of detect ing residues of 
these pesticides i n actual samples remains to be answered. Nonetheless, 
these findings suggest that a combinat i on of i m m u n o l o g i c a l a n d sero­
l og i ca l techniques have the potent ia l of quant i tat ion that the residue 
chemist requires a n d shou ld be examined more seriously for pest ic ide 
residue analysis. 

T h e r e are a n u m b e r of obvious advantages to the use of i m m u n o ­
l og i ca l techniques for pest ic ide analysis , b u t the converse is also true. N o 
inference is made that such techniques c o u l d ever replace the more 
sophist icated methods of analysis presently be ing used. It is on ly sug­
gested that they have potent ia l to supplement rather than supplant 
exist ing methods of analysis. T h e i r greatest usefulness is for the r a p i d 
screening of a large n u m b e r of samples for the presence of specific types 
of pesticides or threshold quantit ies . These methods are also i d e a l for 
confirmatory tests. T h r o u g h the use of proper methods a very h i g h 
degree of specif icity for various compounds c o u l d u l t imate ly be deve l ­
oped. S u c h confirmatory tests w o u l d be independent of rel iance u p o n 
Rf values, retent ion times, a n d other h i g h l y e m p i r i c a l indexes presently 
used i n conjunct ion w i t h gas, l i q u i d , a n d t h i n layer chromatography. 
Perhaps one of the greatest potentials for i m m u n o l o g i c a l methods for 
pest ic ide residue analysis is their use i n deve lop ing countries. Because 
no h igh ly spec ia l ized or expensive equ ipment is r equ i red , except for a 
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11. E R C E G O V I C H Immunological Techniques 175 

suitable centri fuge. Personnel requirements w o u l d not be c r i t i c a l , except 
for a senior member w h o has the proper t r a i n i n g a n d unders tand ing of 
i m m u n o l o g i c a l methods. T h e operat ing technicians w o u l d not have to 
be h i g h l y sk i l l ed i n electronics a n d other disc ipl ines w h i c h are r e q u i r e d 
for the proper operat ion of gas chromatographic a n d spectrometric 
equipment . 

T h e overa l l advantages of i m m u n o l o g i c a l methods for pest ic ide 
analysis are that they can be per formed re lat ive ly fast, economical ly , a n d 
s i m p l y w i t h a h i g h degree of accuracy a n d reproduc ib i l i t y . Since no 
h i g h cost elaborate equ ipment is r e q u i r e d , there w o u l d be no great i n i t i a l 
investment, subsequent replacement, a n d servic ing costs. T e c h n i c i a n 
requirements i n t ra in ing a n d spec ia l izat ion w o u l d be m i n i m a l as w e l l as 
the n u m b e r of personnel needed. I n compar ison w i t h the 20 to 40 analyses 
w h i c h a technic ian can per form on one gas chromatograph d u r i n g an 
e ight-hour w o r k day his p roduc t i v i t y w i t h serological methods c o u l d be 
increased many- fo ld . 

E v e n though the problems o f p r o d u c i n g h i g h l y specific antisera can 
be overcome, these methods m a y s t i l l have certain disadvantages. T h e 
foremost disadvantage concerns the source a n d ava i l ab i l i t y of the respec­
t ive antibodies w h i c h w o u l d be needed for analysis. T h i s p r o b l e m is not 
insurmountable for i t is not expected that each laboratory w i s h i n g to 
use such techniques w o u l d produce its o w n antisera, except i n those f ew 
cases i n w h i c h the vo lume a n d type of operat ion w o u l d just i fy d o i n g so. 
I f a n d w h e n i m m u n o l o g i c a l techniques are p r o v e d re l iab le a n d w o r t h y 
for the rout ine analysis of pest ic ide residues, one w o u l d expect that 
specific antisera w o u l d eventual ly become avai lable f r om c o m m e r c i a l 
sources as is n o w true for a w i d e var iety of antisera. O n e suppl ier of 
antisera presently fists a n u m b e r of antisera of the nature discussed i n 
this chapter for the f o l l o w i n g haptens: 3- indoleacetic a c i d , g ibbere l l i c 
a c i d , d in i t ropheno l , azobenzenearsonate, t h y m i d i n e , a n d ur id ine . E v e n 
i n the l o w quant i ty i n w h i c h these antisera must be produced , o w i n g to 
their very l i m i t e d use, their cost is compet i t ive w i t h present methods 
of analysis. M o s t of these antisera are p r o d u c e d i n rabbits . Greater 
quantit ies at substant ia l ly l ower prices c o u l d easi ly be p r o d u c e d to meet 
h i g h v o l u m e d e m a n d b y us ing larger animals such as goats, cattle, a n d 
horses. O n e might also expect that the c ommerc ia l suppl ier of antisera 
w o u l d also supp ly identi f icat ion kits w h i c h conta in b o t h the specific 
ant igen a n d specific ant ibody as controls a n d for posit ive ident i f i cat ion. 

A n t i s e r a m a y be h i g h l y per ishable substances i n compar ison w i t h 
the chemicals a n d solvents normal ly used b y the pest ic ide chemist. H a a s 
a n d G u a r d i a suggested that a p r o b l e m existed i n this respect. T h e i r 
p r e l i m i n a r y results showed that the ant iserum to D D A - f i b r i n o g e n a n d 
mala th ion - f i b r inogen c o u l d be preserved u p to one m o n t h i f f rozen w i t h 
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d r y ice a n d kept at — 30°C . M o r e w o r k o n the s tabi l i ty of such antibodies 
w o u l d have to be conducted , however , before generalizations about the ir 
shelf l i fe c a n be made. Suppl iers of a n u m b e r of antisera c l a i m shelf 
l ives of u p to one year i f the product is m a i n t a i n e d under the r e com­
m e n d e d storage condit ions. T h e disadvantage i n this respect m a y amount 
most ly to a matter of more c r i t i c a l p l a n n i n g i n regards to needs a n d 
inventory . 

I m m u n o l o g i c a l methods w o u l d not have the quant i tat ive prec is ion 
of gas chromatographic , co lor imetr ic , or spectrophotometric methods. 
H o w e v e r , i n the ir proper m a n i p u l a t i o n they can p r o v i d e semiquanti tat ive 
data comparable w i t h that obta ined b y t h i n layer chromatography. T h e 
qua l i ta t ive in format ion d e r i v e d f r om immuno log i ca l methods w o u l d not 
necessarily be absolute but certa in ly w o u l d be more re l iab le than such 
in format ion based o n retent ion t ime a n d Rf values. T h e qual i tat ive 
aspects of i m m u n o l o g i c a l methods w i l l depend u p o n specif icity, w h i c h 
w i l l be inf luenced b y the q u a l i t y of the ant iserum a n d the nature of the 
ant igen (the residue sample ) . I n this regard the quest ion about sample 
preparat ion a n d c leanup arises. Unfor tunate ly , de ta i l ed studies i n this 
connect ion have not been conducted . O n e reason for de ferr ing such 
studies i n preference to w o r k i n g w i t h pure solutions has been to estab­
l i s h the feas ib i l i ty of such methods a n d that o n a theoret ical basis one 
expects a lesser degree of interference w i t h serological methods than 
w i t h more convent ional methods of analysis. T h e structures of most of 
the pes t i c ida l compounds differ so greatly f r om the n o r m a l constituents 
of p lant , so i l , a n d a n i m a l tissues that i t w o u l d be u n l i k e l y to expect m a n y 
of these substances to fit the steric requirements of h i g h l y pur i f i ed a n d 
specific ant iserum. A t most one w o u l d expect that c leanup procedures 
used for gas a n d t h i n layer chromatography w o u l d be sufficient for 
serological detect ion. H o w e v e r , i f l i t t le or no c leanup at a l l w o u l d suffice, 
the p rodu c t i v i t y per technic ian w o u l d be greater. 

A certain amount of spec ia l ized t r a i n i n g w i l l be r e q u i r e d for other 
methods of analysis. Proper unders tanding of i m m u n o l o g y a n d serology 
w o u l d be r e q u i r e d of the senior investigator to interpret the results 
proper ly , but this requirement is no more of an impos i t i on or deterrent 
for these techniques than i t is for other methods of analysis. 
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Flow 
chart of separation and identifi­

cation processes 5 
rates 66 

Fluctuations 57 
Fluorescent equilibrium probes . . 31 
Fluorogenic substrates 31 
Fragmentation patterns 133 

G 
GC injection 8 
Gas chromatography 6,73,83 

mass spectrometry, combined . . 132 
peak identities 143 

Gas-liquid chromatography 11,39, 
154, 176 

Gel permeation chromatography . . 159 
Gibberellic acid 175 
Guthion 30 

H 
Halide content, determination of . . 68 
Halogen response profiles 62,63 
Haptens 166 
Hemagglutination 174 
Heptachlor 12,19 
Herbicide residues 144 
Heterochromatic light 96 
Heterocyclic compounds 109 
High-energy flames 39 
Hydrogen-air diffusion flame 40 

I 
Identification 6 

adequate criteria of 156 
methods 

assay 29,34 
carboxylesterase 34 
colorimetric 30, 34,176 
fluorogenic 34 
manometric 34 
potentiometric 29, 34 
titrimetric 34 

chromatography 49,123,143 
column 159 
gas 6,73,83,143,176 
gas-liquid 11,39,154 
gel permeation 159 
paper 119,120,154 
thin-layer 83,85,119,120, 

133,154 
detectors 132 

electron capture 73, 74,76 
electrical conductivity 78,95 
flame ionization 39, 41 
flame potentiometric 55 
gas chromatography-mass 

spectrophotometry . . . 132 
Karmen-Giuffrida 43 
leak 41 
microcoulometric 73 
thermionic 43 

spectrometry 176 
infrared 81,90 
mass 7,133 
multiple scan 85 
ultraviolet 95,110,113,116 

processes, flow chart of separa­
tion and 5 

of trace constituents 156 
Immune globulin 163 
Immunological techniques 162,167 
3-Indoleacetic acid 175 
Indophenyl acetate 30 
Infrared 

microtechniques 81 
spectrophotometry 81 

Instrumental analysis 6 
Instruments, detection levels of 

combined 8 
Interference 82 

spectrometry, multiple scan 85 
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Interfering responses 
Inverted peaks 
Iodobenzene interaction, sodium 
Ionization 

source, nickel-63 

Karmen-Giuffrida detector 

L 

12 O 
48 Organic pesticides, chromophores 

3 in 99 
7 5 Organochlorine 

insecticides 153 
metabolites 22 
pesticides 141,143 
pesticides, order of reactivity of 18 

43 Organonitrogen pesticides 78 
Organophosphates 27,126 
Organophosphorus pesticides . . . . 137 

41 Leak detector 
Limits 

of detection 4 
of ultramicro analysis 1 

Lindane 23, 78 
Lipid materials 4 
Lower limit of ultraviolet 

detectability 115 

M 
Malathion 30,125,127,167 

-fibrinogen 175 
Malathron 173 
Manometric 34 

methods 30 
Mass 

analyzer 8 
spectrometry 7,133 

Methoxychlor 14 
Methyl parathion 121 
Methyl Trithion 121 
Mevinphos 125 
Microcoulometric detector 73, 77 

methods 172 
Micro potassium bromide pellets . . 86 
Microtechniques, infrared 81 
Miniaturization 74 
Misidentification 11 
Misinterpretation 77 
Multidetector 7 

systems 12,132,151 
Multiple 

internal reflectance 88 
scan interference spectrometry . . 85 

N 
Naphthalene 106 
1-Naphthyl chloroacetate 136 
Negative response 61 
Nickel-63 as an ionization source 75 
Nicotine 109 
Nitrogen 78 

and carbon response profiles . . . 64 
p-Nitrophenol 173 
Noise 42,57 
Nucleophilic reagents 15 

PCB 12,23 
Paper chromatography 120,154 

and thin-layer chromatography, 
application of 119 

Parathion 29,56,113,137,138 
Paraquat 109 
Paraxon 29 
Partition between immiscible 

solvents 159 
Peak identities, gas chroma­

tographic 143 
Peak-overlap 14,17 
Pentachlorophenol 135 
Pesticide analysis 171 
Pesticides 

aldrin 14,16,158 
aniline derivatives 108 
carbamate 27, 28 
carbophenothion 121,125,127 
chlorinated hydrocarbon 102 
chlordan 12,19 
D D D 14 
D D E 14,147,156 
D D T 13,14,33,77,103, 

147,167,173 
Dansanit 125 
Diazinon 113,129 
dieldrin 14,158 
dimethoate 125 
Dipterex 30 
diquat 109 
diuron 108 
endrin 14,91,159 
endosulfan 14, 23 
Guthion 30 
heptachlor 12, 19 
lindane 23, 78 
malathion 30,125,127,167,175 
mevinphos 125 
methoxychlor 14 
methyl parathion 121 
Methyl Trithion 121 
nicotene 72 
organochlorine 141,143 
organonitrogen 78 
organophosphorus 137 
Parathion 29, 56,113,137,138 
paraquat 109 
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Paraxon 29 
phenolic ester 107 
ronnel 30 
Sevin 30 
triazine 79,111 
Trithion 30,122 

Phenol 98,104 
red 30 

Phenolic 
chromophore 104 
ester pesticides 107 
ethers 105,106 
residues 135 

Polychlorinated biphenyls 155 
Phosphorus 78 

detector 43 
response profiles 65 

Platinum electrodes 40, 48 
Polychlorinated biphenyls 146 
Potassium 

bromide pellets, micro 86 
-trimethylphosphate interaction . 46 

Potentiometric 34 
methods 29 

Precipitation 168 
Preferential reductive dechlo­

rination 17 
Process, analytical 6 
Pyridine chromophore 109 
Pyrolysis system 77 

Q 
Quantitation 5 
Quantitative chromatography . . . . 127 

R 

Rf values 153,176 
Residues 78 

of A C D 1 5 M 79 
of carbamate pesticides 78 
confirmation of 134, 159 

Response profiles 49 
halogen 62,63 
nitrogen and carbon 64 
phosphorus 65 

Ronnel 30 

S 
Salt tips 45 
Sample extraction cleanup 33 
Saponification 13 
Selective halogenation 17 
Selectivity 41, 53, 55, 75 
Sensitivity 36, 41, 55,75, 82, 86,167 

limits 4,50 
shifts 49 
at ultramicro analysis 1 

Separation and identification 
processes, flow chart of 5 

Separator 8 
Serological test methods 168 
Sevin 30 

1-naphthol 106 
Sodium 

-bromobenzene interaction 47 
-iodobenzene interaction 48 
trimethylphosphate interaction . . 46 

Solvents 99 
partition between immiscible . . 159 
in spectral analysis 99 
systems 99 

Specificity 34,165,174 
Spectra-structure correlations 95 
Spectral analysis, solvents in 99 
Spectrophotometric methods 176 
Spectrophotometry, ultraviolet . . . 116 
Spotting 122 
Stereochemical structures 22 
Structural arrangement of atoms . . 133 
Sulfur 78 

T 
Tanned cell hemagglutination . . . 169 
Techniques, immunological . . . . 162,167 
Temperature-programmed chroma­

tography programming 55 
Thermionic detector 43 
Thin-layer 

cellulose media 129 
chromatography . .83, 85,120,133,154 

Thiodan 77 
Thymidine 175 
Titration cell 78 
Titrimetric 34 

methods 29 
Trace, constituents identification of 156 
Tracer cosmos 2, 3 
Trapping 83 

device, capillary-type 85 
Triazine 79 

chromophore, sym- 110 
pesticides I l l 

Trimethylphosphate interaction 
potassium- 46 
sodium- 46 

Trithion 30,122 
Two-detector system 7 

U 
Ultramicro analysis, limits of 1 
Ultraviolet 

micro spectrophotometry 110 
photometric detector 113 
spectrophotometry 95,116 

Uridine 175 

W 

Wavelength of absorption 97 
Wick stick 88 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
04

.ix
00

1




