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DIGEST

This publication is intended for research workers In detection and
includes a current survey of 15 topics. The subjects are: catalytic and chainreactions, chromatography, class tests, films, fluorescence-chemilumines.-
cence, general considerations, kinetics, metal ions, olfaction, photochemnstry,
reaction mechanisms, reagents, general reviews, solids-surfaces, and
theoretical considerations.

The objective is to stimulate thinking on the solutton. od ;•k-,,•d2tcctlon proble..a..s Ly pioviding a convenient source of references from the
current literature.

The report consists of a general discussion, an annotated bibliog-
raphy,. and a subject index to the bibliography.

Current literature contains much information that can be used asbackground in attempting t'.- solve detection problems. Detailed analysis is
not the purpose of this repurt and is, instead, left to individual users.

A noticeable trend worth mentioning is the increasing use of free
radicals as reagents, intermediates, or products in analytical reactions.
Chiefly because of their rapid rates, free-radical reactions should be more
closely examined for detection applications.
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PERSPECTIVES IN DETECTION

Volume I

I. INTRODUCTION.

This publication is intended for research workers in detection. Its
purpose is to stimulate thinking on the solution of various detection problems
by providing a convenient source of references from the contemporary liter-
ature.

Fifteen topics were chosen on the basis of general interests of the
author. The annotated bibliography was drawn mostly from the 1963-1964
phytical-chemistry and organic-chemistry sections of Chemical Abstracts.
The references are listed alphabetically in each section by author. Thert is
also a subject index to the bibliography. The topics were not reviewed com-
pletely. Instead, references were selected with the purpose of allowing ideas
to generate along certain lines.

The discussion emphasizes specific interests of the author and
deals with new technology, new applications of known principles, reaction
mechanisms, and ways of achieving high sensitivities.

Inclusion of "Volume I" in the title provides for possible extension

to a series should the response to this volume justify such action.

II. DISCUSSION.

A. C tic and Chain Reactions.

The need for learning more about catalytic and chain-type mocha-
nihms., especially at low reagerqt concentrations, was emphasized recently
in connection with a theoretical analysis of existing problems in the micro-
chemical detection of toxic chemical agents. I Numnerous catalytic reactions
have been reported, and recent examples are cited in the annotated bibliog-
raphy.

Two of the more promising areas, from a detection viewpoint,
involve metal-ion catalysis and free-radical reactions. Metal - ion-catalyzed
reactions are extremely sensitive and are discussed in a separate sectiton.
Relatively little han been done in applying free-radical reactions to detection
problems, even though the reactions are very rapid.
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Methods for determln ng nitrite ioi, and its precursors by measuring
visible absorption of free-radical chromogens are claimed by Sawicki and co-
workere 2 to be more sensitive than any previously described in the literature.
A probably mechanism through chain reactions is shown in scheme I.

NO?- + + - HNO 2

H NO

HNO2 + C_3I, N ~ c~ii~
where X S, Se, 0

Highly Colored

02

NO - H? HNO 2 etc.

SCHEME I

DETECTION OF NITRITE ION THROUGH A CHAYN-REACTION MECHANISM

Scheme I may be represented more s.mply as:

A + B - C INITIATION

C ----- D' + E"!

Colored (1)

E + 02 -- ) C PROPAGATION

in which detection is based on observing or measuring the colob: of D', a free
radical more stable to oxidation than E..

8



Of courae, other variations of oxidation-reduction cha4.i cycles ma)
be written as follows:

A + B 4 C INITIATION

C +1D ---- , C. + D (2
PROPAGAT ION

C - + 02 -- 1, C!

Detection would be based, on observing or measuring the disappear-
ance of D or the appearance of VY+. The problem is to apply such schemes to
detection, Known pyridinyl free-radical reactions 3 could be used to apply
reaction cycle 2 to the detection of l-methyl-4-cyanop rtdinturn salts (I) or
their precursors (scheme II). Other oxidizing agen's could be used instead of
oxygen. Preliminary results on testing schemne II for use in detection are ver)
encouraging. *

CI-13NVýjC-N Zn4 CH 3 N ~ NH+ +-
I

Na CHH3

CH3 N -T_ I0 C '+,
etc.

SCHEME II

DETEC'rION OF I-METHYL-4-CYANOPYRIDINJUM SALTS THROUGH
A CHAIN-REACTION MECHANISM

B. Chromatography.

The potential of chromatography for analytical use continues to
grow. An electron-capture detector in conjunction with L. chrornatographic
column has been used to detect ac low as 10-12 M of organic iodides present

* Hasselberger, F. Unpublished results.
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in , hydrocarbon. 4 The combinatton of a gas-chromatographic column and an
electron-capture detector will also detect and measure concentrations of
phosgene on the order of 1, 000 times less than those of physiological interest. 5

For handling high-speed analyses, gas-solid chromatography
theoretically promises approximately 107 plates/sic. 6 Despite certain limi-
tations, gas-solid chromatography should be especially useful in measuring
surface kinetics.

A major advance in recent years has been the acceptance of thin-
layer chromatography as a very versatile analytical tool in the laboratory.
Generally, thin-layer methods have been found to give separations superior to
the paper method. Recovery of samples for quantitative analysis is easier.
Even simple measurement of the length of each sample zone can give reason-
ably good quantitative analysis if the thin layer has uniform narrow width. 7

Advantage has been taken of the greater sensitivity and shorter
running time of thin-layer chromatography over paper chromatography to
separate mixtures of quaternary ammonium compounds at levels as low as

S0.5 to 1.0 ýtg.8

Rapid, thin-layer chromatographic methods for the identification
t of some common flavor esters by both their reaction with certain specific

spray reagents and their Rf values have been described. 9

A variety of procedures has been develdped for revealing and
identifying spots. A recent book on thin-layer chromatography describes
the many techniques. 10

C. Class Tests.

The usefulness of tetracyanoethylene as a general reagent for the
detection of a variety of classes of organic compounds is cited inthe fluores-
cence-chemiluminescence section. Another useful reagent is chloranil.
Molecular complexes of aromatic arnines with chloranil in chloroform have
characteristic charge-transfer absorption bands in the visible region. 11, 12
Substitution of chlorine usually occurs in the interaction of chloranil with
aliphatic amines; however, solutions of chloranil in pure triethylamine yield
a product that appears to be a salt, the anion of which is the free-radical
se3iquinone ion (II) derived from chloranil.

10
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Chemical reactions and instrumentol methods for the identification
of the following classes of compounds have been reviewed recently: hydroxy,
carboxylic acids, carbonyl, amines, amino acids, N-oxides, organosulfur,
alkoxy, and hydrocarbons. The author emphasizes that a combination of
qualitative and quantitative methods is necessary for obtaining a final identi-
fication. 13

A systemr tic an-alysis by using test papers has been developed for
cations. The cations are first separated into five groups with sodium hydroxide
and diethyldithiocarbamate. L,ch cation is then identified without further
separation using specific test papers. Most of the test papers are still usable
after 1 yr. The limits of identification (parts per Million) are: (1) Cd++;
(2) Ni++; (5) Co++; (10) Cu+ +; (25) Al+ 3, Sb+3 , Fe+3 , and NH4+; (50) As+3 ,
Zn++, Bi+3 , Mn++, Mg• •, Sr++, Ba++, K+, and Na+; (100)Pb+t, AgP Hgtt,Crt 3 ; and (250) oa++.14

Jimeno1 5 summlrized methods for direct detection of the following
anions in solution: C03--, Si03--, P04- 3 , F, As04-3, As02-O CrOg4-,
Fe(CN)6-3, Fe(CN) 6 - 4 , s--, SO3--' S203--, SCN-, CNe, C204-', borate,
tartrate, acetate, S04"', NO 2 -, 'Of' I,, Br°% , Brt Cl, C103, and
NO,"

A reported spot test for chlorine in inorganic and organic compounds
is based on permanganate oxidation in acid, heating, and then forming a blue-
green color on diphenylamine paper hold over the test solution. 16

It was indicated that 0. 001 to 10 ppm of iodide can be detected on
the basis .J its catalytic effect on the fading of the ferric thiocyanate color in
dilute nitric acid containing a small amount of nitrite ion. Iodine, iodate, and
periodate can be detected by the same procedure. 17

"• i • l ! l -- " I I i i ii i i i i
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A versatile reagent for the detection of carbonyl compounds is
3-methyl-Z-benxothiazolone hydrazone. 18 Aldehydes react in the presence
of ferric chloride to form a blue cationic dye in acidic media. A recent
modification is the addition of sulfamic acid, which gives in the oxidizing
step a solution free of turbidity. 19 It is claimed that aliphatic aldehydes may
be a•nlyzed in the parts-per-billion range in ambient air.

A metthod for the determination of organic peracids and hydrogen
peroxide in mixtures is known. 20 Analysis is based on rapid reaction of
peracids with neutral potassium iodide and on the formation of a stable complex
between hydrogen peroxide and titanyl ions. The complex is decomposed with
sodium fluoride, and the resulting reaction with iodide is accelerated with
molybdic acid0

Pentacyanonitrosoferrate and zinc chloride have been used to detect
I to 2. ig of inercapto compounds at pH 5 to 8. 21 N-Nitroso compounds have
been detected by diphenylaniine-palladiurn (II) chloride (blue to red-violet,
0 Sy to IlV) and oulfanilic acid-l-naphthylamine reagent (green, blue, to red-
violet, 0. 2V to 0. 5-y) under ultraviolet light. Quinoid and nitro compounds
interfere with the diphenylamine reagent.

Carboxyl groups have been determined in the presence of carbonyl
groups by using sulfur tetrafluoride and measuring infrared absorption of acid
fluoride [equation (3)]. 22

RCOOH + SF 4 -- RCOF + HF + SOCF 2  (3)

Free radicals are present in colored mixtures produced by the
Marqui test (,solution of formaldehyde in concentrated sulfuric acid) for
alkaloids. Free radicals were also found in colored mixtures produced by
other tests in which sulfuric acid is the reaction solvent. In most cases, the
observed electron-spin-rosonance (ear) spectra exhibited a time dependency
and indicated mixtures of free radicals. 23

The use of aluminum chloride for the analysis of classes of com-
pound- and functional groups has been inveetigated in detail by Talsky. 24, 25
A numerical scale was proposed on the basis of the colors formed in a variety
of solvents so that a compound can be identified by the sum of these numbers. 2 5

The classes of compounds Included hydrocarbons, halogen compounds, alcohols,
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aldehydes, ketones, nitro compounds, nitriles, amines, phenols, carboxylic
acids, anhydrides, acyl halides, amides, anilides, esters, ethers, sulfonic
acids, sulfones, sulfides, and heterocycles.

Talsky's success in using a single nonspecific reagent with a num-
ber of solvents to identify various chemicals is evidence for the potential of a
"rouechinib"l' approach in attempting to develop simple identification schemes.
Rouechimio is a term coined to describe the use of a combination of colors
formed from relatively few nonspecific reagents for the specific and rapid
identification of classes of compounds and functional groups.

D. Films.

By far the simplest detection devices would be film badges that
change on exposure to chemical agents in a stri-•ng nitAnner (e. g., formation
of color, rupture, formation of chemiluminescence, etc. ). There is, however,
only a limited amount of reported work in the properties of films, and there
are no references on the use of films for detection purposes.

Photographic technology provides the greatest numbers of examples
of what can be achieved. 26-29 Nondiffusing reducing agents are easily incorpo- -

rated in multilayer films. 26 A 0. 075- to 6. 25-mm coating of an unsaturated
compound is polymerizable under the influence of a photoinitiator liberating
free radicals. 28 Kinetics of color development in a multilayer film badge
have been studied. 27 Photoexposed silver layers have been subjected to
diethylanine vapor as an alkali, N, N-diethylhydroxylamine as a developer,
and hydrogen sulfide as a fixer. 30

Certain photographic film processes may be adaptable to detection. K
For example, a known photopolymerilable film consists of 30 parts of
triethylene glycol diacrylate, 67 parts of cellulose acetate succinate (as binder), .
0. 13 part of 2-ethylanthraquinone (initiator), and 0. 13 part ct p-methoxyphenol
(thermal p-lymerization inhibitor). 28 In a detection application, the initiator
could be substituted by a reagent that is known to give tree radicals on reaction
with chemical agents. Detection would be based on visually observing polymer-
ization or measuring a film property.

Photoconductivity has been claimed when zinc oxide films were
exposed to vapors of an organophosphorus compound of types M or IV. 31

13



9 9 ,
R'-P--R R'-P-O-P-R'

R' R'

III IV
where

-- H, halogen atom, metal atom, NH 4 + or an onlum group, or OH

RI = halogen atom, OH, alkyl, aryl, or alkoxy

Specific sensitivity details were not available, but this and other
known photoconductive films may be found useful in detection.

Vitrified, cholesteric, single-crystal films with a solid consistency
have been obtained from thin layers of cholesteryl cinnarnate. A vitrified
texture resulted that remained stable and showed the rainbow colors typical for
a cholesteric structure. 32 More attention should be given to finding practical
uses of the optical, electrical, and magnetic properties of liquid crystals.

E. Fluorescence-Chemiluminescence.

Fluorescence methods of detection are attractive because of their
greater sensitivity in comparison to ultraviolet and infrared methods and are,
in some cases, very valuable when only trace amounts of materials are
available for investigation. Spectrofluorometry is claimed to be 1, 000 times
more sensitive than spectrophotometric methods in monitoring the reaction of
carbonvis with 2-diphenylaRcety,- 1, 3• -i•1dnedon•-l iydrazone. Completeness

of reaction was confirmed in 5.0 X 10-4 to 5. 0 X 10-7 Mvi solutions. 33

Nonfluorescent compounds such as anthraquinone, p-hydroxyaceto-
phenone, and p-nitroaniline can be -nsore readily detected and determined in
mixtures by phosphorimetry. As little as 0. 1 nmig of anthrone has been detected
with this technique0 34

Tetracyanoethylene (TCNE) exposed to benzene vapor fluoresces
light yellow under ultraviolet light (366 rrn±). 35 Bright fluorescent flashes
were also observed when toluene and xylene solutions of TCNE were allowed

* 14



to evaporate on filter paper. TCNE is already a useful reagent in applications
such as the detection of nitrogen compounds in petroleum, 36 development of
paper chromatograms, 37 colorimetric determination of anthracene, 38 and the
titrimetric estimation of dienes by the Diels-Alder reaction. 39 The general
observations on fluorescence indicate the potential of rendering TCNE even
more useful as an analytical reagent.

Many chemiluminescent reactions are known, but little is known
about the chemistry involved. Luminol (5-amino-2, 3-dihydro-1, 4-phthalazine-
dione, V) is one of the most efficient and probably the best known of the chemi-
lumintescent compounds. In the absence of oxygen, basic solutions of Lunitnol
are stable indefinitely. Light is produced when basic aqueous solutions con-
tat.ing oxygen are treated with an oxidizing agent, and this has been made the
basis of detection methods. 40 The light emitted in the chemiluminescence of
Luninol. (about 350 to 000 rnp) has an energy equivalence of about 50 to
80 kcal/mole.

0

V

White and coworkers 4 1 , 42 showed that the main steps in the
cheinilun-iinescenceof Luminol are the reaction of the dinegative ion of Lunii-
no! (V.') L w ~itoxgen. to eventually yield an excite-d singlet stt of the amino-
phthalate ion and the emission of light by this species (equation (flJ.

20H- * ""4VO ý:' 1' C7 $0L' KJ + hyj (4)
*'2H1- 2 0 N 22-C

H2 g NH2 NHO

VI
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Electron-supplying substituents increase the efficiency of emission I
in both chemiluminescence and fluorescence. 43, 44 Thus, compounds VII and
VIII have been found to be more efficient in light production than Lurdinol. 42
The analogous o- and rm-aminobenzhydrazldes IX and X chemiluminesce, but

" less efficiently than Lurninol. The o- and m-amlnobenzoates XI and XII are
fluorescent. The corresponding para derivatives are neither chemiluminee-
cent nor fluorescent in the visible region.

CU3  CH 3

CH3 OCH30
GE3  NH

NH)2)

VII VIII

K)- CNHNH2

tkz-NH2  H2 N~QI ýNHNH 2

Ix X

QE NH2  H-NClOo-

Chandrose and Sonntag 4 5 have discovered a new type of chemilu-
minescent reaction that promises to be one of the most general types known.
It involves electron abstraction from an aromatic hydrocarbon-radical anion
by a suitable oxidizing agent. Bright chemiluminescence accompanies the
reaction of potassium 9, 10-diphenylanthracene with various electron acceptors,
such as chlorine, benzoyl peroxide, oxalyl chloride, mercuric chloride, and
aluminum chloride. The chemilumineacent process io not limited to hydro-
carbon ions, and it is expected that radical anions derived from various
fluorescent species will exhibit this behavior.

16
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It is important to point out in this discussion of fluorescence and
chemiluminescence that a reaction is not likely to generate a product in an
excited elect-ionic state simply because it providea sufficient energy to do so.
In reactions that involve bond formation or cleavage or both, the energy will
not likely be liberated as fast as it is in a reaction involving only the transfer
of an electron. The energy is mnre likely to be liberated relatively slowly and
absorbed as bond vibrations in several molecules as the transition state is
traversed. 45

Observed effects of solvent, pH, concentration, and temperature
on fluorescence spectra of aromatic compounds in dilute solution have been
reviewed in detail. 46

F. General.

This section describes existing technology and new techniques that
may be useful in certain detection problems.

Manual and recording microspectrophotometers have been con- . -

structed that, in a single sweep, will give ultraviolet, visible, and near-
infrared absorption spectra for specimen areas as small as 2 sq IL. 4 7 Ab-
sorption spectra of the chloroplast of plant cells, the retina of the visttal cell.
of the eye, and the red blood cell have been obtained.

Various microcells have been described for measuring infrared-
absorption spectra. One cell is designed to contain a few rnicroliters of
volatile liquids and a few tenths of a microliter of nonvolatile liquids collected 1_4
in capillary tubes from gas-chromatographic columns. 48 Others are made of
polyethyldene and WIkr U hold a flaS 'P pl of 1is..jA of 3 mg or solid, 490

Nuclear-magnetic-resonance integration has been applied to the J
determination of molecular weight. This involves comparison of the Integrated
intensities of an added standard and of a recognizable peak or group of peaks -_

of the unknown in a solution containing known weights of standard andunknown. 5 0

An automatic sampling mechanism has been described that, in _

conjunction with a spectrophotometer, can periodically collect gas samples
from 10 separate atmospheres and obtain a record of the ammonia concentra-
tion in each. A mercury pump is used to draw samples consecutively into a

17



10-cm silica cell, and the absorbance at 204. 3 nm is recorded. The sarmn pse
are then returned to the atmosphere. The method is sensitive to 10 ppm.5!

An instrument has been developed that will detect any vapor that
A can be treated in some manner to form particles in the order of tenths of a

micron or less. 52 Sensitivities in the parts-per-million to parts-per-billion
range have been achieved for acids, ammonia, amnines, nickel carbcnyl,
tetrasthyllead, and some halogenated hydrocarbons through application of
gaseous conduction phenomena in an ionization chamber.

Very small amounts of materials (10-6 to 10-9 gm) were found to
be sufficient for recogpition of products ,-f mechanochemical microreactions
brought about by pulverizing, grinding, scratching, or pressing solid materials.
Reactions are described for detection of Fe, Co, Ni, W, Mo, or Ag. 53

Glans tubing coated on the inside with an indicator was found to be
more superior than indicator paper for testing pH. 54 The use of this technique
Is described with Methyl Violet.

Encapsulation is a technique that may be used for storing solvents
or reagents and may simplify the design of detection devices. One of the
problems in the existing technology, however, is encapsulation of water or
aqueous solutions. Two patents appeared recently on water encapsulation. 55, 56
Microcapsules were prepared with polystyrene or vinylidene chloride-acrylo-
nitrile copolymer coatings. Another potential mechanism of supplying water
for reactfons requiring it is acid-base neutralization. Development of Polacolor
films is initiated by rupturing pods containing a viscous solution of alkaline
activator. 57 Water is generated by neutralization of alkali and diffuses through

A ytxn6ge layer. .'erbaps a stif technique could be worked out for
film-detection reactions where water is required as a reactant.

G. Kinetics.

Theories of kinetics, rmathematical and experimental details, and
calculation of energies are all of great importance in a variety of considerations
applicable to detection. Kinetics and Mechanisms by Frost and Pearson 5 8 is
a work that shows the intimate relationship between kinetics and reaction
mechanisms.

18
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Basic to a design of new concepts in detection reactions is a better
understanding of nucleation rates, kinetics of particle growth, diffusion
kinetics of reactions, kinetics of reactions at very low reagent concentrations,
and kinetics of chain reactions. There are no simple rules, and new ideas
need to be evaluated individually.

H. Metal Ions.

Of the reported detection and catalytic reactions, the most sensitive,
in general, are those involving metal ions. This is true in contemporary as
well as older literature. Typical examples from the current Iterature follow.

Copper ions at a concentration of 0. 01 pýg/rnl have been detected by
a catalytic oxidation of an ammoniacal solution of potassium guaiacolsulfonate. 5 9

Ethylenediaminetetraacetic acid has been used for qualitative detection of a
variety of metal ions with sensitivities as low as 10 ppm. 60 Parts per billion
of iron have been dettrmtned by a fluorescence extinction method based on the
interference of iron in the fluoroinetric determination of Al with Pontachrome
Bluo Black. 61 (It was noted that fluoride and phosphate ion interfere seriously.)
The catalytic activity of 10-11 gm of cupric Ion on the oxidation of indigo carmine
by HzO2 was studied. 6R The decomposition rate of hydrogen peroxide was
found to be influenced by 10-Il1 gm of Ni++ with cobaltous carbonate as the j -

carrier substance. 63 As little as 1 pLg of cupric ion was visually detected by
concentrating the colored cupric-amine complexes on montmorillonite. 64

Metal ions have been used in a variety of catalytic applications.
For example, cupric ion-amine complexes were selected as models of catalase -:

activity. 65 Ions of alkali metals, alkaline-earth metals, and certain bivalent
ions of the trarnsition. elem~ent-s were found to acce-l-erate thle *;-rst.ordar Lh~a-ol1--is

rates of disulfates. 66

Copper-bipyridyl chelates were shown to be excellent catalysts for -

the chemilurninescence of Luminol. 67 Also, the catalytic tction of various
metal salts in the oxidation of primary aromatic amnnes wti h peracetic acid
has been elucidated. 68

A variety of reactions other than oxidation-reduction types is
known to be catalyzed by metal ions and is discussed in detail by Hay. 69

In view of the many potential uses of metal tons, it is very attrac-
tive to design schemes in which chemical agents are detected by the release of
a catalytically effective metal ion. Such schemes have been tried by Sosnovsky
(scheme IUI). 70 Insufficiently high sensitivities were obtained. On the other

19
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hand, 60 pLg of acetic anhydride in 10 ml were detected if the free ligand was
allowed to react first with the acylating agent. On acylation, the amine
becomes a far weaker coinplexing agent (scheme IV).

ligand + metal ion -* [metam.ton-.lgand]
[. con-iplex :

metal-Ion- ligand + chemical '-- metal ion + agent - ligand
complex agent compound

A metal-ten> B

catalysis

triethylonetetramine + Cu++ • u++ triethylenetetrarnine•

complex J
Cu++ trtethylenetetramine] + (CH 14C)0 " .'Cu+1 + acetylated

complex trletaylenetetr \mtne

Low Xjeld

(C6 Hs)2 CHCN -r---+ (C6 H5 )2 G- I(C 6 H5

catalysis ON N

Insufficiently high
sensitivities

SCHEME III

DETECTION REACTIONS CATALYZED BY THE RELEASE OF METAL ION

ligand + chemical - agent - ligand
agent compound

agent - ligand + metal ion -74
compound

AB
Ametal-ion- B

catalysis

I

20
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0
triethylenetetramine + (Ct-d3O)20 0 acetylated triethylenetetramine

acetylated triethylenetetramine + Cu++ ..
02

(C 6 H5 )ZGHCN Cu++ P (C 6 H 5 )2 C-C(R6H5 )2

catalysis ýN CN

0II
,10 E1 Of (CHC)20j.in 10 ml
detectable by appearance of
precipitate

SCHEME IV

DEFECTION REACTIONS BASED ON THE INHIBITION OF METAL-ION
COMPLEXAT ION

I. Olfaction.

Olfaction should be regarded as a method of measurement that
can be rapid and inexpensive, often reasonably precise, applicable to very
small quantities or concentrations of matter, and can lead to high levels 4f
confidence that gross errors have not been made. 71 Published work on
odor and physical properties, odor and chemical constitution, threshold
concentrations, and olfaction mechanism was tabulated and discussed by
Mosher 7 2 with a view towards using olfaction as a detection method. The
sensitivity of olfactory sensing methods merits recognition and serious

-~~L --*. L A %AL.Ltatternp.taat. application for detection.

It is very difficult to design a scheme of detection reactions
based on odor perception. On the basis of reported human thresholds, certainz-
alcohols, acids, amines, aidehydes, ketones, esttrs, isocyanides, or thiols
are detectable in low enough concentrations to be considered as products in
the detection reaction. Of course, tht. design of one-step reactiuns in which one

of the reactants is a material to I v detected Is a majo- problem Simple
reactions based on hydrolysis, neutralization, displacement, or esteriiication
mechanisms can be written, but nonspecificity results.
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An interesting proposal is the use of isatoic anhydride sulfur analogs
as reagents in detection reactions based on olfactory sensing. 72 The exceptional
potential of isatoic anhydride (XIII) arises from the ease with which it enters
into condensation, displacement, and electrophilic substitution reactions. 73
The hetero ring is highly susceptible to cleavage at (a) or (b) and yet can be
N-alkylated at (c) with little or no ring opening. The condensation of (I) with
aqueous ammonia and primary and secondary amines generally occurs on
contact at low to moderate temperatures to give a good yield of the corre-
sponding anthranilamide and carbon dioxide. If sulfur were substituted for
one or more oxygens in XIII, carbon oxysulfide or carbon disulfide should form
instead. Detection would be based on sensing the characteristic pungent odor
of the volatile sulfur compound.

0II ,(a)
.C

-(b)

(c) I
H

(XIII)

J. Photochemistry.

A knowledge of how light affects a chemical or a chemical reaction
may be important in solving stability and sensitivity problems in detectio-n..
Furthermaore, photochemical mechanisms may provide leads to new types of

detection reactions.

An excellent review of approaches to new photographic processes
appeared recently 7 4 and dealt with systems based on catalysis, on the variation
of dielectric constant of a phosphor under illumination, on the reduction of
semiconductor oxides, and on the quenching of color centers. Existing photo
and reproduction processes were classified according to a triggering step
(formation of a latent image), an amplification step (addition of external energy
to the system), and a "fixing" step to render a permanent image.

Characteristics of speed and sensitivity are of prime consideration
in photographic processes, and new detection approaches may be guided by an
examination of existing photomechanihms.. Accordingly, a study of the review
by Robillard 7 4 on new approaches to photography cannot be overemphasized.
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Du Pont has developed a new photographic process in which photo-
solubilization leads to a positive image rather thana negative'lmageas in con-
ventional photography. 75 Two basic steps, insolubiltttioan and photoiolubil-1-
zation, are actually involved. Insolubillzaticn presumably involves either
adsorption or chemical binding of an organic compound on the surface of the
silver halide. Photosolubilization occurs when a substance that contains the
modified silver halide is exposed to light and then immersed in a solvent
solution, forming a direct image in silver halide. Treatment of the unexposed
emulsion with free bromine or chlorine has the same effect as does exposure
to light. Insolubilization and solubilization processes should be examined in
more detail for possible applications in the detection of chemical agents.

Light causes fluorescent dyes to bind to particles of zinc oxide or
aluminum oxide. 76 Small amounts of p-phenylenediamine (10-6 M) retard
the reaction. Conceivably, the phenomenon of dye adsorption could be applied.
to increasing visual-detection sensitivity. Alternatively, an inhibition of
adsorption caused by traces of materials might be used to detect the interfering
substances.

Electron-spin resonance has confirmed that free radicals were
formed whenever elemental sulfur was dissolved in an amine to give a colored
solution. 77 It has been suggested that the radicals are the result of homolytic
scission of S-S bonds in N, N'. polythiobisarnines, which are formed by step-
wise nucleophilic attack on So rings by the amine [equation (5)].

2 RR'NH + Sx -* (RR'N)2SXýI + H2S (5)

scission

free radicals

Sulfur has also been used ia the chemical sensitization of photo-
graphic emulsions. 78-80 There may be a possibility of combining the sensi-
tizing phenomenon with equation(5)into a catalytic reaction for the detection
of amines.

Horizons, Inc., has been doing work on free-radical photography
processes since 1957.81-82 Light decomposes one or more compounds and
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produces free radicals that combine to form colored compounds. For example,
N-vinyl carbazole and carbon tetrabromide, when exposed to ultraviolet light
and then heated, form a brownish, black image. High sensitivity results from
the fact that the light sets off a chain reaction. Detection reactions (those known
to give free radicals), when performed on free-radical photographic films,
may produce visible images at low concentrations of the chemical agent detected.

K. Reaction Mechanisms.

There is a continuing interest in reaction mechahisms, since a
better understahding of principles may lead to new detection schemes and an
improvement of existing detection reactions.

Hudson has reviewed the mechanism of phosphorylation reactions
to define conditions that determine bimolecular or unimolecular hydrolysis. 83
Differences between chlorides and anhydrides on the one hand, and fluorides
on the other, were attributed to the high P-D bond energy.

Epstein and coworkers 8 4 have studied the reactivity of isopropyl
znethylphosphonofluoridate with substituted phenols. The data indicate that:
(1) the nucleophilic displacement capability of a phenolate increases with the
basicity of the anion, (2) cationic. sites in the phenol increase the reactivity
of the phenolate, (3) there are marked steric effects dvte to ortho substituents
that lower reactivity of the phenol, and (4) substances in the ortho position
that are capable of hydrogen bonding can markedly increase the rate constant.

nnoyroxyic ovnt, the order of i bimoleculr
acylation of phenols by chloro-substituted acyl halides decreases with increasing
electron$Ithdra*rhg subatitufionin the acylating agent. 85 Thio Is opposite to
the effect found in hydroxylic media. Apparently,the relative importance of
bond breaking and forming processes depends on the ability of the leaving group
to depart in the medium concerned. If sufficient salt is present in the non-
hydroxylic media (thus assisting in the departure of the leaving group), the
order of reactivity in hydroxylic media reappears.

The mechanism of the Beckmann rearrangement and of the frag-
* mentation, of ketoxime tosylates ha- been studied by determining rate constants

and products in 80%o ethanol. 86 The ratio of fragmentation to amide formation
* is not related to reaction rate but increases with the stability of the carboniuxn
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ion formed, as reflected by s Avolysis rates of the correoponding alkyl chlorides.
A mechanism is presented that involves a rate-determining teomerization to an
imino tosylate, a rapid isomerization to a nitriltum ion, and then fragmentation
or amide formation (equation 6).

R P•+
N slow rapid,&
C =N -* p N Oiitwi R'C WNH Oe-

RI Ots TaO

S R RI CEN + R+

HO

These findings do not support the classical mechantism of the
Beckmann rearrangement involving alkyl migration, which asasumes direct
ionization rearrangement.

The condensation of isatin with acetic anhydride in the presence
of pyridine yields a purple compound that is believed to be a triacetyl dertv-
ative. p7 A recent study indicated the compound to be XV, presumably formed
from XIV, which undergoes an internal Diels•Alder reaction with subsequent
rearrangement and oxidation. Compound XV absorbs only I mole of hydrogen
to yield'a yellow leuco derivative that rapidly regenerates the ortginal wait on
exposure to air,

fI •0
GHSC;NQ-_ f 0  CH 3  _-N

* 0 01.yt",

XgV -XV
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Pyridine, benzoyl chloride, dtmethylaminobenzene, aud anhydrous
cuprous chloride give Crystal Violet (XVI). Crystal Violet It usually prepared
by treating a mixture of dimethyl-p-toluidine and dimethylarninobenzene with
an Oxidizing agent such as cupric sulfate in the presence of sodium chloride or
nitrobenzene.

H3S fCH3
N Cl

xII

H3H3

XVi

Cyanogen bromide, 4tbyacetamidopyridine, and p-dimethylauino -

aniline in acetone-ether give a blue precipitate, which, on treatment with
sodium perchiorate, gives XVut 8 88

'ýiH

C =0

a3 +, n3P C

1H 3  C \.Y J C 3

XVII

2, 4, 6-Tri-tert-butylphenoxyl free radical (XVIII) is a useful
reagent for a quantitative determination. of uncombined oxygen in organic'-

slvents (equation(7)J and of labile hydrogen atoms, in antioxidants and other
oxidizable species lequation(.8)J.8 9 The limit of detection is 10-8 mole.

Ferrous, ion and iodide are not reactive with the radical.j
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XV1II

R R ••

R + R'H 3 t R OH + R(8

R R

XVIII R = tert-butyl

N, N-Dimethyl-4-aminobipheayl is oxidized with strong oxidizing
agents to an intensely blue product and can be used as an irreversible oxidation-
reduction indicator. 90

The red-colored l-H-naphtho[l, 8-de]triazine (XIX) gives blue and [ -
red monomethyl derivatives (XX and XXI). The usefulness of XX as a colored
product in visually observed detection reactions is limited by its low extinction
coefficient (570 at 655 wisj). Nevertheless, XX represents the first member of
a new class of heterocyclic compounds.

tt "NH - I'WtR
RXe•-I"•tJ (9:)

base& .-

XIX XX XXI

M. Reviews.

Several excellent reviews that may be useful to workers in detection
have been published recently, 91-98 In particular, the review of the methods
available for the detection and determination of cyanide is very complete and
well done. In addition to these reviews, others may be found throughout the
bibliography under specific topics of interest.
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N. Soltds-Surfaces.

Solid-state reactions in which adsorption of chemical agents on
surfaces fniftates chdifnreactions are goals of current detection research.
There is, however, little analogy to draw from in the design of such reactions.
It is clear that understanding of the physics and chemistry of solid-state
reactions is far from complete. This is particularly true of the growth and
propagation of fast solid-state reactions in which the experimental difficulties
inherent in such studies are great.

Solid materials that disintegrate in a chain reaction are usually in
the category of explosives. There is a monograph dealing with research in
this field, and, in particular, with the mechanism by which an explosive crystal
can decompose. 99

Explosives are also being considered as ingredients in dry photo-
graphic systems. 7 4 The materials are of two classes: (1) certain metallic
azides, acetylides, and other isoelectronic compounds such as cyanates,
fulminates, and thiocyanates, and (2) more complex metal-organic compounds
whose dissociation can be catalyzed by metal ions.

The compounds that have been particularly successful in Robillard's
investigation7 4 are cadmium, lead, and silver azides, silver acetylide, and
silver fulminate. In the metal-organic compounds, sodium bis-2, 3-pentane-
dionodinitrocobaltate has been especially studied. A typical process involves
a cuprous-ion catalysis of the dissociation of the cobalt acetyl acetonate to
give cobalt as the image-forniing material.

In lIo4, a conference was held on surface effects in detection. 100
The topics discussed included fundamental factors in detecting chemicals as
adsorbed films, problems in the use of surface phenomena in detection of
contaminants, experiments on the specificities of human olfaction, techniques
based on surface potentials and related phenomena, techniques based primar-
ily on subsurface effects, and problems in sensitivity and specificity. It
was generally agreed that a great deal of fundamental research must be per-
formed on surface effects before exploiting the various possibilities for
detection application.

Basic processes of luminescence in solids and conditions for light
emission at lurninescence centers have been discussed by Garlick. 101

I
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Several cells for observing the infrared spectra of molecules
adsorbed on solid surfaces have been described. 102 Experiments with
germanium oxide gel gave promise of producing a useful substrate for
spectroscopic work. It has been discovered that the slow interaction between

a powdered solid and an active adsorbent resulted in spectral changes that can
be used for kinetic studies of the process of adsorption. 103

Shcherbakova found that the capacity of silica gel for water can
be decreased without changing the surface area by treating the silica Aith
triniethylchlorosilane. 104

It has been discovered that, in benzene, color reactions of acid
clay with diphenylpolyones, carotenoids, and polyacenes are due to the for- -

mation of cation radicals of these hydrocarbons in the clay. 105 Mixtures of

aromatic azo or amino compounds in toluene or xylene and an A12 0 3 -SiO2
catalyst also give free radicals, as substantiated by esr. 106

0. Theoretical.

Hillenbrand and coworkers dealt with some of the theoretical

considerations in the microchemical detection of toxic chemical agents in
the absence of c'rncentration or sampling devices. I For the stoichiometric
reaction considered, a sufficient amount of reaction to produce visible color

in 10 sec in a porous solid will be possible only in regions of very high airflow
velocities. Attempts to develop simple, yet sensitive, devices based on a
stoichiornetric reaction are impractical, and choices for catalytic reactions
will be limited to those providing large effects.

The use of a computer has been described for overcoming the
loss of information beyond the range of sensitivity of a given analytical

method. 107 A programming system has also been developed for a.compattr
search of active-site configurations. 108

III. CONCLUSIONS.

Current literature contains much information that can be used as

background in attempting to solve detection problems. Detailed analysts is
not the purpose of this report and is, instead, left yo individual users.
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A noticeable trend worth mentioning is the increasing use of free
radicala as reagents, intermediates, or products in analytical reactions.
Ghtoily because of their rapid rates, free-radical reactions should be more
clooely examined for detection applications.
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benaoqutnones, 39
benzoyl peroxide, 199 chemical activation, 229bicyclo[2,2, l]heptadiene, 152 chemisorption, 239b-ocatalyste, 129 chemisorption, metals, Z53
bipyridines, 217 chloranil, 39
Sbz:od, 15 chloranil, amines, 40borate, 46 chloranil, anilines, 48boric acid, 78 chloranil, diaminodurene, 23!
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Gruneisen equation, 237 iodate, 46, 58
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iodides, 23
H iodine, 58

ion-exchange substances, Z54
a-helix structure, 259 ionic character, 258
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high temperature, kinetics, 105 ionization potentials, 60
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hydrogen-ion concentration, 262
hydrogen peroxide, 4, 47 K
hydrogen peroxide generation, 151
hydrolysis, 11, 202 Kerr effect, 97
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Lew18 acids, 17, 242
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indandiones, 50
indantrione hydrate, 213 macromolecule degradation, 175
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mercapto derivativ-i, ;i nuclear magnetic resonance, 86, 102
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mesomnorphisin, 64 nucleophilic displacemnent, 198
mctallochromlc indicators, 134 nucleophilic substitution, 226
metal -vapor -deposited films, 253
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hydrazone, 42 octadecene compounds, 138
methylene blue, 148 optical sensitization, 189
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2-methylihidole, 184 organic vapor sorption, 254
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Methyl Violet, 96 orthohydroxyac etophe none, 128
microspectrophotometry, 104 orthotrithiocarboxylic esters, 17
Mitchell theory, chemical saifli- Overhauser effect, 102

tization, 173 oxacyanine, 77
molecular complexes, 95 oxalate, 46
molecular orbital method, 263 oxalyl chloride, 71
molerniiar vibrAtionn 146 oxid-nts, 228
molecular weight, 86 oxidizing agents. 16
rnontmorillonite, 1.21 oximes, 41

maser, 69 oximes, inorganic, 214
*oximes, three-membered cyclic

N structure, 220
oxime tosylate reduction, 204

naphthalene, 225 oxindolylidene derivative, 194
nicotinic acid, 192
ninhydrin, 34 P
nitrate, 46
nitrene, 204 palladium (11) chloride, 52
nitrile oxides, 210 particle growth, 109
nitrilium salts, 200 pentacyanonitrosof er rate, 51
nitrite, 37, 46, 58 prL~~~d 2
nitro compounds, 52 peracids, 47, 218
nitrogen determination, 213 performic acid, 4 7

ntosamines, 52 periodate, 58

N-nitroso compounds, 52 periodic acid, 201
nonclassical carbonium ion, 116 peroxidation, 124



peroxide reaction rnechanism. 208 polymethlne dyes. 191

phenanthroline, 41 polymethylene d-y, 192
I, l0-phenanthroline complexes, polyolefin fime, 43

108 polystyrane. 2Z7

p-phenetidine hydrochloride, 119 polythiobisLtmines, 212

p-phenetidine hydrochloride oxidation, Pontachrom' Blue, 120

6 porous rr'eda, 232

phenol, 53 porous structure, 241

phenolate esters, 11 potassium guaiacoisulfonatc, 130

phenol blue, 180 precipitation chromatoý-raby., 29

phenols, 54, 198 primary aromatic amines, 127
phenothiazine, 16 propionanilble, .19

phenylglyoralic acid, 154 pyrazolones, 63-

phosgene, 31 pyridinecarb3Aaldehyde pheny]-
phosphate, 46, 120, 128 hydrozones, 218

phosphate esters, 226 pyridine catalysts, 18

phosphonate esters, 11 pyridiniumn salt, 194
phosphorylation reaction mecha- I - (2-pyridylazo) -2-naphthol, 751

fhisni, 202 pyrolysis, 19

photochromism, 150 pyrrolidines, 203
photoconductive cells, 104
photoconductivity, 182
photocurrents, 158
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pigment chemistry, 104
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pleochroism, 64 redox indicator, Z416
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somnicpýndutýorn. 92, 94
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etatisticel approach, 261 triazine, 219
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