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I. INTRODUCTION 

In order to ha\-e a thorough understanding of the potential health hazards to 
man produced by a particular environmental agent, one must first have a thorough 
knowledge of the chemistry of the particular compound_ The chemistry of a specific 
environmental agent encompasses: (1) the chemical structure: (2) the physical proper- 
ties of the material: (3) the analytical techniques required for the specific analysis of 
the entity in its environment: (4) the sources andjor uses of this environmentnl nzent; 
(5) the chemical reactivity associated with the particular functionality of this com- 
pound: (6) the metabolism of the environmental agent in biological systems: (7) the 
bioio$caI interaction and/or bioIogica1 activity of the agent and its metabolites: and 
(8) the toxicity ofthe en\-ironmental agent and components derived from this chemical 
species. Once this definitive information is available concerning the basic chemical 
and biochemical properties of the environmental agent_ one must then evaluate the 
possible mode(s) of action by investigating: (a) the type of pathoIogica1 changes pro- 
duced by the agent: (b) the severity and Iongevity of the pathology: (c) the immediacy 
of the undesirable effects on man andfor his progeny: and (d) the minimization rmd/or 
reversibiiity of the events leading to the pathological end result. Finally, after one 

has considered the many complex interactive data concerning a specific environmental 
agent, one must then scientifically correlate all of this information so that man m:iy 
be able to understand and control the impact that this particular environmental agent 
has on his existence- 

The environment, the survival of its inhabitants and all biological systems mzry 
be affected by the presence of this chemical component_ More important, the chemica1 
form and the lonpevity of this form dictate the potential hazards that may be prcv- 
alent_ Any environmental agent which would interrupt normal biological processes 
of the enzymatic, genetic and/or metabolic nature would be undesirable_ The poten- 
tially hazardous environmental agents may be either natural products or “man-made” 
contaminants of the environment_ 

This review describes information that has been obtained by members of the 
Chemistry Group at this institute over the last 6 years to assist in ans\vering a small 
portion of the complex problems associated with the potential health hazards of 
noxious environmental agents. The major emphasis of this review is placed on the 
application of &s-Iiquid chromatography and mass spectrometry to environmental 
problems. The significance of the various types of information obtained b>- mnss 
spectrometry ~111 be applied towards rtnswering questions concerning: (a) chemical 
purity, structure and functionality: (b) analytical methodology requirements: (c) me- 
tabolism: (dj I$oIogicaI interaction and biological activity; and (e) possible mode(s) 
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of action for the production of the pathology and undesirable effects_ The general 
discussion on the utilization of gas-liquid chromatography coupled with mass spec- 
trometry (GLC-MS) for the investigation of specific environmental agents will be 
oriented both to readers with an academic interest and to individuals with research 
involvement in these specific areas. This review also discusses the advantages and 
disadvantages of the various analytical systems with each specific type of environ- 
mental asent. A brief discussion is given on the uses of MS for the quantitntion of 
environmental agents. 

Probably the most versatile analytical technique available to the chemist is 
GLC’-“. Many types of environmental agents. includin_r pesticides, non-polar natural 
products and synthetic chemicals, may be analyzed directly by gas chromatography. 
Still other compounds_ because of increased polarity and low vapor pressure. must 
first be converted into a more volatile derivative and then be analyzed- Care must be 
esercised in choosing the type of derivative for a specific environmental agent and 
its merabolires in order to rninimize the chemical and/or thermal lability of the reac- 
tion product which will be analyzed by gas chromatography_ By the use of GLC 
alone, one cannot chemically verify the structure of a particular compound.. By the 
use of many varied analytical conditions of GLC, one can determine the homogeneity 
ofthe particular sample. One can directly compare the retention time of the unknown 
with the kno\vn compound_ In addition. one can quantitate the particular unknown 
with respect to the kno\vn compound_ On the contrary, without further integration 
of the data from gas chromatography with data from other sources such’as infrared 
(IR) and nuclear magnetic resonance (NMR) spectroscopy, one is not able to deter- 
mine unequivocally the chemical structure of the unknown environmental asent. 
Furthermore, if the sample size of the unknown is limited to a few micrograms or. 
more commonly. to nanogram amounts. even I R and NM R spectroscopic analyses 
are not possible_ 

By the use of a GLC system ~5 hich is directly interlked with a mass spectrom- 
eter. one is able to esamine thoroughly the chemical structure of microgram and 
even low nanogram amounts ofnumerous environmental agents and their metabo’lites. 
As described by Rosenstock and Krausss, mass spectra present a “chemical appearance 
of compounds”. In addition to the analytical value of the information obtained b_\r 
MS, these data reflect the chemistry, the reactivity and the stereochemical orientation 
of many functional groups of the molecule_ The unimolecular ion reactions in the 
mass spectrometer are in many ways similar to the reactions that take place under 
thermal and photolytic conditions_ The utilization of the mass spectrometer as a 
model to measure the decomposition and rearrangement propensities of certain envi- 
ronmental apents and their metabolites is very beneficial_ 

In particular cases, by use of a GLC system combined with a mass spectrometer 
which is controlled by a computer, one is able to detect and identify even picogram 
amounts ofspecific environmental agents_ In many instances, because of the chemical 
nature of a compound, direct bombardment of the agent with electrons in the mass 
spectrometer will not produce the molecular ion in significant abundance for detection_ 
Even by use of very low energy electron bombardment of 20 eV or less, the mass 
spectrum may not contain all of the descriptive mass fragments and the molecular ion. 

Chemical ionization (Cl)-MS is a type of high-pressure MS in which the com- 
pound of interest interacts with the reactant or carrier gas ions to form the positively 
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charsed ions_ The rcactztnr ions arc Tormcd by a combination of electron impact (Ei) 
and ion-mofecufe recornbin:itions_ The primary_ secondary and tertiary reactant ions 
then combine wi-ith the desired sample and in this process transfer massive entities 
including protons (H--)_ hydride ions (H-) and afkyf carboniurn ions (RCH.+) to the 
desired sampie molecules_ The amount of-energy involved in the cflemical ionization 
r=xtions is relntiuri_v tow, dependin, n on the reactant 9;~s used_ For a more detailed 
discussion on cf~emicxf ionization mass spcctrometry_ the reader is referred to articles 
b>- Munson and Field’“. Munson” and Fales L’I u/_*~. 

By the chartlcterization of- the crudefy purified environmenU agent by GLC 
coupled with CI- and El-MS_ one can unequivocal!y identify rhc chen~icnl structure 
0 t- lllil Ill; pof~t~unctional metabofitcs and reaction products of- nmllcrous potentially 
hazardous environmental agents. As will be seen in later discussions on specific com- 
pounds_ ions present in the El spccrrn ofsomc compounds arc descriptive ofa spccilic 
portion of- the mcllecule_ whereas ions derived by the Cl processes are descriptive of 
a ditkrcnt portion of the mofscu!r to that described by the ions from the EI process_ 
fn some instsnccs. \\-ithour the Cl data one wottfd not be able to describe the complete 
chcmic;rl structure: on the contrary_ very sttlbIe and rigid mofecufes may be studied 
verv s:~ristktorify by El-MS even at high electron voltages. In most instances_ the 
limitations of I combined GLC-MS system are mainly those concerned with rhc 
chrc~mtito~rt~phic properties and chemical labifit\l of- the components being cfu-o- 
nxttographed. In man>- instances in which multi-component systems cannot be scpa- 
rated cfrromato~rapf~i~~fI~_ by carrful computer analysis of the data. one c;tn idcntit> 
and ditfsrentiate the components present. 

By further refinement of~thc application of-MS to quantitation_ onnrcan quxnti- 
we verx specifically many environmentat agents \vfiich may or may 1101 be cfiro- 
mato~rapf~icaffy separable bx monitoring specific characteristic ions by the technique 
of mass f-rrigniento~rapfi~-. In this tccfiniqur. rfic nl;tss sptctromettr becomes a specific 
ion detector_ Molecules which yield the desired ions \vhich are being monitored \vilf 
be detected: on the contrary_ numerous components and contaminants \vhich do no: 
vieId ths specific ions lviff not be detected. Quantitation of environmental agents by 
mass tiagnienrogrtrph\r in nanogam or even low picogram itmo~mIs routincfy are 
very applicable. CI ~md Ef mass fr:ymentography erhibit man_v desirable chxxttx- 
istics witfi specific classes ofeIl~ir~~nnicntaf ti~ents. 

2. GEXERXL PROTOCOL 

At feast three major types of cfxx~~ictll investI=, -CT-itions \vill be discussed \\-ith 
specificckrsses ofenvirormlental agents_ The purpose of‘ rhese types of investigations 
is fo assist in answering tfir questions; ‘-is this ptirricular environn~cnrid agent harmful 
to man through his evcrxday exposure to lo\v levels of this agent for periods np to :t 

lifetime?” and ‘-if this environmental agent is harmfuf_ by \vhat means may tflese 
harmful cfkts be minimized or eliminated?“_ As described earlier, in order to ans\vsr 
flis portion of-this problem, the chemist must be able to: (a) analxze very specifically 
for Ehe w-elf defined chemical component: (b) understand the chemical and biochemi- 
cal reactivity of this agent: and (c) define the sequence of metabolic events that take 
pfnce once this specific environmental agent enters the defined biofogicxf system. 

Once a specific cnvironmentnf agent has been deemed necessary for investiga- 
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tion as a potential health hazard, either because of preliminary toxicity information 
or because of ubiquitous distribution in the environment, the investigator must nest 
evaluate the techniques available for the analysis of this specific agent without ob- 
taining erroneous results from normal contaminants in the environment. The concern 

of this review will not be to consider the monitoring of samples routinely in order 
to determine the presence of a particular agent, but the emphasis is-concerned mainI_v 
with determining what happens to the specified agent in defined chemicaI reactions 
and biological test systems. If the existins techniques do not suffice for the analysis 
of this environmental agent and its metabolites. then very specific methodology must 
be developed. In the discussion section, specific reference is made to the analytical 
requirements of individual environmental agents. The investigator who is more chem- 
ically oriented \vill study (a) methods for the synthesis of this environmental agent 
and (ID) the types ofreactivit>~ which this molecule possesses_ Informative invest&tion 
\vould include: (a) the chemical kinetics of reactions; (b) favored types of reactions 
including hydrolysis. reduction. osidation and the tendency to eliminate chlorine 
atoms or a particular functional group: and (c) the synergistic effect of other con- 
taminants on the chemical reactivity of this component_ The more biolo_eically ori- 
ented chemist would be concerned with: (a) translation of the pure chemical inf_orma- 
tion into meaningful biological and metabolic activity: (b) the level of entrance of 
this environmental agent into the biological system: (c) the distribution and degree 
of modification of the agent in the biological system: and (d) the interaction of the 
environmental agent and its mctabolitcs with normal components of the biological 
s_vste111_ 

TABLE 1 

GEXERXL MET_ABOLIC lNVESTIG.L\TlOSS 

marizsd as in lable l_ The investigation of the biochemistry of a particular environ- 
mrntttl agent proceeds by administration of a single small dose of the chemically pure 
compolmd to the biological test system followed by the determination of the rate of 
absorption, the degree of storage and the routes and degree of elimination of the 
chemical component and it< metabolites. After the biological data concerning the 
distribution of this cnvironmmtal agent have been obtained_ then one must determine 
in what chemical form this agent is present at a particular time in specific biological 
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tissues and fluids_ Removal of the desired component from the biological medium 
must be accomplished before one can qualitatively or quantitatively chnracterize the 
chemical form of the mctaboIite_ Numerous inorganic components require removal 
of protein and other organic materittfs by mild oxidation followed by atomic absorp- 
tion_ neutron activation or spark-source MS anal_vscs_ In other instances, inorganic 
components may first be complexed to form or,, astnic compounds. \vhich then may 
be removed by selective organic extraction followed by anafxses_ Most organic envi- 
ronmental agents may be removed by pH-dependent organic or aqueous solvent cs- 
tractions_ Once the crude component has been removed from the biological environ- 
ment_ various analytical procedures may be used to characterize the composition of 
the compfrs mixture. In particufnr instances. because of the degree and nature of the 
polarity of the contr<minants_ biological cstracts require some means of purification 
prior to initiation ofstructural cfxtracteriztltion_This purification may he accomplished 
by solvent-solvent partition or bx solvent-solid partition as exemplified by thin- 
fayeP_ cofumn14-1z or hish-pressure liquid chrc~mnto~rz~ph~~“_ 

The most important and the final remaining portion of tfzc chartictsrization 
is to determine the chemical form ar.d the structural identity of the potentially fwz- 
ardous erxironmentai agent_ Before final structural identification is possible- one 
must be abfs to verify tflat the componrnt to be identified is cf~emicafly pure at the 
time ofttnafysis_ 

Analysis of the chemical component by uhraviolet (VV) or visible absorption 
spectroscopy \voufd require that tflc sampIe first be puriticd and then separately 
:mafyzed for its absorption spectrum in order to yield inf-ormation concerning bond 
structure and tflc presence ofchromophort _ groups. Measurement of tfie tluorescent 
and phospfzorcscent properties of tfx purified cnvironment~tf agent is also desirable. 
Most spectroscopic methods require only misropram or nanogram ;mlounts of mate- 
riaI_ This information alone woufd not verify a particular chemical structure. 

IR spectroscopy generates more conclusive intbrmation concerning the pres- 
ence of specific co\-aIent bonds and functional groups. The enxk~nmental asent must 
first be isolated and purified. and tfxn 100-200 jig of material art cfiaracrerized by 
I R spectroscopy_ On the contrary, by use of GLC int cgrated \\itfl a computtrized I R 
system_ one may anafyzc the various components by IR spectroscopy as they are 
elutcd f_rom the chromtttogrrrph_ Most of the present integrated GLC and compursr- 
ized I R s_vstems require IO-100 !cg of m;Lteri;d17-22_ 

Further characterization bs conventional proton NM R spsctroscopy of the 
pure unknown would require miff~gam ;~mounts of the compound: however. by use 
of ;r computerized Fourier NlMR system”“, one can obtain representative spectra on 
a I_ew hundred microgr:uns_ 

Because or sttnlpie requirements- very I_& antllytical techniques can produce 
structural information f_or tile unequivocal identification of ION- microgram and. more 
commonly_ nanogrzim amounts of ;t particufar en\-ironmental agent. In the near 
future_ we probably will find that the integrated GLC-IR computerized ~ystem’~‘-” 
wif1 be used more on low microgram amounts as the technology of instrument design 
advances_ At the present time_ for the chartlcterization of fo\v microgam. nanogram 
and_ in some cases. picogram amounts of organic compounds_ GLC-MS is the most 
inf_ormative analytic4 technique available to the chemist for obtaining structural data_ 

One of the major t-unctions of this laboratory was to investigate the chamc- 
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teristics and specitic advantages of EI- and Cl-MS coupled with GLC for the identi- 
fication and characterization of numerous types of potentially hazardous environ- 
mental agents and their derivatives_ In addition to studying singIy the effects of\ywious 
analytical parameters, numerous chemical and structural parameters were investi- 
gated in order to assist in the validation of some of the generalized information_ 

Routinely. with most of the specific environmental agents, the sample was 
characterized by EI-MS at 70,20 and occasionally 10 eV and by CI-MS using methank. 
isobutnne and occasionally helium as the reagent carrier gases_ Analysis ofthe sample 
by GLC routinely was obtained prior to structural characterizaticn by GLC-MS_ 

Altliou~li one speaks simply of “interfkcing a mass spectrometer wirh a gas 
chromato_rrtiph”_ commercial GC-MS instruments generally involve a coupled sys- 
fem_ each of rhe components of \vhich has been designed for optimal performance in 
combination \vith the orhers. Thus a standard analyrical gas cliromato~rrtph is not 
usually suitable, \virliout estensive plunibin g modifications. for coupling directly to 
the “interface” sgtern of the molecular separator, transfer lines. \‘~CLILIIII baffle and 
other necessary components ofrhc mass spectrometer. Nonetheless_ it is-ad\anta_=ous 
and a common practice for investi gators to use an auxiliary gas clironiato~rapli to 
establish the conditions necessary for sepnrrttine ; i smnple mixture. prior to the actual 

GC-MS analysis. It then becomes necessary to transfer those previously esrahlished 
conditions to the g-ss chromatograph actually connected to the mass specrrometer. 
This translation of information requires 311 tt\varenrss of some of the limitations im- 
posed on the cllrortlato~_raphI by the nature of rhe interface and condirions operarive 
in the IIXLSS spectrome1er_ Some of the major limitations are discussed below_ 

Assuming thar sample decomposition in rhc injection port is not a problem_ 
seprum bleed xvi11 be rhe mxjoi- fiictor limitin 2 the injection port temperature_ A Con- 

stant Ievcl of septum bleed may be compensated for in rhe anal>-tical g~-as chrornaro- 
graph, but \\-ill necessitate careful backgound subtraction in the GC-ILlS system. 
Thus. the injccrion port temperature is limited to 225-250’ ;LS an upper limit in GC- 
MS, \vhile the need for \vell-cured septums is nearly as importanr as the need for 
knell-cured columns. 

Similarly. the risk of generating mass spectra that represent mixtures ofsample 
and co1~u111~ bleed ~encrally limits the col~~mn temper:Lture to values belo\\- those con- 

sidered acceprable \vith the same liquid phases in analytical GC. As few GC-,MS 
instruments permit dual column background compensation, reniperature proSram- 
ming is understandablv less popular in CC-MS. Temperature progamming can be 
used io a g-cat estent \vith t!le more stable silicone and Dessil pk~ses. 

The Jesirnbility of keeping the inter&cc region_ ~vhrther separator. transfer 
lines or manifold. at ;L temperature above that of the column is analogous to the 
similar desirability in the ct~se of the detector block in analytical GC. except that the 
interface connector region, once contaminated. may be considerably more difticult to 
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clean than an anaIytica1 GC detector_ A special problem applies in the case of CI 
instruments- The ionizer regzion in chemical ionization must be maintained at a rel- 
atively low temperature in order to minimize sample fragmentation caused by “ther- 
mal cracking‘. Thus every possible means must be employed in GC-CI-MS to reduce 
the absoiute amount of column bleed. 

TABLE 2 

METHANE-SUPPORTED C!iEMICAL IONIZATION MASS SPECTRA OF COLUMN 

--BLEED-- 

Abbrev-iationsr DC-200 = methyl silicone fluid: QF-1 = tluorosilicone: Ap.L == Apiezon L: EGS = 
ethyimc glycnl sucrinater DEGS == diethylmc 3 _ l ~lvcol succinater BDS ~2 butanediol succinater 
hlPE-3) = pokphenyl ether: Carbowa ‘OkI = pol_veth_vIene glycol. 

61 

6? 

63 

71 
73 
77 
s7 
s9 
99 

IO0 
IO1 
103 
10-Z 
107 
115 
I Ii 
IT1 
1% 
137 
1-G 
117 
145) 
159 
161 
175 
177 
IS9 
101 
1Oi 
219 
121 
31 
395 
296 
555 
369 
370 
429 
735 

loo loo 

17 

‘5 

67 

5s 

- ~. .-_I__------ .-__. 
DEGS BDS MPE-20 Ctrtho n-u_,- 

2UM 

I’ 

5 95 
19 s3 

3; s 100 
loo 100 1s 

-3 -_ 



GLC-CI-MS AND GLC-EI-MS OF HAZARDOUS ENVIRONMENTAL AGENTS 371 

Mass fragments to be expected in methane-supported chemical ionization mass 
spectra of some common liquid phases deliberately bled off of the support at elevated 
temperatures are listed in Table 2. It can be seen that polyesters, Carbowas and the 
less stable silicones may produce considerable difficulties in GC-MS and probably 
should not be used extensively. On the other hand, the more stable silicones. poly- 
ethers and possibty the Apiezon greases seem to produce very minimal spectral inter- 
fkrence in the mass range ~z/e 60-750_ 

Nitrogen and argon, popular carrier gases in analyticat GC. are not ordinarily 
used in GC-IMS because of their inefficient removal in molecular separators and by 
vacuum systems- Th~ls helium is the gas routinely used in GC-El-MS_ and should be 
used while setting up operatin, a conditions_ Methane and isobutane are commonl_v 
used as reagent gases in CI-MS and, for simplicity and reproducibility purposes, are 
generallv used as carrier gases also. The Finn&an instrument permits chanSing carrier 
gases ‘-at the tlip of a switch”. lx-hich is very convenient but has the follo\ving risk. 
It is essential to ensure that all traces of the first carrier ~1s are pursed from the 
column by the second gas before samples are injected: otherwise_ not only ~31 the 
CI spectra be “mised”, but the chromato~raphic separation \vill be completely un- 
reproducible. 

The plumbing arrangement in the Finnigan Cl svstem has a very fortuitous 
side-efl‘rct in that the pressure at the column outlet (before entering the mass spccrrom- 
cter intertke) is approximately 1 atm, just as it is in an analytical GC. This means 
thatj-values used to correct for compressibility of the carrier gas, once determined 
for 3 given column in an analytical cliromato~raph, wiI1 also apply to the same coIumn 

TABLE 3 

EFFECT OF CARRIER CXS ON RETENTlON PARAMETERS 

Abbreviations: Ha_ ;~m u-hrsadecanr: Oct. - I:-octtldccsne- _ hlPaI_ : methyl pdmitrttc: TK == 
retrntion time: 7’, : retention tinic corrected for dead space: C”C 7: retention volurnc corrected for 
ktd space: I$, :=- jl”c = rctcntion volume wrrmxed for de& space and carrier gas cainprcssi- 
bilk\-: 15 -~ specitic retention _ l=~,,fltw~-27i, 7 where H.i :-: weight 01~ liquid phase. T : coIurnn 
tcnipermm ( -K): R_R_T_’ = corrtzted rrIativcretcntinn rime: Ret. index L retention index (Kactits): 
K := prtrtition scclkient: NTP =-- nurnbc‘r of theoretical plates. 
Operating conditions: injecrion port. 250’: column . 100’. Inlet pressures and xx-4umctric Itow-rates 
at cdunm outlet: helium_ 3%39 p.s.i.g., 33-31 1x11. min: nwthanr. IO p.s.i.g.. IO mI..min: iwbutane. 
O-3 p.s_i.g._ 2.1-l nil. min. CoIumn. IO fr. ‘_ ‘,!* in. 0-D. stainless steel. IO’!;, OV-17 on 100-110 mesh 

Supckoport. ion source pressure for a11 carrier grlses_ 1100 JC_ 

Purmm~rr*r Hr*Iim~I, GC orrl_r H‘&U. GC-:1 IS :\lL~rllrilre. GC-.lIS I.wlmu~r~~. C‘C-_!lS 
- -. --- 
Her_ Ocr_ d IPuL Hc*s_ Orr. .~IPul. H1*.\-. Ocr. MPUI. Hex. Cc1. .~lPul. 

___ -~ _I._~-. ._._. - 
T, (min) X-l0 -I.50 9.10 7.2-l ---a 3._7 9-05 325 6.06 IISI 4.S’ 9-11 1926 
T’f: (min) IS0 3.90 S-60 1.39 3.61 S-10 2.50 5.31 1’06 352 s-1 I IS.36 
1”~ (ml) 59.4 1x7 ‘SJ 51.0 IX.9 x5 ‘<_o -__ 53_ 1 I1Ok s.55 IS.2 41.1 
IS, (1111) 23.0 J9.S 110 21.2 4s.’ 11’ IS2 3%7 , s7.7 7.95 16.9 2% 2 
1’; ‘6.5 57.5 127 24-4 55.-l 1’9 ‘1.0 41.7 101 9.17 19.5 4.2, 
R.R.T.’ 0.47 I.00 2.30 0-4 1.00 1.31 o-47 l-00 ‘27 O-47 1.00 1.X 
Ret. in&s IGOO IS00 2036 1600 IS00 1037 1600 1soo 1041 1600 1SOO ‘036 
K 16 100 ‘10 11 96 114 36 77 175 16 3-l 76 
NTP 277s3 3120 3055 1361 ‘lS9 2695 l4GS ‘345 151s 1490 2355 2’541 
- -...-_.-_--__- -. .._._ -. 
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in the GC-MS instrument_ Therefore_ specific retention parameters are not sign& 
cxntly rtttered by the kct that one is chromntographin~ “into a vacuum” in the GC- 
MS system. 

As one would not ordinarily be able to use mrtbrtnc or isobutane in an analyt- 
icai gris chromatogrztph because of incompatibility with the detector, it is necessary 
to have some idea of the effects on separation and retention parameters of changing 
from helium to these carrier eases. Table 3 Iists some retention parameters for a three- 
component mixture anaiyzed on the same column in a Varian Model 1200 gas ch-o- 
matograph (hydrogen thme ionization detect&j and in the CI-GC-MS instrument. 
Helium was used with both instruments_ methane and isobutane only \vith the latter_ 
The ion source pressure for all three carrier gases was maintained at 1200 j/ in the 
Cl-MS system. 

As methane and especially isobutane are removed more slo~vl; than helium 
from the manifold and ionization chamber_ it is necessary to use much loaw llow- 
rates tvith the h_vdrocarbon gases- Fortunately. the partition cocfticients for many 
compounds are signiiicantly decreased when the hydrocarbon gases are used in conl- 

parisnn \vith helium_ so that the retention times are not greatly incrertscd. The par- 
ticular nlisture ofcompounds used in preprtrins Table 3 had sutiiciently high partition 
co+Ricients on OV-17 that changing carrier gases_ even to the moderately polar iso- 
butane. which is unsynmetrictd, had almost no effect on the relative retention times 
or retention index of methyl palmitttte_ Usin g SE-30_ a relatively non-polar liquid 
phast_ changing carrier gases did have a slight effect on relative retention times and 

retention indices. ~1s the partition coettlcicnts \vel-e mlIcIl lo\v\-cr on SE-30 than on 

OV-I7 (Table4)_ In addition. the seprtrtttion of methyl pentadecy! ketone from mcthyI 
palmirxe wxs improved on ch;in~ 4ng from helium to the hvdrocarbon gases_ 

It h:rs been reported” that the oprinluni peak shape t-or qumritati\-e GC anal- 
yse~ is ~1 G;russian distribution in which the peak \vidth is approsimt~tety half ot 
the pak height. The are:1 of such ;L peak can he measured \\-ith maximum accuracy. 

OH_ SlPd_ ,\fPK OCI. _tlPd_ .llPK oc-I. .\lPtd_ .lIPE 

I’-:: cm11 67-O 102 100 j-3-4 fS2 4&Y 17-s 165 ?A_ 1 

b; (Ill:) 3H.S 5s.s 57.7 3_4 33.9 31.5 17.1 15.4 3-l 

Cz 1 I_1 17.0 16.6 6-72 930 9-l 1 4x-I 731 6-69 

IL 19.3 19-4 ‘SS 1 l-7 17-o 15-S s-55 12-7 1 l-6 
R-R-T‘ 1.00 131 1 _-I9 1.00 1.45 1.34 1.00 1 _-Is 1.35 

Ret_ index IS00 1920 190-t 1 so0 1YO1 ISSO I so0 1911 ISSY 
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In GC-MS_ masimum sensitivity requires 3 sharp peak while mnsimim~ spectral 
reproducibility requires a fairly broad peak such that the concentration of sample 
molecules in the ionizrttion chamber remains relatively constant during the mass scan 
(a fe\v seconds)_ We generally prefer, as an acceptable compromise, to control the 
chromatographic conditions so that the peak width ( 15-25 set) evil! permit 4-6 mass 
spectral scans. Thus in GC-MS the minimum acceptable peak lvidth will depend 
upon the scanning rate and the mass range scanned. 

The mnny wri:tbles described above for the chromatogaphic system also itflkct 
rhe appearance of-the mass spectra ofcomponents eluted from the system_ 1 II addition_ 
the analytical prtramcters of rhe mass spectrometer interact \vith those of the GC 
system. For any given set of operational conditions_ one cat-t obtain representative mass 
spectra of a ptwticular compound. On the contrary. it has been assumed erroneous!> 
that mass spectra abtrtined from similar conventional mass spectrometers will appear 
to be idertricaP_ 

Considering that a11 conditions are satisfactory for chromatographic separa- 
tions. probably rhs most imporrttnr variable of the integrated GC-MS sysrem is tem- 
perature- The temperature requirements of the chromatographic separation dictate 
the operational temperature or the interface and manifold of the mass spectrometer. 
Excessive temperature requiremcms may cause decomposition of the components 
lvhich are bring chrom~tto~rttphed. In addirion. escessive temperature requirements 
cause ‘-thermal cracking*_ of ions in rhc mass spectrometer to yield a loww- abundance 
of !ii$ier moleculttr \vcight ions. Temperature elkts are very critical in Cl-MS anal- 
yses. Table 5 illustrates the cll‘ect of tempxature on CI spectra. It csrt be seen from 
these results that an increased ion source temperature reduced the abundance of the 
higher mass ions, even to the extent that one may obtain spectra on ;1 C! system which 
in appearance mimic E! speck1 because of cscessive ion fragmentation caused by 
thermal effects. In addition to the effects of Iemperature on the abundance of ions. 
chemical decomposition in the system caused by thermal lability of the component 
to be annlyzed is a major source of artifacts in the utilization of GC-MS sysrems. 
Only by thoroug!l!y in\-cstigating the thermal lability of the specific compound and 
its dcrivrtrives to be :tnalyzed by GC-MS will one be able to clat-if?l the problems 
produced by the LISA ofesccssive temperature requirements. 

Ionization of a tnolcc~tle GUI be ttccomplished by transfer of energy from an 
energy-rich species_ such as a positively charged ion or an electron. as in the case of 
El-MS, to a lo\ver energy level component to produce another charged species. If the 
energy transfer or energy ofrepulsion is sufticicnt to remove one elecrron, the charged 
molecule is formed_ For most molecules. ihe appearance porential is on the order of 
7-16 V in order to produce the ionized or charged molecule_ In cases where the clsc- 
tron energies used are greater (50-100 V) rhan the energy level required for ionization 
of the molecule, the molecular ion decomposes further to generate other ion frets- 
ments of the spectrum_ In Et-EVIS, the efficiency of ionizntion is controlled dircctl?; by 
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TABLE 5 
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EFFECI- OF TEhlPERATLJRE ON METHANE CI MASS SPECTRA OF PERFLUOROTRI- 
BUTYLAMINE (FC 433) 

- .__ 
651 100 
626 3.9 
614 36-7 
576 11.9 
502 s-5 
464 2.0 
414 56.5 
264 3-I 
213 45.3 
131 15.5 
100 9-l 
69 71-5 

Rorrritrc CI 
ttttit~rtictd cimditims’ _ 

-.. 
27.73 

29 
17-s 
7.1 
4-9 
1.4 

100 
4.5 

X.9 
29-9 
12.2 
79-i 

0 
0 
0.0s 
0.05 
0.6s 
0.1-l 
0.6s 
1.5 

11.7 
II-4 
9.6 

100 
_..-._--_ .._. -_.-.__._.._-___-__~_.- -. _~ _-- - 

_ hIanifoId htxter off and ionizer hrater off: ion source pressure 1000 p: ckvrtron energy 70 ck’; 
reagent gas methane: FCd3 administered to Finn&n Model 101X CI nl;lss spectrometer by use 
of a GrzuwiIIe PhiIIips Series 130 variable ltvk valve; overail pressure 10 -’ torr. 

__ MrtnifoId temperature 175’: ionizer hurter off: temperature of source by heat tmnskr. 50-75’; 
al1 other conditions as in first footnote_ 

**_ 70 eV_ E-1. spectrum using Finn&n Model IOISC CI mass spectrometer in El mode: no 
methane: iepcller \-oltage 10 V: ion source pressure SO_U with an a\-era11 pressure of IO-’ wrr: all 
other conditions as in second footnote. 

the amplitude of the electron energy_ Furthermore. in the EI-MS system. the molecule 
becomes ionized by the interaction of an electron with ultimnte ejection of smother 
electron to yield the positively charsed molecule which then generates lower mass 
fragments of varying degrees dependent upon the total electron energy_ _4t the opcr- 
sting pressure of the EI ion source9 only unimolecular reactions are appreciable; 
reaction bet\\-een ions or ions and moIecules are rarely important’“. 

On the contrary. in CI-MS, the efficiency of ionization is controlled by the 
relative energy level of the charged species derised from the reagent was. which in 
turn reacts \vith the sample molecule by charge transfer and by accepting or releasing 
of a proton (H.:)_ a hydride ion (.H-) or an alkyl carbonium ion (RCH=-1 to generate 
the quasi-molecular ion and/or its recombination fragments. Under the operating 
pressure of the CI ion source, reactions between ions or betlveen ions and molecules 
are very common. In relation to the three most commonIy used reagent gases in 
CI-MS, the degree of energy transfer in the Cl processes is greatest for helium, \vith 
methane being less and isobutane the least. Because of the nature of the secondary 
reactions between ions and molecules in the processes of chemical ionization mass 
spectrometryY the IeveIs of energy transfer in CI dependent upon the reagent gases 
is much less than that in the EI processes, even at low electron energies (20 eV or 
less)_ 

Tables 6A and 6B illustrate the effect of various levels of ionization energy 
on the El and C1 mass spectra of methyl palmitate. As represented in Table 6A. by 
reducing the electron energy there is an increased abundance of high-molecular- 
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TABLE GA 

PARAMETERS AFFECTING ELECTRON IMPACT MASS SPECTRA FOR METHYL 
PALMITATE 

Chrornatographic conditions as in Table 4. Fig. 1 represents the reconstructed gas chromatogran of 
the 70-eV EI system_ Three micrograms of methyl paImitate were injected for each electron energy 
condition. Values in parentheses are background values. 

171 - 
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115 
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1.17 

0.03 
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1.21 
I-79 
0.73 
4.03 
3.44 
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0.73 
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1.17 

100 
5.1s 

IO.10 
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0.45 
0.36 
1.0s 
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1.17 
72x1 
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z-17 
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Lveight ions ofnz/‘e 100-227. tipon reduction of the electron energy belo\v 20 eV_ there 
is ;t great increase in sample size requirements_ Maintainin g a constant sample size of 
3 .~g for the espcriments in Table 6A, one \vill find that the total ion current for the 
70 and 40 eV conditions are comparable: on the contrary, the sample requirements 
for 20 eV are nt least twice those of 70 eV Lvhile the total ion current for the IO-eV 
analyses is only about 2x, of that for the 70 or 40 eV conditions_ As can be concluded 

from Table 6A, one ma_v increase the abundance of ions from IIZ/~ 100 to the molec- 
ular range @!e 270 by reduction of the electron cncrzy with the producrion of an 
increased sample requiremmt. 

Another means of decreasing the elktive ionization energy would be to anal- 
yze the sample by Cl-MS. As indicative of Table 6B. the helium Cl spectrum of 
methyl palmitate is very similar to the El spectra in Table 6A. In addition, the 

molecular ion (MI) of in/r 270 in the helium spectrum is much more abundant 
than even in the 20-eV El spectrum. In cuscs where the investigator may have 
only a CI system, by use of the high-pressure system with helium as reagent gas, one 
can mimic EI spectra very satisfactorily. When the effective level of cnersy transfer 
is Iowered further by use of methane or isobutane, an additional increase in tJlc abun- 
dance of ions in the molecular region occurs_ III the case of the methyl ester (Table 
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TABLE 6B 

EFFECT OF REAGENT GASES ON CHEMICAL IONI.ZATION SPECTRA FOR METHYL 
PALMITATE 

Anaigical conditions as in Table ct_ 

- 

- 
- 

I.72 
s.13 
0.57 
7.10 
Z-10 
0.3s 
O-76 
13-l 

- 

1.5.3 

- 
-- 

6.13 
- 

1.’ I 
- 

1.91 
-I ?Y -_- 

- 

4.59 
7.66 

57.55 
I609 

100 
0.3 

- 
100 

;=I’) 
-LSI 

0.66 

0.11 
- 

0.1-l 
0_09 

- 
0.07 

- 
O_lf 

- 
O-63 

- 
0.15) 

- 

0.29 
0.29 
50 

2.00 

6B). the quasi-mo!ecuIar (M 2 I) - ion ofn~je 27 I is the Ixse peak (I 00 y.; abundance) 
\i-ith a much Iessabundant Jlzje 74 ion_ In addition. the recombination ion (112 f- CH,); 

of JJZ~~ X5_ (M T C,H,) - Of JJZ!f? 299 and the (M T C,H,) _ ion of JJZ~C~ 3 I I arc ver> 
abundant in the methane spectrum_ These types of recombination fragments greatly 
assist in iocation of the molecular ion in Ci spectra. By reducing the efktive level of 

_ - 
ionaatmn by use ofisobutane as reagent gas in the CI system_ one may further in- 
crease the abundance of ions in the motecular region. In numerous cases, because of 
the temperature requirement for separation and eiution of various components on 
the GC-MS system one will note that because of thermal effscts, the quasi-moIeculx 
ions and+r recombination fragments for a very non-volatile material may not be 
highly detectable even in the rnerhane spectra. By use of the isobutane system with 

Iower effective ionizins energy, one may be able to detect and cIaril> the presence of 
ions in the molecular region even \vith the high GC and manifold temperature re- 
quirements. 
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(c) Ion sofwce presstrr-e 

As described earlier. CI-MS is a type of high-pressure MS in \vhich ion and 
ion-molecule reactions take place to produce charged species_ On the contrary, the 
electron impact process operates at a very low pressure to produce unimolecular reac- 
tions_ In the EI system, increased ion source pressure caused either by an air leak. 
by admission of helium carrier gas through the separator or by escess sample con- 

centration will result in reduction in overall sensitivity caused by the decreased ion- 

ization eficiency and by the inherent propagation of multi-molecular reactions_ Most 
EI systems operate optirnalI_v in the 10-‘-10-4 torr range with lower sensitivity oc- 

curring at high-pressure conditions. Routinely, \vith the CI system the pressure of the 
closed ion source is operated optimally at about 1000 ,ff Ivith an overall pressut-e of 
about lo--” torr. Table 7 illustrates the ekTect of ion source pressure on CI methane 
spectra_ As the ion source pressure was increased from 100 to 2000 ,u_ there uxs a11 

increase in the ionization etticiency with masirnum etliciency being in the region of 
1000 !/_ There ivere drastic changes in the characteristics of the mass spectra within 

this pressure range. At the lower ion source pressures (100-300 if), one obtains very 

T-ABLE 7 

EFFECT OF ION SOURCE PRESSURE ON 
PALXllTr\TE 

METHANE Cl SPECTRA FOR METHYL 

Anrtlgictl conditions: high-valtrtgc power supply. 3000 Volts: manifold temperature. 100’; inn 
source heatrr_ otT (50’ b_\- heat transfer) from manifold: ion sourct’ pressure as specilird in table: 
rmissimi cttrrt’nt. SOO~~rXr clcctron r‘nr‘rgy. 70 cVr lens voltage, 10 V: repeller voltrige.‘O V: ion energy. 
2 k”: pnxtnip sCIlSiii\-Iiy. 10e6 A;V_ Scrinnin~ range: GO-1501 151-350. Solitl probe knperatur~ 0111 
Scan time 43. Sample: 3.0 .ug of methyl palmitate by solid probe. 
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weak spectra with EI characteristics and a base peak of nz/e 74 with the molecular ion 
Of JJZ,!e 270, produced by the unimolecular reactions. As one increases the ion source 
pressure from 600 to 1200 /l, the very abundant quasi-molecular ion and base peak 
of nr,!e 271 with the appropriate recombination fragments and the less abundant nZ/e 
74 ion are present_ With increased ion source pressure from lSO0 to above 2000 tc, 
the ionizing efficiency became less with the accompanyin z overall loss in sensitivity. 
As indicated by the results of Table 7, one map affect the spectral characteristics of 
the unimolecular reaction at lo!v pressure which are similar to the El spectra to 
coincide with the ion-molecule reaction CI spectra at high pressure. 

/ciJ Orher_fircroJ-s 

Manual and computerized operation of GC-MS systems require daily ml- 

ibrttrioll and resolution checks. Regardless of the superiority of spectra collected dur- 
ing an analysis, the final results are limited by the calibration conditions_ An improp- 
erly numbered mass fragment is useless. Incorrect numbering of ions ma5 occur 
much more readily in the manual mode than with comy;uterized systems. Our normal 
operatins procedure consists in calibration at least once every operating day for the 
appropriate El or EI-CI system lvith day-to-day monitorin g for characteristic changes 
in spectra that may be caused by electronic problems or by less than optimal oper- 
ational conditions_ FCa3 (perfluorotributylamine) is used for computer calibration 
of our system_ Over-resolution of a system in order to increase the abundance of ions 

of high mass (350-730) \vill result in loss in sensitivity due to poor ion transmission_ 
Routine utilization of a GC-MS system with or without a computer system requires 
a dedicated operator in order to minimize operational and electronic problems_ 

Considering that all operational parameters for the GC and PIiIS systems are 
satisfactory for production of representative WISS spectra. ORC must then consider rhe 
sample size for analgk With most of the more recent& designed mass spectrometers. 
one may obtain very satisfactory mass spectra with submicropram amounts. Sample 
requirements for a GC-h4S sgtem arc very dependent upon: (a) the chemical char- 
acteristics of the compound to be analyzedr (b) the apcratiomll parameters of the 
GC-MS system: and (c) the means of data collection t-w- obtaining the mass spectra. 
In this laboratory with the dual Finnigan EI-CI computerized system and a \-rr_v 
chemically stable compound. very representative mass spec-rra may be obtained rou- 
tinely with IO-IO0 ng. As will be discussed later fcr mass t~rt~~-me~~to~rt~pll~_ dcrcction 
in the picogram range is routinely possible. As has been noted in other reparts”;_ the 
sensitivity ofa mass spectrometer is \-cry dependent upon the degree &dedicated care 
that the system receives. Over-loading of samples to produce less than optimal &c- 
tronic conditions will greatly increase the sample requirements_ 

After one has completed the GC-MS analyses of an appropriate aliquot of 
sample in \vhich the compound to be identified resides in ZI single campouent GC-MS 
perk, one must then choose the most representative spectrum rmdcr these operating 
conditions for this compound. The most representative spectrum during the scanning 
mode of a GC-MS system would be obtained at the time when the concentration of 
samples is greatest and_ at which time the sample concentration in the ion source is 
relatively constant_ Fig_ 1 and Table 6A illustrate the etTect of concentration of the 
compound cn the appearance of mass spectra of methyl palmitate. During these anal- 
yses, the scan range of 60-350 was accomplished in about 2-4 set_ From Table 6-A, 
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Fig. I_ Reconstructed chromatogran~ 
200’). 

of the GC-El-MS pdmitatr (SE-N. 

one can see that spr-‘ctra on the ktding side of the GC pet& (spectra 21-Z) ha\e a 
touch greater abundmce of high-mass frttptncnts than the spectra on the trailing 
portion of the peak (spectra X-35). \vhich favor the Io\v-mass ions. This effect is more 
pronounced if the scan time is relatively long \vith respect to the GC peak \vidrh. 

In addition to choosing the most representative spectra for the compound. 
one must choose the appropriate backyound spectrum very carefuil~. In the util- 
izttion of a GC-MS system_ it becomes necessary to difkentiate between ions \vhich 
\vere gcnrrated from column bleed and pump oil and those \vhich were produced b? 
the co~~~poutld to be identified. 

-4s described earlier in section 2 on Genet-al protocol_ it is ahvags advisable 
to have additional information concerning (a) the UV-visible spectw.: (h) the iR 

spectrum: and (c) the NMR spectrum of the unknown component in order to make 
the identification of this cotnpound more conclusive_ Often. because of sanlplc re- 
quiretnents, one \vill be unable to obtrrin NMR and I R spectra. 

Chromato~rapllic data concernin, ~7 the tnultiplicitv of components in the sattl- 
pie. the GC retention characteristics and the chemical r;nctivity and thermal lability 
of the component are essential prior to GC-MS ttnnlyses. Even though initially more 
satnpls t-nay be esprnded for the GC analyses prior to MS characterization, the infor- 
mation gained concerning colunm conditions and lability will be useful in the final 
completion of the structural identification_ 

Analysis of the suspected knowm compound \vith the unknown by a11 possible 
unal~tical means prior to and during the GC-MS analysts eliminates many false as- 
sumptions that tnay have been postulated concernin, cx the structure of the environ- 
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mental agent or its metabo!ites_ Many variations ofcomputer mass spectra! !ibrary2S-34 
search routines esist for the comparison of an unknown spectrum with known spectra 
of ;L particular tile. Some of these systems even project the degree of similarity of the 
known and unknown spectra by use ofa similarity indes*-“l-U_ It is very advantageous 
to use a nxtss spectra! library for the purpose of obtaining the possible structure or 
type of compound that has been ztnalyzed by tile GC-MS system. On the contrary, 
the final conclusive identification sllould always be made by a direct comparison of 
the unknown spectrum with the spectrum of the standard knwvn synthetic compound 
under identical ana!:ticaI conditions_ 

The main purpose of this discussion is to describe the usefulness and limitations 
of GLC and MS in the chemical evaluation of potentia!Iy hazardous environmental 
agents_ The advantages of cross-referenced utilization of GC-EI-MS and GC-CI-MS 
for a wide variety of specific ubiquitous environmental agen% and their metabolitcs 
are discussed, but there is no attempt to = alive a complete survev of tile literature and 
this section \vi!! not serve the reader as a catalogued source of mass spcctrx On the 
contrar?__ \ve discuss the significance of the mass spectra! data for the investigation of 
the chemical_ biological and metabolic processes of potentially hazardous rnviron- 
mental asents_ For a general discussion of GC-MS_ the reader may refer to a recent 
book by McFadden”-‘_ 

DDT, its nretrrhohtes mui rehtteri s_mtcws_ For convenience of discussion_ the 
DDT fknily of compounds (Fig. 2) is divided into three sub-goups. viz__ the saturated 
types_ including DDTt DDD. DDMS and DDM: the unsaturated types_ including 
DDE. DD_WC.J and DDNU; and the osidative types_ including DBH_ DBP. DDOH, 
DDOH acetate, and DDA ethyl esters_ The importance of being able to determine the 

extent of contamination of the environment by these systems is derived from the 
estensive use and therefore widespread occurrence ofDDT_ DDT is one oi’the oldest_ 
if not the oldest, chlorinated hydrocarbon pesticide and is still in use in some parts 
of the world today, especially in the control of malaria. Its dehydrochlorination prod- 
uct? DDE, is the most ubiquitous and abundant chlorinated hydrocarbon in the 
cnvironmrnt today, a!thouSh the polychlorinttted hiphenyls are approaching the 
same level and may surpass DDE in the next few years as decreased usage of DDT 
and slow degradation of DDE render it less abundant_ Only the salient features of 
their EI and CI spectra \vi!! be reported here, as a detailed comparison of their spectra 
has been previousIy reportedJ”_ With regard to the chromatographic separation of 
thesesystems, Fig_ 3 illustrates tllesepxation ofthis family ofcompounds on a mised3’ 
GC phase (11 7: OV-17 -- QF-1). This is an escellent esample of the separation prop- 
erties of this mixed phase for a cornpies family of- related compounds by GC inter- 
tkzed with EI and CI-LMS systems. 
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Smtrrclretl sp~~v~zs. The El (70 eV) III~SS spectra of the saturated compounds have 
several fragments in common corresponding to the loss of HCl and Cl. sin& 
or in combination_ as well as the facile cleavage of the C-C bond ofthe ethane portion 
of the n~oirculr_ The latter process affords a fragment (C,,H,Cl,)+ of zzzje 235, which 
is the base peak for all of the saturated systems studied:‘” except for DDM, for which 
/n/e 236 is the parent peak and nz/e 201 (_ivf -Cl) is the base peak_ Incontrast to the 
El spectra ofthese s_vstems, the most characteris& fragment found in their Cl spectra 
is that resulting from cletlvage of ;I p-chlorophenyl group, which accounts for the 
base peaks of DDD_ DDMS DDM and, in sonx spectra, for DDT as well. 

This apparently facile fragmentation process nx~y refect an e!ectron-rich car- 
bon-plxn_vl bond thztt is susceptible to attack by an alkyl carbonium ion_ 6 similar 
enz_vmatic attack of an eiectrophilic oxygen species on these systems \vould be es- 
pected to lead subsequently to p-chlorobenzoic acid. There is at least one reporP 
that p-chlorobenzoic acid is formed as a microbial metabolite of DDT. It is not UII- 

likely that microorganisms are the chief agents of DDT degradation in nature. 
The parent ions for DDT and DDD in El-MS are very weak (< 1 %) \vith 

some improvement (m. 4%) in DDMS. The CI spectra showed parent ions for these 
compounds varying in relative intensity from 3 to S %_ 
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-Fig_ 3. Rcronsrrucred chromnmgrans of related DDT compounds (OV-‘-17.-OF-I. 160-225 at 
IO’:minL A_ GC-EI-MS. 70 eV_ B. GC-Cl-MS. mrthrtnr_ 

Ijizsurm-~~rt~d s_:-srm~s_ DDE, DDMU. and DDNU have in common the loss of t\vo 
Cl moieties in one form or another to produce fragments (M-XI)- at illjr 246, 212. 
and 17s found as their base peak These systems also Sorded a charasteristic 
and common fragment at qfe 233 reminiscent of the n~,ics 235 ion found for the sat- 
urated systems. Onecan reasonably proposcdichlorolluorene-type structures for these 
fragments, as there is evidence for their formation from DDE under photolytic con- 
ditions, and they are resonance stabilized- Again, in contrast to the EI spectra_ the 
CI spectra of these unsaturated compounds contain very little_ if any, of the ~z!r 233 
f-ragment but reveal the facile cleavage of the p-chlorophenyl group to produce the 
frqment [M -(p-CIPh)]- occurring as the base peak in DDMU and DDNU and of 
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moderate intensity (16”/,) in DDE as well. EI conditions were genecdly~better for 
detecting parent ions (DDE, 57’::‘,; DDMU. 3S’x,; DDNU? 83’%,) for the &saturated 
systems studied. As a result, small amounts of these compounds can be readily de- 
tected as components of complex mixtures. 
Osikriw s_~*_s~~~zs. The osidative metaboiite systems altixd somewhat more uniqae 
and charasteristic mass spectra as ;L result of the specific functionaiit~ they 
contain_ Generally, those systems beat-in, ‘* osy~en :tt their benzhydryi carbon t-rag- 
ment in EI to form the II-chioropi~enylcarbonyi (p-Cl - Ph -C = 0) :. ion at rlzje 139. 
which is usually the base peak. To a lesser extent, the charge is carried by the p- 
chioropi~enyi frtigmenr (nz/e ii I). Ho\vever. under CI conditions, the ion of /jr/r 1 1 1 
is found as the base peak for DBP, DBH and DDA ethyl ester and is also present 
in 50 ‘;;: and al::, of the relative intensities for DDOI-I ;tnri its acetate. respectively. 
Again, there is evidence for the fkiie EI C,I-C,f bond cleavage in the systems (base 
peak for DDOH and DDA ethyl ester. 75% for DDOH acetate)_ GC-Et-MS gener- 
aiiv gave less abundant parent ions for the osidative systems studied, but the Cl _ c 
quasi-moiecuix ion region of DDOH and its acetate \vere complicated by the appenr- 
ace of recombination-eiiriiilittrioll fragments. Ncverthrless. such processes appear 
IO be characrcrisric and diagnostic of those molecules in which an os_vgen containing 
Ieavmg group is av:~iiabie that can tlpparentiy be substituted at either the C,, or CJ 
atom of the etiiane portion of the moiecuie. as keithane acetate also xfforded similarly 
dcriwd fragments. 

Both the El and CI spectra obtained either by GC or direct probe tkr keithane 
(DDT hydrosyizlted at the benzhydryi carbon,) lvere essentially identical with those 
obtained for DBP, a known4” thermi~i decomposition product of keithane. In con- 
trast, kcithane acetate (acetosy-DDT) gave EL spectra very similar to that found for 
DDE, ;L known” thermal or photoivtic decomposition product of keithane acetate. 
On the orher hand, CI spectra of kelkme ;1cetilte she\\-ed the expected fragments for 
the structure as indicated (Fi g_ 4). Although the parent ion \v;~s not present, a recom- 
bintltion-elimination fragment at m;e 37s confirms the moieculilr \veight_ Another 
u~~sti~bie DDT system examined \ViLS the suspected aidehyde metabolic precursor of 
DDA, DDCHO. This aidehyde undergoes sio\\\- decomposition lvith or \vithout sol- 
vent to form DBP. Although the EI spectra of DDCHO are descriptive, Cl-MS ap- 
pears to be more desirable for low-level detection of the aidehyde, as its Cl spectra 
show (MY- I)* as the base peak_ In addition_ the CI spectra of the stable enol crhrr 
acetate derivative cm be used for confirmation [(M - I) r_ 40 ‘;;I_ 
DDT isomers rmri mrrtio_ys. MS has been used with some success for distinguishing 
betkveen stereoisomers and closely related analogues of various compounds42_ The 
spectra of IJJI’-DDT, its u,/)‘-isomer and its trifuorometh~l anaio~ have been es 
amined. The El spectra of the o,ij’-isomct- closely resemble that of the pg’-isomer. 
at least qlKliitiltiVely. i IS one lvouid expect. The CF,, tmaiog, :dti~ougi~ yielding some 
frttgments in common \vith p-l>‘- and o,p’-DDT is cieari_v distinguishable from them, 
ittrgeiy as a result of the effects of the lesser strric requirements of the CF, group 



x4 E. 0. OSWALD. I’. W. ALBRO. J. D. b&KINNEY 

coupled with the incrrasttd stability of the CF bonds. Table S sho~vs some charncter- 
istics and comnmn fragments, some of \vhich reflect the ditferent steric requircnwnts 
and bond strengths_ The drastically different polarizing ettkcts of the CF,, group arms 

the CCL, goup are also evident in the chromatoprtlphic behavior of these turn coxn- 
pounds i Fig. 5). The reader is retimed to a recent review by FishbGaL:’ t;x- ;t detr~iled 
discussion of the chromatogrnphic and biolo+al properties of DDT and its metab- 
elites_ 

1 
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Fig. 5. R~xonsrructed chromntogmm of trilluorinatcd DDT and trichlvrimtcci DDT. GC-Cl-SIS. 
mdxtne. (OV-17 -- QF-I, !60-115 at 11) ,-min.) 
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!lave also rcccivcd estensivc usage. This fnniily ofen\-ironmental agents art‘ anions the 
tnort’ pcrsisranr chlorinated hydrocarbons ;hat contaminzttc the environment. Al- 
though man_v variations of the polycyclodiene are possible. the more coninionly used 

arc the so called -‘drin” insecticides: aldrin and dicldrin and their stercoisomers. iso- 
chin and cndrin. respectively. As ;I result of the structural rigidity of these qstenis, 

together \vitli their spccitic group tmiuictionalit_v. the\- possess unique stereochemistry 
and hence undergo descriptive fragmentation processes i;x the mass spectrometer. 

The discussion of the I~:ISS spectral properties of the polycyclodienes v:ill br 
liniitcd to thcsc “drin” insecticides, \\-hich \vill be divided into two groups_ :-2.. aldrin. 
dieldrin and their transf~~rtiiatioti products, and isodrin. endrin and their transfornitt- 
tion products_ The transf~~rmatic~r products arc drrived from man_v sources. including 
synthesis. authentic nietabolites_ photolgis and therniol~sis. This discussion \vill be 
liniitcd tO the niorc distinguishable and charricteristic fragmentation processes for 
these compotmds. The rcadcr is refcrrcd to previous rrports pro-viding more dctailrd 
it~~~~~r~~~~tti~~~~:I”:Il -4li on the nature of the estcnsive tiagnicntation \vhich these s>-stems 
can undergo. 

.-I Id-ill_ tfi~~klriu cd f,-~nr_~Jot-~,ltrfioII p-o~lu~v_~_ The salient features OS both the El 
and Cl mass spectra 01‘ these polycvclodicne systems inclt:dc iom carrcspanding 
to ;t set of rctro-Dick-Alder processes. ions resulting from successive losses o!‘ Cl. 
tlCI_ or both_ ions produced by combinations of ;: retro-Die&Alder process \vith :I 
preliminar_v or sttbscqucnt loss of Cl or HCI. and ions nlorc specilic:ill~ involving the 

\nrious groups substituted at the C, and C5 positions (See Figs. 6A and 6B Ihr ww- 
tures md numbering systems). Abundant cluasi-molecular ions. both (M .. 1 IT and. IO 

:I lcsscr rstcnt. (ill 1 1 )T have been noted in the CI spectra. 7 he mass spectra 01‘ thcsc 
compounds. contain as many iis sis chlorine conlpliClted hy the 
chlorine isotope distribution patterns. 

Aldrin Nxs the siniplcst polycgclodietic system csamincd. its base peak ttndcr 
EL conditions was found to be at m/e 66, indicative of a prcfcreizce for the retro-Diels- 
Alder process, releasing cyclopentadienc (III/~ 66) and l~esacl~loro~iorbornttdierie 
(r/z/e 296). which is found in relatively low abundancs (-c O.S~:,). The CI spcctruni of 
aldrin. on the other httnd, contains r~zjr 326 as its base peak. corresponding to the 

10~s of HCI together with a quasi-molecular ion. 
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Fig:. 6. Chemical structure of (A) ddrin and (U) dirldrin transformation products. 
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In comparison. the eposide derivative of atdrin, namely dietdrin- affords an 
ion at t~z/e 79 as its base peak in both its El and Cl spectra. This ion occurs as \he base 
peak in several other systems related to dietdrin and_ apparently. indicates a tkvored 

retro-Diets-Alder process involsin, 17 the formation of norbornadiene aside with :I 
subsequent loss of CH0 to produce a cyctohesadiene system. (C,,H,) T _ If one com- 
pares the CI spectrum of desmethytene dietdrin (no C&Z,: bridging methylene group), 
the base peak shifts to 112/e 67, which most likely corresponds to protonated cycle- 
pentadiene, (C,H1)L_ In addition, the fragment at In/e 79 is found together with an 
abundant fragment at tllfe 95, correspondin g to a protonated cyciohesadienone. 

A ketone isomer (osodihydroatdrin) of dieldrin, which is obtained via atdrin 
hydroboration and subsequent cowersion to Ihe alcohol followed by osidation4;, 
yields El spec:ra which contain an nzje 79 base peak. but in the CL spectra. the base 
peak is contained in the quasi-molecular re$on_ 

A second dietdrin isomer_ which appears to be more tosic*” than dieldrin. is 
obtained on photolysis-‘” of dietdrin. This rearrangement product. known as photo- 
dietdrin, affords a base peak ofnl!e S 1 in its Et spectra which can be assigned a proton- 
ated c~clopcntadienotle structure. The Cl spectrum, on the other hand, contained 
its base peak in the (M-Cl) - pattern and was accompanied by much less retarivety 
abundant (5 x,) quasi-motecuttir ion. The CI spectrum also contained a chtuxcteristic 
ion at nz/e 163. the exact nature of ~vhich is not completely understood. Nevertheless_ 
one \vould espect ;I somewhat reduced propensitv for photodietdrin to undergo 
retro-Diels-Alder processes_ 3s it has an additional bridging bond to be broken_ It is 
interesting that the CI spectra of dirtdrin also contain an ion at n~.!e Yt, suggesring 
that some ‘-photodietdrin-like” ions may occur durin, 0 its fragmentation in the mass 
spectrometer- 

Under the carboilium-ion-rictl “sotvolgis-like“ conditions of the Cl anat~sis, 
it is observed that mane abundant ions are derived from chlorine tosses. It has recently 
been shown in our Iaborator~” that. under conditions \vhich also appear to be carbo- 
nium-ion-rich in nature. these chlorinated potvcyctodiene “drin” insecticides can be 
srereoselcctivety and regiosprcilicatly dechtorintlted at the dichloromethylene bridge 
(chlorine S_W to double bond). Pllototyses”l of aldrin and dirldrin have yielded des- 
chtoro-products. but rhey are primaritv those derived from the toss ofdict~toroetl~~tenc 
chlorine atoms_ As reductive dechlorination processes may be importanr in the des_ra- 
dalion ofrhcse compounds in the environment_ nx~ss spectral elaboration of the resutr- 
ant products is being undertaken. 

The hydrosytic mctabolites of trldrin and dieldrin include the e-1-0 and CII& 
dihydroatdrin alcol~otsi”_ the c-is- and r/-~nls-dih_vdroatdrindiots”:~ and C- 12 syz-h_vdro- 

.xvdirtdrin”‘_ In addition. two osidation products of the cis-dihydroatdrindiot \vere 
anatyzed. These hydrosytic compounds were generally anatyzed 3s their trimethyt- 
sityt ether (TMS) derivoGves. as better chromtlto~rtlpiic properties resulted, but in 
some instances they Lvere anatyzed directlv or in the form of their acetate derivatives. 

The normatized Et mass spectra df the TMS derivatives of these hydrosytic 
metabotites were ~enrratty not very inforn~:~tive, as the base peak at m/r 73 corre- 
sponding Lo the TMS group accounted for appreciable :~ITIOUI~LS of the total ion \;ietd. 
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However, with the limited mass search capabilities of the computer ttnd!or amplitude 
expansion, one can discern the usual fragment ions resuitin_g from loss of Cl and HCI 
and retro-DieislAider processes_ The Cl spectra also generally contain IJZ/~ 73 as the 
base ptrak. but are much more abundant in ions at or near the quasi-molecular ion 
region. The quasi-molecular ion was discernible in addition to ions more specifically 

involving the TMS goup, ~-i-.~ (M-CH,) and [M -(TMSOH -+ tiCi)]-‘. 
An actual biological metnboiite sample obtained from dieidrin metabolism in 

the rat, I-~z., the major fecai metabolite (C-12 s_l-fz-h_vdrasl-dieldrin, now synthesized 
by other workerF) uxs examined directly with the El- and Cl-MS systems_ The El 
spectra are essentially lacking ii parent ion. but the Cl spectra clearly indicate :I 
quasi-molecular ion_ (M -+- I)-_ indicative of the hydrosyiated dieidrin molecule, in 
addition to an abundant ion at JJZ/CJ 145 and ;I shift in base peak from m!e 95 (El) to 
~zz:e 79 (Cl)_ The base peak shift. in addition to other changes, has been previousi? 
reported xX as a probtem associated wirh the direct probe sequential scan El-MS anal- 
ysis of this compound_ 

Other hydrosyiic systems examined directly with the Cl-MS system included 
the two osidation productP of the I-is-dihydroaldrindiol. The suspected hydrosy- 
ketone epimerase oxidation products are susceptive to trlutomeric interconversion via 
an ene-dioi intermediate. It was of interest to see which of these forms could be iso- 
lated_ as at least one of them appeared to be a likely intermediate for the biological 
eptmeri%ation”* of the c-is-dioi to the fz-czzzs-dioi cataiyzed by microsomai enzymes 
found in rat Iiver_ 

As indicated earlier t\vo systems were isolated and :u~t~iyzed by GC-MS under 
CI conditions_ The major component ttff-orded ;I mass spectrmIi \vith a quasi-moicc- 
uiar ion (M - 1) - at ~zzje 393 (21 t,f<,) and a base peak of nz!e 95 (C,,HiO). in addition. 
other ions \vere present correspondin, ” to the loss of CHO. CHOH and HCI. and 
CHO-CHOH-Cl_ On the basis of the MS and IR data of this isomer. it uxs assigned 
the hydrosyketone structure (presumably the c_w-isomer). The other component. \\-ith 
a longer retention time on the OV-I column. showed ;I quasi-molecular ion. (Al _- 1) : _ 
at JZZ,!~ 2% and a bass peak of JZZ~~ 79 (C,,H,). Other fragment ions corresponded to 
losses of CH0 and Xi_ and C,H,O, and Xi. The spectrum was both quaiitntivei~ 
and quantitativei? different from that of the other component_ This isomer \v;ts as- 
signed the ene-dioi structure_ This example illustrates the abiiitv of Cl-MS to distin- 
guish betxveen structurally similar tautomers_ 

Aithoush MS is normaii_v not desirable for the assignment of stereochemistry. 
it has some vaIue3” when applied to rigid pal_\-cyclic systems such as thcss and ditl>r- 
ences are expressed in terms of total ion yields. Chemical reaction studies involving 
opening of the osirane ring of dieidrin have atforded a product mixture including the 
stereoisomeric t-k- and fz-lzzzs-dihydroaidrin diacetates. As authentic stimpics of these 
diacetates were available (synthesized in our laboratory’“) for compxison.. it M’;LS 
possible to assign conveniently t\vo of the peaks in the reconstructed g3s chromato- 
gram (RGC) to these diacetates as shown. Holvever, \vithout the aid of authenic 
samples, it is possible to obtain stereocbcmicni inf~>rmation from the mass spectra of 
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these components. For esample, the total ion RGC of the misture shows that one 
diacetate (m/e 450 with the longest retention time) is present in a larger concentration 
than the other: however, the limited mass search RCC for the quasi-molecular ion 
region (nz/e 480-456) indicates that about 2.! times the amount of ?~z/e 480-456 ions _ 
are found for the diacetate with the shortest retention time. As the c&oriented groups 
are more sterically compressed and, therefore, constitute a more unstable arrange- 
ment, one would espect to see ;t less abundant parent ion for the c-is-diacetate with :t 
corresponding higher abundance of the (M -HOAc) r fragment_ This is indeed what 
is observed_ 

ENDRIN 

c: 
EHDRlt.1 CLDEtiYDE 

EXDRIN K=TO,W= _ _ 

ISOCRIN 

MPJOR FECAL METASOLITE 

Isohio, cmb-ilr oml rl-~ItI_~f~rincrriott pro~i~-I~ (set Fig. 7jOr srr-~r~rw-i~). 1 f me compares 
the mass spectral properties of‘ isodrin and endrin (cvdo-condo). skefctal isomers of 
aldrin and dieldrin (cwlo-rso). the notable dilkrences are primarily associated 
\vith the facile stereochemicrtl rcarr;m~ements which occur bet\vcen the t\vo double 
bonds or the double bond and the osirane ring_ The more salient dilkences in the 
El spectrtl of t?ldrin and isodrin which possibly reRect the dilkrent re:irrangement 
propensities are the intensities of ions at Ill/e I93- i17. IS0 and 101. Few, if any, of 
the first three ions (/n!c 193, 147 and ISO) are found in aldrin spectra with few ions of 
~~zfe 101 bein% found in isodrin spectra. 
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These differences in rearrangement propensities are perhaps more readily 
understandable from a comparison of endrin with dieldrin. For example, endrin gave 
by far the most complex EI spectra of the compounds investigated. Quantitatively, 
vet-y different spectra could be obtained, depending on the mode of introduction (GC 
or direct probe) and the ionizin ,g energy (20 or 70 eV) used_ The endrin system rear- 

ranges rcadily5Y under a variety of conditions to form :it least two other products, 
z.l-ketoendrin (DKE) and a endrin aIdehyde_ Fi_e_ 8 shows an RGC of the CI-MS 
system for ;L misture of endrin and its t\vo isomeric rearrangement products_ 
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On examination of thk Et spectra of the aidehyde and ketone and re-esnmina- 
tion of the rndrin spectrum_ it appears that the spectrum does contain fragments 
indicati\-c of at least three structures of which _ I-ketoendrin seems to be a major con- 
tributor_ if one uses the computer to subtract the DKE spectra from endrin spectra. 
a fragment at nr!e 261 (CiH,Cl,) remttins and appexs to bc ZL characteristic fragiient 

of the true cndrin structure_ In a similar way_ certain fragments can be shoddy to be 
charxteristic of DKE, such :IS ;L frztgment at 112/e 3 15 (loss of CO. Cl)_ The base peak 
of both the aldehyde and the ketone W;LS 111/e 67. Again. utilizing the computer and 
the ~lz/e 315 fragment. one czm determine the percentage of total ions representing 
DKE in an endrin spectrumz and_ therefore, under a given set of conditions measure 
the rcarrzmlngement propensities of $ndrin to DKE_ The CI spectra ofendrin, on the 

other hand, are generally much less complex and indicate less extensive rearrange- 
ment_ At the same time, the CI spectra are rich in the quasi-molecular ions (M + I)-‘_ 
(See Fig. 9 for a comparison ofan isobutane CI spectrum with a 70-eV El spectrum_) 

Less is known about the osidative metabolism ofendrin than that of dieldrin- 
The correspondins “diolic” metabolites have not been found, but hydrosyiation at 
the C-12 mcthylene bridge appears to be a major route of metabolism. Although 

other portions of the molecule are apparently also attacked. the conversion is minor 

and the resulting products, which have not been fully identitied. are unstable. 
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Fig_ 9. Endrin mass sprctra. A, GC-El-MS. 70 cV. B. GC-CI-MS. isobutane. 

Soectrum number 

Fig. 10. Reconstructed chromatogram ofcndrin fed metabolite, GC-Cl-MS. methane (OV-1. XX)- 
240; ;It IO’/min). A, RGC. B, Limited mass search, mjc 107-10s. 
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Ncwrtheless. Cl-MS has been used clTectiuely~s in the identilkttion of the 
major fecrd metabolite of endrin in the pine mouse and partial identification of other 
hydrosylic metaboiites. It WRS sho~-nis that a key fragment in detectins the presence 
of an uncaged hydros>fic metnbolite of endrin (hydrosylated in the non-chlorinated 
portion) such as the major fetal metabolite is (CsHiO)_ at rzzje 107. resulting from 
a retro-Diels-A!der process (Fig. 10). On the basis of their spectral and chemical 
data3. this metabolite was assigned the C-12 rzzzri-hydrosyendrin structure. This was 
shown to be a correct assignment by recent workers”!’ who synthesized both the SW- 
and czzzri-afcohol. which compelled them to reverse their previous assigment ofs_r~z 
stereochemistry to this metabolite isolated in their previous worl?” with rats. The 
~zzz~~structure is in contrast to the _s_rzz structure shown”’ to be the correct structure 1.x 
the dieldrin rat fetal nietttbolite. 

El-MS analyses of the pine mouse metabolites”” were of limited value as a 
result of the smafl amounts available and their increased Inbifity to direct electron 
bombtlrdment. Holyever. it was observed that the base peak of the major endrin 
mctabofite under EI conditions is zzz/e 95. as is found in spectra of. the major dieldrin 
mcrabolitc. Cl-MS is particularly aciwntagcous for aiding identification of such labile 
rnetabolite sgtems which are avttilable in small amounts. (See Fig. f 1 for mcthanc 
and isobutane CI spectra of the major fetal mct:tbolite_> 

I’~~i~c-Iiir,rilrrrI~,~i hiplr~~t~is. Polychlorinated biphenyls ( PCBs). together \vith 
DDE [I. I-dichforc~-1.2-bis(~r_chl~~rop~~en~f)erhae]. are reported”’ to be the m<:st 
abundant chlorinated aromntic pollutants in tfie environment. PCBs have been t.ound 
in extracts of pike. salmon. sea ettgIcsG2. components ofthe timd ch:GViJ. and in human 
adipose tissue and human mill?*_ The commercial uses’il of PCBs include coolant 
fluids for trrtnsfkmers and capacitors. pfasticizers for electrical wire. high-pressure 
hydrrtulic fIuids_ machine cutting oils. heat transfer agents. and uses in formulations 
ofcposy paints, chlorinated rubber. printers’ ink. testile dyes and carbonless rcpw- 
ducing paper. 

Because of the ubiquitous nature of PCBs in the environment. together \vitfl 
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numerous ill-defined problen~r produced by cotnples mixtures of these compounds iti 

respect to human health. _ mxtter claritictttion is needed in order to fully understand 
the potential health hazards associated with specific isorneric PCBs. The reader is 
referred to escellent review articles”‘-“” ‘K on this subject in order to further under- 
stand the health problems associated \vith this family of compounds. The toxicology 
of PCBs is very poorly detined at present_ Most of the results concerning tosicity and 
effects on biolo$xl systems have been obtained with cotnples commercial tnis- 
tures’” .lili_li7 

III this section_ the discussiatt is limited to include problems of chemists con- 
cerned \vith the (a) anttl?:sis_ (13) synlhcsis and (c) metabolism of PCBs. 
,-tnrr/_t-six Suitable methods for the quantitative analyses of PCBs in biological 
systems are at presen! non-esistent. Early investi gxttions of PCBs further complicated 
the biologitxl and :ttlA~ticitl probletns by USC ot‘ comples isomeric PCB misturcs. 
l\‘ithin the strict limitstions of being able to deiine all confmninan~s of ;t mixture for 
the family profile of commercial PCBs for a specific type of sample. one may appros- 
itnate. not quantitatc. the PCB content by a combination or I R and GC. In the case 
of non-biological samples such as reported for immersion oik?. lvith the contaminants 
being tnainlv hvdrocarbons \vhich could non be separated from the PCBs. prior _ _ 
screening of samples by I R spectt-oscopx follo~vcd by GC analysis of positive snrnples 
using ati electron capture detector is useful. It must be ctnphasized that this type of 
approximation atxtl_vsis for PCBs ma! be used only in very restricted instances in 
\v!lich one can define the contaminant and also can match. peak for peak. the cotnpo- 
titxits of the ittiktio~vti clirc;tiiarn~rrttil \\-ith all cotnponents of the chrotnatog2ini of ;i 
specific cotntnrrcial PCB preparation. 

Many attempts have been made to quanlitate PCBs by GC lit- Ii7 frotn biologicnl 
samples derived bx esposurc to complex isomeric mistures of PCBs. The \7:llidity of 
this type nt‘ GC quantitntiou of PCBs is highiy questionable. Attempted approsima- 
tions of rhc PCB content of biolo$xl samples b>- GC. rep irdlcss of the type ofderec- 
tion _ are itietTectivc_ no1 only because of the inability to Sfp:litltC completely these 
romples isomeric mixtures in its biological surroundings_ but also because of the 
inability to: (a) detine andior eliminate non-polar lipid-soluble cot:t;ttnitxtnts including 
other chlorinated h~dmcarbon pesticides: (b) detine tlit degree of response t-or each 
isomeric PCB in the tnisture as monitored by specitic GC detectors: and (c) quantitatc 
all kno\vn PCBs of ;I complex standard in comparison \vith some of’ths similx cotn- 
ponents in biological media. 

Verification of rhr presences of PCBs t-t? GC-MS in biological s_vstems has 
assisted the qualitative aspects of this etiot-tnous analvtical problem_ As sho\\n 1)~ 
nutnerous types of biological csperitnrnrs \sith commercial PCBs, the various isomeric 
PCBs are absorbed_ concetlttxted andfor metabolized to varying degrees depending 
upon the degree of chlorination in the tnolecttle_ the solubili~y of the compound and 
its potential t-or metabolic conversion. Fig. IZ illusrrrttes the order of complrsity of 

one of the commercial PCB preparations. In the cotntnercial proccsP. them-ericallj 
over 200 isomers could be fortned. As shown by the GC-MS analysis”!‘, Aroclor 1260 
is a very comples mixture cotiiposed mait~ly of hesachloro- and l~eptttchlorobiphen_vls 
with lo\vet- concentrations of terra-_ petirn- and octti-substitittetits. Many of the iso- 
tneric components (hesachlorohiphenyls) similar to those of Aroclor I260 have been 
found concentrated in hunxtn adipose ~issut”t. hutnat~ tnilk7”_ sea eagles_ pike and 
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sttlmon”‘_ sea \\ater tund ph~topIallI;toll~*, n~mero~~s I:uid and stx animals and bi- 
ological components of the food chain”t-‘“‘-‘z7_ 

Other attempts to quantitate PCBs involved chemical modification follo~ved 
by GC analysis_ This laboratory has investigated in depth the problems associated 
with dechlorination;” and perchlorinatioil;” of samples to yield (hopefully) ;L single 
component which could be correlated \vith an ort, v=inal PCB conccnfration. With re- 
spect to dechlorination_ even under very vigorous conditions_ the rate of con\-ersion 
to biphenvl is not qutmtittLtive and is hi&ly dependent capon the number of chlorine 
2roms ori&dIy present in the molecuIc. 

Depending upon the complcsity of the PCBs and the type of biolo$xl sample. 
dechlorination followed by quantitation of biphenyl is. in general. not desirable for 
the analysis of PCBs_ Perchiorination has been applied to the analysis of many 
chlorinated hydroctwbonsx_ With respect to complex PCB mistures. GC analysis of 
decachlorobiphenyl formed by perchlorination has been rrportrd74_ This type of ap- 
prosimation of the presence of PCBs is feasible \vithin certain limitations_ Excluding 
problems associated with normal contaminants and the eIrtbortttc clean-up procedures 
which produce very Iow recovery, it is very diflicuit to express meaning-full_v the PCB 
concentration in terms other than moles of decachlorobiphen_vl present. Other prob- 
lems associated with the qunntitation of PCBs by perchlorinntion and GC analysis 
include (a) reduction in desirabIe xnalgical end-product affected by the presence of 
aliphaticsr (b) production of chlorinated aromatics from aromatic contaminants: and 
(c) escessiw quantitative values caused by biphenyl and by brominated and fluo- 
rinated biphengls which underso exchange reactions_ In a few restricted instances. \ve 
have used the perchlorination procedure74 with mires as internal standard for the 
verification of the presence of PCBs in various types of biological samples. 

The choice of the type of GC detector for various artempted quantitations of 
PCBs greatly affects the results. Bearing in mind the limitations and problems asso- 
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ciated wit11 GC quantitation of PCBs, prior verification of the number of chlorine 
atoms in the n~ofecufe’by~GC-MS followed by GC quantitation of the chlorine in the 
nwfecufe by use of a Couison detector is of marginttl LISC Analysis of commercitll 
PCB mistures SLKII as Arocior 1254 by GC usin, w a tlame ionization detector afl-ords 
one a characteristic pattern which may he recognized as 1254. From batch to batch 
of the comrnercirti preparation, there is a significant variation in the rtbundttnce of 
minor components. By use of the electron capture detector. we have found that ant’ 

cannot rely on the use of this detector even i‘or comparison of various batches of 
commercial PCBs such xs tflc Arocfor 1254, in 11.fiich minor components are highly 
variable. The response factor for the electron capture detector Lvith PCBs. including 
dicf~forobiphenyf to hcsachforobiphe~~~l, varies as much as lO,OOO-fold. 

Additional investigutions using high-pressure liquid chromatography lvith corn- 
nierciaf Arocfors in combintition lvitfi other pesticides in the environment and natural 
contaminants of biofo$xf systems indicate that there is too great a degree of com- 
pfesity for the generation of nwanin~fuf results as one considers the comnlerciai PCB 
preparation. One wmufd like to remove PCBs ~1s a class from other contanlinants and 
then concentrate on a more feasihie type of analysis. 

\Vith respect to the ~1st’ of chromnto~raphic separations such as GC or high- 
pressure liquid chromatography, as tflc separation t’uxors increase for the f‘runify of 
PC& with respect to other contmninants SLICII as lipid-soluble hydrocarbons or DDE_ 
one begins to dift-ercntiate xvithin the famifg of PCBs according to the individual 
isonicrs \vith the production of a -_ wneraf overlap in tfie cfiromtlto~r~im \vitfi many 

cwnnion contaminants of the environment. 
S~xrlrc5i.v. As indicated earlier. the coninicrciul prepart~tion 01. PCBs from bipficnyf 
and trnhydrous chlorine in the prcscnce of either iron(lff) chloride or iron”‘. 
produces nun~erous isorncric products_ Other types ofreactions used for the synthesis 
of spcciiic isonxric PCBs include: (a) chlorination of benzidine derivativcs7” with 
uitimtite removal andior replncemsnt of the nitrogen functions: (b) coupling of iodo- 
chforobenzrnes with copper dust by the Uffman reaction7”-y!‘: and (c) coupiinz of 
aromatic halides by a moditied Grignard reaction”‘. For an in-depth discussion of 
reactions applied to PCB syntheses, the reader is referred to recent re~iie\~s’il.‘i’i-‘~i-i~‘. 

One of the main functions of this laboratory is to prepare isomeric PCBs in the 
pure form, \vhich ma? be applied to both biological and analytical inuesti@ons in 
order to cfarit& son~e of the potential health problems discLissed above \vhich \verc 
initially studied \vith complex commercial PCB preparations. 

In general. cf~forination processes nlay be directed towards the formation of a 

major product. In most instances there are trace amounts (up to 20 >:,) of more or fess 
chlorinated species fonncd durin g this type of reaction. As described exfier”!‘. rcac- 
tians involving the chlorination of benzidinr derivatives produce a misture of PC&. 
Fig. 13 iffustmes the corupfesity of the Uffnxm reaction products for the preparation 
of2,2-dicflfor~~-[‘~C]biphen_vl. We have discussed in detail the possible sources ofcon- 
tamination produced by the Ufiman reaction”g_ By use of a moditied Grigxlrd reac- 
tion_ we have prepared pure unsymmetrical tetra-“!I and f~est~chiorobipf~cn~fs’~g~~“. 

For the worker concerned with the chemical synthesis and quantitation of 
PCBs. one must continue to strive to develop and evaluate synthetic reactions and 
methods ofquantitation of PCBs in order to obtain ;I nmre conclusive understtlnding 
of the problems produced by PCBs on man and the environment_ 
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tit ktst qttafittttivdy as the nwtabofic fxttt’rn- The second syntktic approach is mot-c 
specularivc l-mm the standpoint of obtaining authentic samples of nxtttbolites. but is 
wnerall~ ~nuch more efficient in terms of the yield of hydro.xyl:ttcd products_ In t:tct. 

kient methods for the direct oxidation of aromatic rings are still limited in applica- 
tion at present. 

Ne\-erth&ss_ the direct pet-acid chemical osidation of PCBs containing chlo- 
rinc in <Jlily one rins has been ttcconiplishcd in this laboratory’. and other \vorker+ 
have s~tcccssf~tlly applied electrochemical procedures to PCBs \vith chlorine atones on 
both rings_ For ssan~pl~. 4-chlorobiphL1Ii~l \v;:s osidized \vith prros~triflunroacetic 
acid” LO yield :t rnistttrc of pt-odtms from \vhich the 4’- and 2’-hydrosy- drrivatives 
zould hc isolated as maiot- monoh~dros_vl~ltsd products_ Tht 4’-hydros_v- COIllpOLi!lr! 

!ltts beet1 fo~tnd as :t n~ctahalits of 4-chlorobiphcn?:l in the rabbit*‘;. The purititd 
hydt-osy- derivatives uwt‘ malyzed by MS. Figs. 14-16 shn~v the Ei mass spectra 
(70 e\‘) on ttnalysis via the direct probe. The EI spectra of the hydrosyhiphen_\:ls vh- 
taint-d in our labnrtttot-v wnt‘rall\* contain intense parent ions \\-hich \vert‘ usually - 5 
the bass peak as \vcll_ A 2-h~dros~chlorohipli~ti~I containing the hydt-osyl and 
chlorine sroitps in the sarnr aromatic rin, ~1 NXS svnthesized hv estension of a previ- 
0~1sly reported nieth0@” in \vhich the h:Jros?:chloroaniiinc was coupled via the N- 
ttcct_\;l-N’-nitroso deril-arive \vith benzenr. The El nmss spectrum of this synthetic 
hydrosy-PCB is shown in Fig. IT_ Although hackgound spiking is evident ir: this 
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spectrum, it shows the parent ion (nzje 204) as the base peak, as is seen for other 
hydros~monochlorobiphenyIs_ However, there are characteristic differences in the 
spectra of these compounds associated with the loss of chlorine. The 2-hydrosy-5 
chlorobiphenyl isomer appears to lose HCI preferentially to afford a fragment at 
nz/r 165. whereas the 2-hydrosy-4’-chiorobiphenyl appears to lose only chlorine. and 
the 4-hydrosy-$‘-chIorobipheny1 isomer (FI,. -D 16) shows an abundant ion at I)I/~ 170. 
indicating that the chlorine loss is accompanied by a hydrogen entity transfer, possibly 
associated with a I+quinodaI type of stabiiization- 

The Cl spectra, on the other hand, were much less informative and less descrip- 
tive for these hydrosymonochlorobiphenyls. Ho\vcvcr. as the chiorinc content is in- 
creased, the desirabitity of Cl-MS improves as the parent ions ~cncrally constitute 

more unstabIe arrangements in the El processes as a resuIt of steric andjor stereo- 
electronic interplay. For example, CI-MS has been used in connection with GLC for 
the identification of a metztbolite of2.5.2’,4’,5’-pcntachloro-[l%]biphenyI excreted by 
rats?‘_ This PCB is ;i major component of certain commercial Aroclor mistures- 

The RGC and limited mass search RGC (III/E 340-345) are sho\vn in Fig. 17. The CI 

Fig_ 17. Rtronsrructd chromatogmms of the mrtabolite of [“Cl-2,5,2’.4’.5’-PCB (Desril300, 160- 
2-W” at lO’jmin)_ A_ RGC_ B. Limited mass search. mie X0-315_ 



mcthanc spectrum (Fig. 1 S’) is the simplest possible_ \vith the only liagnrnts seen in 
the nornializcd spectrum corresponding to the parent and quasi-molecultir ioris 

(m/e 340) and the espected recombination ti:~gnwnts (M -I- 29) - and (M -t 4l)-. The 
isotope pattern is clearly that espectcd of five chlorine atoms. This nietabolites!’ \v:ls 
sho\vn by Fourier transform NM R analysis to be the 2.5dichloro-f-hydrosy- deriw- 

tivc or the nzcra-substitution product of the dichloro-ring. 
In concluding this section on PCBs. cm-e must be esercised in choosing the 

types of orsmic reaction used for the preparation of PCBs that lvill be used for 
biological testing_ Furthernmrc, one must evaluate very thoroughl_v the limitation of 
analyses used and analyzc vet->- scrupulously even the pure isomcric PCBs for trace 
impuritiw (C ST:,) before procwding to introducr the compound into a biological 
system. Only after many types of chemical and biological investi@ons have been 
carried out \vith pure. ~vcll d&led isomeric PCBs xv-ill one be able to ;WZSS fully the 
biological activity of the individual components and the potential health problems 
produced h_v these xvidely distributed compounds of the environment. 

Mirc_r. BHCs rrrrtl HCB. Mires, dodrcachlorooctnh~dro-I .~_~-methcno-2-c_v- 
ciobuto[c-?t/]pent~tlrrlr (C,,,Cl,,). is an important pesticide used, among other things, 

in control of the fire ant in the south-east U.S.A. Because of its extreme chemical 
stabilit_v_ convenient gzas chromato~raphic rlution characteristics and high electron 
capture detectability (20 pg) \vith ;I ““Ni electron capture detector_ we have used mires 

as :LII intcrnttl stmdard for the analysis of PCBs. Mires survives the reaction condi- 
tions under which PCBs are converted into dccachIorobiphen_vI lvitb antimony penta- 
&loride at elevated temperatures 71 and is eluted from OV-I at 210‘ with a corrected 
retention time of 0.375 relative to decachlorobiphrnyl_ Furthermore, nkes is vsr? 
stable to stmdtlrd chemicrtl osidation conditions; on the contrar_v, under reductive 
dechlorination conditions~L, mires is vet-y reactive with the production of products 

similar to those described for DDT-Il and kelthane derivatives but absent for dieldrin. 
Hesttchlorobenzene (HCB, C&I,;) is an important herbicide which has been impli- 
cated in a mass poisonin g of humans in Turkey due to the consumption of HCB- 
treated seeds”“. Bcnzenc hcsachloridc (BHC. C,iH,jCI,j), better named as hesachlorc- 
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c\-ciohcxane_ is a family of isonwrs \vhich includes the \t-ell kno\vn pcsticidc Iindane 
(;--BHC)_ BHC is :tIso ;L precursor in the conmmx5:tl SJWIKSCS cd- HCB_ \Ve h:t~ 
hcen intcrcrttd in the intestinal absorption of HCB tmd BHC isomers”’ and have 
accordingly studied “technicttl~ BHC, which has the composition indic:ttcd in Tttble 9. 

GC-MS procedures \vsre ~~nplo\-rd to contirnl the idcntitics of the BHC isomer (and 
HCB) recovered from the Ii-ccs, bile, etc.. of treated rats. hlirex. BHC and tiCB m-e 
discussed in the siunc section here becnuse of the siniilarit~ of the principles :tpparentl~ 
wverning their miss spectral frtl~-mcnttttion patterns. = 
/i~~_~~cc-itioroc_-i~lt~~_~~ir~~~ (B/f Cj iscmw-s_ The s;arnpl~ molect~le may give rise t<) :L 
molecular or yuc~si-llli-.!ecul3r ion in on12 of t!irce \va?;s: (3 j i?ei cliinination 01‘ 21: 

dsctrcm_ as generally occurs in El-:YISr (1~) elimination of ;L hydride ion, as occurs 
witIt normal ilIkilncS in CI-MS: or (c) nr’t addition of a proton, as a-curS with nest 
‘~.sv~cnnte3 _c or unsatur:lkd compounds in CI-MS_ The BHC isonwrs shop ncithcr 
tendency to an! signilicant extent, xnd their El. nwthans Cl and isahutanc Cl spectra 
es5sntiaII~ lack a niolecul~ir or cltiasi-molecillar ion. In general. the isotol;c prttterns 
due to chlorine permit “idetltilicrrlti~~l1” of the fr:ynient ‘-cluswrs” rind provide in1-a - 
mation ;tbout the fngn~entation mechanisn~s (at least on ;L net basisj). G I_C frnction- 
nticii 0T tlia various isomers has been reported prs\-iowl:“‘_ 

Of the three techniques used in this Irtborrttory_ nicthanc CI provided the 5i:i;- 

plest :mci Iztst useful spectra of the BHC isomers_ The (L-_ $-_ ;*- and &isomcr:; ~:!Yc 
essentizrliy identical mcthxne Cl spectra \vith C,,H;CI I. ~1s the main iiagmcw 
[(M .-- H) -- ZH Cl]- _ As there \vas no rlliasi-molecul~ir ion. either HCI or Cl :ws 
eliminated or proton capture was accompanied by cspulsion of two n~olecules of HCI. 
A CIUStCZi correspondin, u to the lktgn~ent (C,;H,,C15)- was prcscnt, which again cwA: 
involve espulsio~~ of Cl- or espulsion of HCI \\-ith addition of 9 proton. 

In isobtttane Cl and 70-eV El spectra, the frxgcnt (,C,,H,CI,) prrdm?~x~rscI 
over (C,;H,jCIL). _ tinder these circumstances, cspulsion ot‘ HCI (net) occurred v. ithol:t 
;L net ndditioii of a proton, but the cspellrd species could !i:ive bcen~either (HCi e ) 
or (Cl.- --- H”). The isoburane Cl spectra required larger san~ples than did the El OI 

methrtne Ci spectra_ ami nx~e of little use in distinguishing bct\vecn the BHC isc;uwrs_ 
Some distir;guishin~ features 01‘ the 70-CV Ei spectra are sumtmrized in 

T&k 9_ The base peaks alone permit the CL-_ l;- itttd A-isomers to bc distinguished. 
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While the ~Gsonwr has an IIJ:L’ 146 >- mi;c 147, the reverse is true for the ;*-isomer. 
Thus thcrc four BHC isomers can be distingttishcd hy their Ef mtss spectra. 

A peak cluster around 112/e !45- 15 1 probably mvofvcs fragments of three spe- 
cies, C,,H~$3~-- (m/c’ 145. !47_ !49)_ C,,H.,Ci,! (m/c> 145, 147. 149. !5!), and C,,H.,CI;- 
(_~;zjr 146, 148, !50)_ Only in the case of rr-BHC was m/e 146 >- m/e 147 . suggesting 
tint the rr-isomer has titc St-eatest tendency to eliminate Cl- rather than HCI. The 
r>-isomer had m/c 146 :--: ;?i/e 147, while the $- and ;*-isomers had the m/r 146 ion 
fragment less than mjc i47. F:>r the latter t\vo. either rin 2 cleavage predominated or 
tfin~intttion of Cl--. \v;ts less !~t~wrabic than elimination of HCI, or both reactions 
occurred. The relatively high ahrtndancc of the m/e 254 frttgxent from the ;*-isomer 
suggests that this isomer has the greatest tendency to elimixtte HC! (it is also the 
nest toxic isomer). The conspicnousi_v low ahundunce of the ion of m/e 219 for the 
!-;-isonitr. together xvitfl its base peak at mjr 109. suggest that it is relati~veiy easier t-or 
this stermisomer to tmdcrgo ring cleavage than HCI elimination. The ion ofm!c> 109 

i 
~VOLIIC~ correspond to the liagn~~nt Cl-CH-CH -CHCi_ Again, the [kmmer has es- 
tr~nicly !OV: tosicity compared \i-ith the ;--isomer. 
ii~~_~~~~~l~ll~t-~~f~~*~~=~~~~~, (iicB) _ _+\ga ir?. methane Cl gave less fia~mentrltion than did 
citim- isohutane Cl or El at 70 cl’_ TllC IllCtllitIlC Cl spectrum SilO\VS llnl~ MF. 

(VI :- H)- and (M -:- C,i-i,). iuns. \Vhiie the El spectrum sho~vs only kI .. in the 
wgion ol.m/c 3% (ic_, the rcitttivc ahtmdmice of the odd 11lass fragments in this region 
is constant with the “‘C :thttnd:tttcc). the isohutanc and nleth:tnt- CI spectra S~O\V :t 
mixture of XI ~mri (kl -- H) ions. The chlorine isotope sets m/c X2. ZSr?. ZS6_ ZSS_ 
30 (Xl - ) ut‘rc in r;tti~w ~11’ 10: 1. 1 2.5 and 2: 1 n itii the ir?‘c 33. ZS5. X7. 39, 29 1 
sets (hl --. H); ti>r EI, n~~tftitn~ Ci :ttlci isl>htttitI:c. reslrcctivcly. Tht~s, the tC~lhIiC?_ to 

1092 ;tIl ckctt-on. rclativc to the tCIldCilC?; to xccpt ;t proton. \vits greatest under 
ClCCtrclil impitCt_ intcrmcdiatc with isobutaw_ :!nd very io\v with ~llHil:l~lC Ct. 

Tf:crc \\‘a~ littlc or n1) tcnrft’nc~ to apeI Cl- in either methane or isohutrtne Cl. 
The ikw tiagnicnt ions that ma-e proJuc-_d ii1 tiic is0hirtanc CI spectruni (IIz,:L’ 69. 7 I_ 
Si. S5) are at present unassigned hut aw-e not particular!>-; cniighteniq nicciinni- 
sticaffy. 

The 70-c\ Ei spectrum t>i‘ HC!3 is unusual il t that the base pcttk is the niokc- 
t~li~r ion. cmphasizi -_ 1.z the stitbiiitv 01‘ this StructlIrt’. Fragments crxrcspnnding to 
(X! --- CI,i) .-_ where II :I-: i-3_ ~:cc‘tLr to the exci:ision of other contrihating t,rms_ 
ktvitte nz.‘c _-. _ 160. 111~s the nmf~ct~fc CititCr csfxfs o11C Cl- or (I! -- I) Cl” kdicals 
or (fKI” -- t‘ )_ 111 ttny GlSt‘_ the L~iliikdill00d nf t!ir’ pcrsistrncc Ot‘c!i- 2nd tri-rxiicals 

indicatss that the fragniems cnrr~sponrfirr, 0 to C,;Cfz,- (!4:.‘;,) md C&f; (!61’,;) csist 
as hrnz~nc structures_ 

Ring tia~nwnts appear ixtvin g the f0rniuiae Cr Cl - (1iz~c~7. 49: !4?,,i_ C,CI,T 
(IIZ!~ 91_ 96. 9s: Lfl):,) and C,,Cf,, (tlric 141. 143. 145. 117: 33 ]:i,). Tiic kt ion. (C,,Cl,,) -) 
adds to tht pr‘rtk --cil~Illp-- associatsd \i;itil 2 tiaglrilt correspoixiing tt> (C,,CI,) _ 
(ill/L- 14~. IN. I&: S7 :I,,)_ In :udditiol~_ ;k st‘t of ii~a~IlleIlts ;?t 112!~. iO7_ i09 :kpp:wrlIlti~ 
indicates a11 ion (56 ]‘, 1 1t:tving the formula (C,,Ci) or 
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Yet it is of very high relative ttbundancc. stt~~esting that in kct if an? ionizarion of 
HCB could be considered “probable-, the other fragments observed here xvould be 
relatively negligible_ One is tempted to conclude that the toxicity of HCB \\-ill probabl) 
be found to inwh-e either the intact n~olecule or the product of a metabolic process 
involving nucleophiIic substitution or addition. With regard to the latter, thr presence 
in the methane Ct mass spectrum of ;I 400/” abundant (M + C,H# ion points out 
the relative ease with which addition can occur. in contrttst to the appttrent It>\\ 
probability of rliminrttion reactions_ 
Jlimv- Where:ts HCB c:tn form a qurtsi-n~olccular ion by accepting ;t proton. and 
BHC has hydrogen that theoretically could be expelled as hydride ions, mires 
lacks hydrogen, yet is saturated and hence would not be espectrd to form my quasi- 
moIecuIar ion_ EI (70 and IO eV) and methane CI mass spectra of mires lrtck molec- 
ular or quasi-molecular ions. lsobutane CI gives only ;i moiecular ion. (&I -e--J. _ of 
27; rcktriyc abttr;dance. These spectra are shown in Figs. 19A and I9B. 
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Electron impact spectra 
These spectra are illustrated in Figs. l9A and B. The abundance of the low- 

molecular ions of nz/c a <220 arc qualitatively similar, showing fragments that corre- 
spond in mass and chlorine isotope patterns to (CHCI)‘, (CCl,,)+, (C&3,)+, (C,,CI,)~, 
(C,Cl:,)+ and (C&I,)‘. These fragments are increased in relative abundance in the 
70-eV compared with the IO-eV spectrum. 

The peak cluster beginning at IIZ;C 235 corresponds to the ion (C&I.) f-: repre- 
senting half of the mires molecule less one chlorine atom. The base peak (cluster) 
starting at nzje 270 does represent half of the mires molecule (C,Cl,J - _ Althou@ the 
“270 cluster” appears to fit (G,CIJ+, the pattern is that espected for five rather than 
six chlorine atoms at 70 eV_ At 10 eV_ the isotope pattern for the “270 cluster” is not 
chamcteristic for any specific number of chlorine atoms. The isotopic pattern of ions 
in the nzje 235 re$on also changes on goin s from 70 to IO eV. In this example, one 
cannot rely on the isotope pattern to chamcterize the fragments. Whether there is an 
isotopic etkct inftuencing the sr,CI-zLXJI distribution between tw-o frqments of equal 
mass but different contiqrtltion mid relative abundance, or an instrumental artifact, 
is uncertain_ 

Fragments apparently retaining all ten cm-bon atoms are represented only b! 
(C,.CI,;) - and (C,,,Ci,) r spectral clusters starting at nz/e 330 and 400_ Thus_ mires 
tends to eliminrtte chlorine atoms in pairs, either an (Cl, f e-1 or (Cl-- +- Cl”). Loss 
of siqle Cl- ions is not seen_ possibly because the remaining molecule is unable to 
stabilize carbonium ions in the absence of-x-bonds. This further suggests that rapid 
eschan~s of chlorine atoms lvithin the molecule (which N-ould delocalize a carbonium 
ion charge) is unt3vortlble, ;t su, ~~~~estion with possible usefu1 implications concerning 
the degree or lack of chemical reactivity for mires_ 

Chemical ionization spectra (Figs. 1% and D) 
The methane and isobutane CI mass spectra of mires are rather different. 

sho\ving more fragments with isobutane than \vith methane in spite of the higher 
energy of the latter. In these spectra. unlike the El spectra discussed above. the 
(C,,,Cl,,)- fragment (.kf -Cl)+ is conspicuous_ There are no peaks reflecting (M -- 
C,H,)- or [(M -+ C,H-J--Cl]-, SLI== -esting that substitution into mires does not ac- 
count for the ability to espel Cl- under CI conditions_ We tentatively suggest that 
the espulsion of Cl to similar extents in isobutane and methane Cl but not under 
El conditions rellccts ;I “pull fxrom \vithout” rather than a “push from within”. Thus 
mires may. under certain conditions, act as ;I nucleophilic reagent. 

The base cluster in the methane Cl spectra reflects the (C,Cl,). fr:y~~ent rather 
than the (C-+Cl,;) _ fragment predominant under El and isobutanr Cl conditions_ 
Whether or not this involves derivation of the (C,Cl,) + from the (C-J&): fragnwnt 
could not heconfidentl~deter~~~i~~ed.~~s illetastableions are not detectedwith oursystem. 

In general. then, \ve found no particular advantage of Ci over EI spectra in 
the identification of these types of polychlorinatcd hydrocarbons. and in sonle cases 
(the BHC isomer), EI spectra \vere more useful_ However, the availability of both 
types of spectra \v;ts very useful in deducing the probable chemical properties (sta- 
bilities and reactivitirs) of the compounds, and it is not unlikely that an empirical 
correlation could be made bet\veen such biological properties as toxicity and the rypes 
of frriyiientation reaction occurring in the ni;lss spectrometer_ 
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Cihrimrtd ~fib~~ll=r~riio_~-i~l tud :li~~cwfl=qlir~~~ir_ Various types of conks mi5xmts 

of synthetic processes iwse been discussed throughout this revielv. Probsbly the most 
toxic trace contaminanrs are the chlorinated diosins and dibcnzofuons. Vos C-I u/_*‘~ 

reported the identification of highly tosic tctra- and pentachlorinatcd dilxnzofurnns 
in commercial prcptlrations of PCBs_ Duril., rn the distillation of crude PC% in the 
presence of sodium hydroside, it is possible that the PCBs reacted with sodium 
hydroxide at elevated temperatures”” to yield phcnolic compounds which, in the 
presence of base and elevated temperature. condensed to produce the dibenzofuran 
deriv::tives_ Usins the chick en~bryo*zg ass:1y_ a nxktnum dose p-x- qs of 0.2 ;tg oi‘ 
the pcntauhforodibenzoftlrrrn resttlrcd in IO0 % mortality. The chiorinatcd diosin ~IIL! 

dibrnzofunns arc high& toxic trace con~;lnlill:llltS found ill certain pesticides and 

their s_vnthetic precursors_ A trace impurity formed durin, 0 the manut‘rtctut-c of 2.Lc.5 
rrichlorophenosyacetic acid (2_4_5-T) from retrtlciiiorclbenzer;e at hi@ temperatures 
in the presence of sodium hydroxide is the 2.3.7-S-tcrracIzI(~rodibenzo-/l-diosin 
(TCDD)_ Orhcr diosins and dibenzofurans ma_v kc formed b:; condensa&x ~1‘ the 
chlorinated phenols”-‘” - m the presence of alkali acti !;e:kt. 

This brief discussion on diosin and dibct~~>fura!;r v. ill bc Iimitcd to (:I) COR- 
sidering Icvels of zmalytical detection needed anti {I:) the LSC of highly odioi:!beleci 
TCDD in biologicnl systems_ For ;t detailed discu&on of the tcsicity of‘chicxinatcr! 
diosinsand dibenzofumns_ sources ofcoilr3tiiina~ion. im~?lictt:ions ofthesecc~::-i;ronncis 

as chick edema factor_ and gcnerul proper:& o!‘ these highlv toxic com~~vu:c!s_ the 
reader is referred to the report of :L Symposium ox: this subjects’;_ 

To ihe analytical chemist_ an important itztcrmcdixrc in the t;wmatinr: ot‘ the 
chiorinawd diosins from aIkaIi saIrs ofphenols is rix h_vdros)-dipjle!l?I erkr ckri\a:ivc 
or prcdiosin’-. Anaksis of chlorinated phenol prep:tr:nions by GC \vit!wut prilv 
freafment of the misture to remove rhc reactive prediosin 1~ ill result in i-rrwx-c;uzl\ 
high WILES for the diosin concentration. The il_\-dr~;~;?-dip~zcIl~I et!‘t~-z?‘~ K if! rc:iiL 
\vithin the GC to produce large wnounfs of tbc t!iasir?s. 

As described earlier_ the chlorinated d&ins ami dibcnzofurrtns m-e condcrlsa- 

tion products of phenols produced in rhe presence oi‘rrlkali :md elmzrcd ianpx;:ta-e. 
Considering TCDD as representative of this class ofcc~mpoL~~td?;_ deFc;ldent ~:pozl? the 
specie?” the LD,,, varies from 0.6 to about 100 fcglE;g_ As the Icttr;tI &SC c-t‘rilis riiosin 

is in rhe low ,“gi’kg or parts per bitlion range. very sensitive :m:& tical proccdtxs :u-e 
required. Many of the procedures developed for the :maI_\;sis of‘ i!ioxil;s employ GC 
or GC-MS. Detection limits for rhe GC analvsis ofdiosins using the flanzc iouizarion 
derecfof’are in the Ioiv !0.5--2) ppm range. dcpendin g upon the ixtture ofthc s::mpIc_ 
whereas detection limits of TCDD xvith rhe elccrron c-aprtrrc Jersctof’:’ ;trr‘ in rix 

IO-30 ppb range. Crummctt and Stehl”” reported rhe detection limir of TCDD I~:: 
GC-MS in the multiple ion detection (MID) mode (Et) ta be about 6 pg_ monitorkg 
(M)-, (kl -- 2)’ and (M -5 4)+ ions. Other types ofanaI~>es that have been ;&lcd to 
rhc determinakon ofdiosins and dibenzofuracs include eiectron spin reson;ince spec- 
troscopy’““, liquid-Iiquid cI~romatc~~r~~PI~~Yy ;: . rd Iii~:i-resolilrion MS”” in :i:e MID 
mode with computer signal avec@ng_ Bau$~man and Meselson *“’ indicared th:lt for 
3 i-g sample. the :rnnl_vticaI methods for antllysis cf TCDD must have :1 sensitivity 
ofabout I pg_ Detection limits for this reported methodi”l Ibr rhe detection dTCDD 
in tinin_taI tissues are indicated to be in fl?~~ _ :x&r of IQ-30 j;I:b i\ ith v;!rying c!cfrees 
of rr--co\-cry of _ FCDD from 27 1-z 5 up 10 6ij-S~!‘z,i. 
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Fig. ?I_ Mass spectrum pf major contaminant of 2.3_7.S-TCDD prqxtr~tions. CC-Et-MS. 70 cV_ 

of the 3_chforocatechof_ It is \-my difkult_ if not impossible_ to control the chlorina- 
tion reaction’“” to produce only thedichlorocatechof. Only after rcpstitive purification 
by recrystallization with an overall loss of the dichlorocatechol \vith the cont;tsninant 
(the tricf~forocatechof) is one abfe to obtaitt in very fo\v yield :I pure dicf~foro-corn- 
pound_ 

Because of rfte high rosicity of TCDD_ in order to study the penerttf metabo- 
lism of this compound one must use a very snx~ff amount (f&w micrograms) of higflly 
ktbeied compound_ A ‘“C-iabeled 2,3,7,S-TCDD has been prepared by Ken& :tnd 
Wadeta from highly radiohbeled 1,2.~_1.-tetrttchtoro-[‘-‘C]bel-izene with :t specilic 
activity of LU_ I50 nKi/mmofe. The final [“CITCDD had a specific activit_\- l~t‘cw. I50 
ntCi,‘nttnofe_ For the tttore biologictlffy oriented \torker_ \vfm tn:ty or nxty not be 
aware of tfle chat& in ph~sicaf andiar cflenkttf properties oI_r:tdioIabckd campot~nd~ 

with veq- hi& percentage of radiolabel. some of the properties associated \yitfl the 
[“C]TCDD are discussed below_ 

With respect to the [t-tC]-Z_3_7_S-TCDD with :t specific activit_v of I50 tnCi; 
tnmofe_ one cannot distiquish by thin-layer chromato~r~tph~ usin, 0 nuntcrous solvent 
s>-stctns any separation difference between unlabcled and “C-labelrd TCDD. On the 
contrary_ as one evaluates the GC retention cfxtrztcteristics of rile higf~fy fabefcd corn-- 
pounds with respect to uttfttbefed TCDD. one will ttote very siytiticattt tfiffercnce~. 
as shown in Table IO. As one monitors the radioactivitv by ;I GC proportional counter 
and tota1 mass by a GC tlame ioniztttiott detector either simuftaneousf~ or stp:tr:ttefy_ 

OV-1 700 3_7_S-TCDD 1.60 
[“CITCDD 3.91) 

ov- 17 110 2.3.7.STCDD 1.50 
I.I._:/LTCDD 4.3 
[%Y]TCDD 1.05 

_ Independent an&or simultaneous dewrtnrs using lhnr ionization dctcctor and GC propor- 
tional counter (Packard Model SW). 
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one notes that the highly ‘-‘C-lnbclcd TCDD is elutsd enrlirr than the unlnbclc~i 
TCDD. As one diluted the [Y]TCDD with ~~nlabcid TCDD to :L specific activity 
brlo~v 50 niCijniniolc_ the retention charticteristics :tpproached those of unlabcltd 
TCDD_ Atwlyris of the [‘*C]TCDD by GC-RIS indicated that this prepm-ation had 
t!le espectcd mass spectronirtric characieristics xith 3 very !iigh concentr;ition of “C 
isotope overlappin g with isotopic ‘g5Cl and “;Cl patterns. .As show1 in 6s. 22. the 
chlorine-“C cluster for the parent ion sstends from m!ca 320 in t\i’o nizss intervals to 
y’c 336. As one diluted the highly lab&d [IgC]TCDD (spscitic activity 150 n:Ci’ 
mmoic) \vith ~mlabclcd TCDD. both the GC and MS characteristics approachrc! 
those of the imlabelcd compound_ Additions1 investi gations usinz UV spcctroscop> 
indicated that the “C-labeled TCDD and the unlabcled TCDD have rquisalcnt UV 
spectra \\-ith niasinia at 305-306 nnt uith identical estinction coe!licients_ 

Fia __ 23 is ;t representative &I mass spectrum ot ‘2_j_7,S-chlorinated dibcnzofuran 
(TCDF). The use ot‘ GC-Cl-MS for the an:tl_vsis of chlorin:ttcd diosins :wd dibenm- 
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t-w-:tns is not as infornxttive as the El mass spectra. The methane CI spectrum of 
2_3_7_&TCDF and other diosins and dibenzofurans consists very simply of the ions 
in the qussi-molecular region (WI -:- I) _ and the appropriate methane recornbinntion 
ftxgtnetrts (M -i- 29) - and ( M + I I ) - _ Thereforc, malycis of the chlorinated diosins 

or dihenzofur:tns by GC-MS either in the qualitt&c scatinitlg mode or in the qunnti- 
t:ttivc tnultiple ion detection mode \vould be tnuch more setxitive and useful under 
Ei cortdi~ions. i 

investisttions in this laborrttory using the highly labeled [I-VJTCDD (spccilic 
;;cti\;iLy ls() t-tQ’n~n:olc) indicated that one can vet-y easily monitor the degree of 
;rixorptiort_ distrihuiiot; and cscretion of the labeled TCDD n~olccuk Upon absorp- 
ti;>n_ ;I large :tnmunt ofthe label is locttlized in the Iivct- with chromatogt-rtphic propcr- 
:ics identical lvith those of the administered [‘-‘C]TCDD. Upon single c.spusure of 
ctlCITCDD \vitll incrc;uing time. [kc [V]TCDD seems to be removed from the liver t 
atxf~w fttt and rscretrd in tht frees. Esan~itxttion of the fecsl nxtterial after 60 h by 
ci~r~~mat~~~rt:pllic nieans indicated that the radiolabeled components in fetes are 
t~r:ch more polar than the administered [t*C]TCDD_ \~‘l~ethet- the highly lubeled 
[L!CjTCDD acts in bioln$cal systems as unlabeled TCDD c:tnnot be ans\vered delitl- 
itivti>*_ Bcczrrtss af :hc amounts of the coc;pounds it?\volved in labeltd and unktbeled 
biologica and metabolic in\-cstigations ~itlt TCDL) coupled with the high toskit>- 
t:f r!;esr Coq?oll”ds_ there is ;I great need for the c!e\-clopnrent of more sensitive 
tlicthcds for hoth quantitation and uncquivocr:l idcntilication of subnanogratt~ 
~iI;l~~tliltS of these eilViro:ltnent:ll COI1t3Illil?:ltltS. 

rc~%3~-ed receniIvt”” and \vill not be discussed here in detail. Ottr interest?; have CC‘II- 

itret itt-txitid confirming the identities of svnthetic phthalate esters and detertl~itiitl~ -- _ 
tf;c structures of their urinary ~iiet;tl?~~litest”!‘-lll;_ These studies have SO far been coil- 
cetxxri primarily \\ith dimethyl. di-tr-butyl. di-moctyl and di-(2-ethyIli~syI) phtha!xtes. 
E! t1-a~~ spectra of \vhich \vct-c given by Safe and ~!utzinget-t*l. It should be nt>ted 
ri;:tt di-rr-octvf phthaktte and di-(2-cthylhcs~lj phthalats give such sitnilttr EI tl:;iss 
>~cctr;: rhat it lsnuld br impossible to distin, *~itish them soltl\- ~111 that basis_ CI nxtss 
spcctrt~ of the isomeric dioctyl phthalates also fi:il to provide unequivocal nle;tt~s of 

:.ii~tingui?;l?icg het\veen them. Howe cr. El spectra can contirm the f;tct that ;I phtha- 
late is present by shmving a base peak”” ofmlc* 149. or_ for methyl plitli;tl;ttel”~‘-‘*~. of 
ilZ#'L' i63_ M~tli~Iil~ Cl sprctra c:ltl t!?cn, by the presence of 3 base peak at 111,:~’ 39 I_ 
134 - tile_ \vith sni:t!ler I:e:tksl’*” r?t IIJ;‘L’ 179_ 261 and I Ii_ revea 1 that dioctyl es:crt 
;iTc prcwnt. The ptxticular actyl isomerlsj can then be coc~irmed from the GLC rela- 
tivc xtcntioti times (see Table i I ). 

E! 111:~s soectm of phthalatc esters generalI\ r give an Xlequrtte representation 
of the rrrom::tic ;inp structure_ The occurretxe of ;; base ~tx:k t:t t~zie 139 (usually 
attribuied to ;: pi:>t oixttcd phthulic mhvdridc) not onlu indicn;::s the probable absence 
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Thus: CI-MS will distinguish a hepty! nony! phthalnte (mo!_ wt_ 390) f-ram 
;L diocty! phtht?!ate (mo!_ wt_ 390)_ The former wi!! have a major fragment at IIZ/C 99 
and at II& 127, the latter at nz,ie ! !j_ 

Urimr_v metabolitcs of di-(2-ct!~y!hcsy!) phthttlttte (DEHP) from rats \vere 
isolated by a series of thin-Iaycr chromatographic operations. as they were not casi!y 
resolved by GLC’“?‘. Although a variety of procedures were used in identification 
(IR_ l_JV and NMR sptwtroscopy and GLC of various derivatives). GC-MS alone 
gave t%ir!y complete charrtcterization of the structures_ The metabo!itcs as txcrcted 
were found to be phthaiate !~t~!f~esters (monoesters), so most of t!ze furtkcr charuc- 
terization involved t!lc diazometliane-prcldllced meth~! esters I 

-& ‘1 c 

The wxtivticzt! problem inwIved identityin, tv R in the above structure_ 
Tfk masses of- the various R groups could be determined. as discussed above. 

directly from the methane-supported CI mass spectra. In t\x-o eases, R \vas terminated 
in ;L -CH,COOCH,, moiety_ giving rise to a prominent tiagment ofq!e 74 in the El 
mass spectra but \vhich was present in t!le Cl mass spectra in very low abundance. 
This ;issisnment NXS supported b\: the prcsencc ofthc ion (&I -3 f )- in the Ci spectra. 
:tft!lough traces of tflese fragments are seen \vith aft methyl phthafatcs. In gcneclf. 
combining data for the mass oftlie R group \vith the presence of the IIZ,‘L* 7-f fragment 
derived from R permitted identification of R (confirmed by NMR analysis). 

T\\-o of the other membolitcs had intercon\-crtabfc R groups. 1-k reduction 
\\ith sodium borohydride and osid:ttion with chromic oxide in pyidinc. Tfle metab- 
o!Ite corresponding to the more reduced state gave conspicuous C! fragments at 
nz,ic- r=: (M -- 17): m&i (R - 17). . with a reIntivrlv low abundance fragment ;~ttributablc 

_ to R-_ The more osidized metabofits had a molccufar \vcight Z Ill;lSS Unit5 fCSS tf?:ln 
thnt ot‘thc reduced species and did not have an (M -- 17) - frqmcnt. T!w trimctf~yisil~f 
ctfxr oftf~e reduced metaboiitc formed rcadify and ga:-c a pwmincnt Et ilxi fragment 

a-!: 

at m,‘c I f7_ attributed to the tiagment (Cki,,),,Si-O-CH_ indicating an 6.8 -- f (sub- 

terminal) secondar_\- alcollo! structure_ The osidized form \v;ts thus presumec! to he 
a methyl kctow and this was confirmed 1~~ NM R spectroscopy”‘:‘. 

A minor mctabofite of DEHP was later isolated and found to have an R group 
terminating in a primary alcohol structure_ The TMS ether did not $vc a pmniincnt 

fraynent ol-nz~~ I 17 but rathera prominent ion of-w/e = 90 and 91 (trimet!~yfsifano!) _ 
Dimethy! phthalate gave onlv phthafic acid and monomet!~y! phtfx~late as 

urinary metabolites: these metabolitcs could be identified bv GC-MS ot‘ bnt~! cstcrs 
in direct comparison with authenic standards_ Dibuty! phthalate gave a combination 
of urinary metabolites analogous to those discussed above. and which were idetitilied 
in the same manner- Di-fr-octyf phthafate, in addition to mctabolitcs having methyl 
ketone and secondary and primary alcohol !-unctions_ provided ;I homola~ous series 
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of arinar_v metabolites *“’ having the- structure 

\vhcrc II vtiricd fr0m 1 to 7_ After esterification \vith diazonxthane, GC--MS nicth:me 
Cl spectra revcalcd an interesting pattern of stabilities relative to the value of/l in the 
structure sho\vn above. This pattern is summarized in Table 12 

R r = nz/e I 15 ~vas most conspicuous. with R = IIZ/L’ 101 and 129 also vcr) 
prominent. These frtlylents msy be stabifized by rin, 0 formations, in which cm2 rings 
with II == 3_ 1 and 5 are thought to be stable112, e.g.: 

The tcndcncy to cfiminatc the nietflosy group is greatest for II =- f and JI 2:: 7. 
dipping smoothfy to\\-ards ;i zero tendency for II = 3 and II == 4. The (M -3 I ) .. ion is 
co~nmonly the base peak for methyl esters of aromatic acids*l”. but ordinarily one 

csptxts a decreasin g tendrncv to an (iM-3 1 ) - fragment to correlate \vith an increasing 
tcndenc~ to produce an ion in the molccufar rqion. As sflo\vn in Table 12, both 
(Xl -I- I ). and (M -3 1) - ions decrease in relative abundance \vith :t minimtm at II == 3 
and 4. It‘ tfle cstcr carbos_\ll groups normaff_\- accept a proton in forming the quasi- 
molecular (IM -- 1 j + ion. rhr abo\-c considerations susgest a vapor-phase interxxion 
!xt\vax :nct!w.~yf ttnd c:trbosyl groups that is nx.tsimttl ;tt II = 3 or 4. Such an inrer- 
action. if it also occurs in solution, \voufd intluencr molecular confornintions and 

nlight be rspccred ta bs rsvded in etl-ccrs on rates of carabolism. enzyme spcci- 
licilics. etc.. although there has been no investigation along these fines as yet. 

KELhTIVE ABUXI>AKCE OF DIAGSOSTIC FRXGirIENTS IN hlETli.r\NE-SUI~I’oliTEI‘) 
CI XI.-\SS SI’EC-TRX OF SOME PHTHALXTE DERI\‘XTI\‘ES 

COOCl-$ 

cH,coocI f:: 72 I 55 7 

ICH,),COOCH, s7 15 -I 1 
(CH,),COOCH, 101 ‘)S 0 Ti -__ 
(CH,),COOCH, 115 I(H) 0 2-s 
tCHz),COOCH, I 19 S6.5 I h 
(CHl),COOCH, Ii3 67.5 11 15 
(CH,),COOCH, 157 79 15 1’ 
-.___. .._~ -.--_. ._ __ ._ 
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fractions previously obtained by prcparativc TLC_ U ‘e have gxx3-rdl_v fow:d tht 

prelirnintwy TLC, separatin g goups Of cornpounds on the basis of dilkrencc in 

polarity. almost always permits subsequent GLC resolution on the basis ofvola:ilit_\; 
or n~olecular wcigi~t. This allows one to use non-polar, highly stable GLC liquid 
phases for almost all types of GC-MS investi~itions. 

The major fragmentstion of the ulost concentrated impurities in conmwrcir~l 
pipfronyl butoside are summarized in Fig_ 25. The fragmentation sequence sh~mvr:. 

\ 
\v;Is conhrmed by the metastable ions tndicated in the tigurc. observable in this c;lsr‘ 
because the spectra were obtained using 3 sector instrument Lvithout conipL:tcrizcd 
c!ata hrtndling. Basically, the ~anw fragmentation pattern was observed Ihr coIff- 

pounds in whicfl the nwrhylenediosy ring 1~;:s replaced by 1lt-o nxthos~l groups. cscil;.t 
tht the correspondin g ion fraynents \vcrc shifted I6 nmss uI:its higher in the spectrrr. 

The group dcsignatcd as R in Fig. 15 could oiien be deduced iiom its n~olemlar 

In this short section: no attempt kvill lx nxidc to discus?; the broad m:cI i.::ria: 
illT:IS Of drugs ilIld specific t~xxf addirivcs. On tllc cnntrary. the discussion \viil lx 
liniited to vcrv sptxitic csmnples in rliese ;ll‘c”as in order to illus;rate the li!:lit2tioIis 
:mcl the need I’m- the use ot- MS prior to and duriug biological iii* .L’s~ig:tticlI;s_ For ti:c 
rmcfcr \Ylli> 1113~ be conccrncd \vitli spccitic lleilltll ll:lZlrdS :5scci:itcd \vitli tlx x_cc- 
iitivc csposurc to con~nlon drug-s. pllilrnl~lccUtic~llS Ltiltl niedicaI;ts of animal hxis. 
~nc is rcfcrrcd to rcctnt reviews b\- Fishhcin and Flamn~*~* -Izz5_ i\py;licaIionS ofGC and 

GC-MS to the invcstigarion of drug metabolism arc too nunxxt:m to discus;?; \:.ithin 
the scope of this presentation. A recent rcprcsentative sourcc 01‘ rlie uIi!iz:ilion of‘ 
GC-MS in clinicill and thrensic chemistry, in idenriticnrion c>f drugs in h:ciy i1uid.s 
:tild in tosicalogical problems nmv be ~I~LIIIJ in the book by Mci--:i&!m:~-~_ 

To the chemist \vho is c&erned \vith the scqucuce ~I‘cvcn~s that hikes phcc 

OIUX :I compound has entered ;I biologictlf test svstem_ the n:c51 imporranr cansidcr- 
ation prior to initiation of the esperinirnt is the clicmict:.l puriiv of the cnmpoumi to 

be studied. AS has been discussed earlier fw- other cn\-iro~;~~;c!~taf ag.mts \vhich n:a> 

c0IltiliIl contaniiniints, the utilization of an inipim ci>lnl;.oui?d liw nictabolic. !o.xic- 

ological or other tvpcs 0fbiologic~Il testing does not assist i:i obtaining the clarilic::hn 

needed on tile specitic compound. The use ofcontttmirrstt~i cumpounds furrier conl- 

plicatcs the interprixition of the biologica! dLLli1. ScIne csaniplcs of viirioi!s types 01‘ 

conttiniin;Ints include: (a) isonwric PCBsr (1~) the diorins in chlorinatecf p!lrnoisr 

(C) pfilfralates; and (d) Jrugs such as Stafinon \vliich conttliil t!:e xtivc ci~I?ipi~IlcIltS 

dicth~ltin diiodide and linoleic acid. Stalim~n coctained as impurities iilc mono- 

ethxltin and the verv toxic triethvltin iadides. and in an investigation of a scrics of 

poiscxlin~~s124_ it was coucluded tlk the triethxitin \v;ls the tosic contilnlin;lnt \\hicf? Z 
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resulted in the death of about 100 persons and in other att‘ected patients resulted in 
the production of neurological symptoms. 

A vet-y ditflcult class of compounds for the anttlytical and synthetic chemist to 
evaluate is ;1 family of drugs used to treat schistosomktsis (snail fever)*““. The struc- 
tures ofsome ofthe compounds are described in Fig. 26. Schistosomiasis”” is endemic 
in 72 countries or islands with a total population of about I.3 billion_ Moreover, 
schistosotniasis imposes a severe economic burden due to the cost of medical care, 
time lost from stinful occupation and compensation for illness. In Egypt and Africa 
alone_ the economic loss exceeds one billion U-S. dollars annually because of this 
parasitic disease. 

2 HN_(CH,l,-N-K,HJ, 0 HN-fCY&-N-:C,H,& 

-CH,SO,H a -CH,SO,H 

dH,0~ 
t_ucanth.x&Aethane Sutfonote Hyccnthone-MethoneSulfoncre 

N-N-‘CH2$-N-KrH5)2 “-N.‘CY!r-“-‘CrHls’z 

,t@& XH,SO,H 
. 

CH, CH,OH 

Compaufid I Compound II 

I”-N-‘CH2’~-“‘CZH~‘* N - N-(CH&-“-“2H5j2 

cm CH,SO,H @& 

b-!, CH,OH 

Compound IZ Compound ET 

It has been repot-ted*=‘-l::“ LIiXt Miracil D (Iucanthonc) :tiTJ hyc;tntflotx h;tvc 
been found 10 be mutagenic in Drosophila and in nmnn~alian cells and induce Icsions 
and chromatid breaks in human leukocytes. Since the first report b- tI:trtm:tn CI uI_“‘~ 
of the tnutrtgenecit_v of hxcanthone in Salmonella. additional evidcncr has bsen accu- 
mulated concerning the tosic side-elkcts of this drug_ its hcp;tt~~t~~sicit~“‘L-“~_ and its 
carcinogenicit+” _ tn Sc-itisrvsonra ilrrritsorri-int-acted micC 

To the biologist- the problem is rhe potential health hazard produced by es- 
posure of a large segment of human population to :t mass-produced singly injwtable 
drug which has some of the above undesirable side-ctkcts. The medicinal chemist 
then becomes involved with this problem area in order to produce structure modi- 
fications of the hycanthone molecule in an attempt to dissoci:tte its schistosomicid~ti 
and its host-tosicity properties - _ te’x The task of the atxtlvtical chemist in this at-txt is 
concerned with the development of methods for analysis of purity and the dewction 
of possible metabolitcs in biolo$al systems. 

It is most important to ttnaiyze the compound in the s;lmc chrmical form as 
it enters the biological system. \Vith rhc hycanthonc analogs (Fig. 26). which hope- 
fulIy would have less undesirable side-effects than the hycsnthone, it is vet-y difiicrtlt 
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to analyze these compounds in their szrlt form. As will be seen later, one may analyze 
these compounds by reversed-phase liquid-liquid chromatography. On the contrary, 
in order to analyze these analogs by GC and GC-IMS, one must first convert the 
salt into the free base, which would be organic extractable- The free base was then 
analyzed by GC and GC-MS. These highly polyfunctional compounds are very polar 
and very non-volatile_ One could derivatize the polar groups by silylation to convert 
the alcohol into the ether, but this additional process would remove the analysis still 
another step from the actual state in which the compound enters the biological system. 
Trace contaminants which may or may not react during the derivatization would 
become further obscured, even to the stage of non-detectability. 

Therefore, with this set of compounds (Fig. X6), the organic extract which 
contained the free base was analyzed by TLC, GC and GC-MS. Because of the high 

degree of polarity and low volatility, the operational temperature of the GC system 
is near its maximum limit (about 300’). With this class of compound. if one operates 
the GC initially at too high a temperature (270-3003, one observes maximum decom- 
position with very little ditkentiation in components_ By programming the temper- 
ature from below 200’ to X30’, one obtains minimal thermal decomposition. The only 
indnzole analogs that could be analyzed by GC or GC-MS were compounds I and I11 I 
all other analogs were too non-volatile to be eluted, even after mainknin~ thr GC 
column temperature at 300’ for long periods_ 

Specitically \vith compound III_ ~1 very trace contaminant was detected_ The 
same chromatographabIr component with comparable retention time and spectra was 
also present in compound I. As can be seen from Fig. 27, even at the temperature 
limit of the GC system. these compounds do not produce a satisfactory GC chro- 
matogram_ The GC peak width under these specitic conditions for compound III 
\~a?; almost 3 min in comparison with the GC peak width ofcompound I (over S min). 
In this instance_ the contaminant with a pexk \\-idth ofxbout 30 set can be much more 
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satisfactorily analyzed than the major component by GC-MS. Similar contaminants 
which were described for compounds I and 111 with a retention time of about 4 min 
(Fig. 27) were also detectable in compounds II and IV. Because of the undesirable 
chromatographic behavior of these compounds on GC-MS, the material was analyzed 
by direct probe. Partial spectra of the hycanthone analog and this contaminant 
are given in Table 13. Even using the direct probe Cl system, one may detect and 
differentiate the presences of the contaminant of compound III, as illustrated in 
Fig. 28. Careful control of the probe temperature enables one to remove the con- 
taminant from the major component. 

A common characteristic of all of the spectra of the hycanthone analogs 
(Fig. 26) is the base peak w/e of 86, derived by cleavage of the methylenediethylamino 
side-chain. In the El mass spectra of these hiphly polyfunctional compounds. the 
ion in the molecular region was very weak (.-I I “,,I or, in some inslanccs, not 
detectable. As shown in Table 13, the Cl spectra have very abundant (ZO-loo”,,) 
quasi-molecular ions and the appropriate wcombination fragments. The contaminant 
which was characterized by GC-MS and exlier detected by hiSh-pressure liquid 
chromatography has a molecular ion at 111 ‘c 253 with a base peak of w ‘c 9 I _ This trace 
contaminant does not ha\-c the eth~lenec!~cth~lar~~inc-, side-chain common to the ana- 
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Fig. 2’s. Reconstructed chromntogram of total ion monitor for hyxnthonc indazok rtnalog 111, 
dircyt probe Cl. isoburnne. A. Total ion monitor response. B. Limited mass search, mjr 1%. C, 
Limited nmss search, m!r 3X. 

Fig. %I_ Chromatogr.lms of the :til;tI~ses of bymnthonc analogs by high-pressure rcwr.scd-phtls~ 
liquid-liquid chromatography usiL., -61 Bondlpak C,,jCorz.il as the stationary phase and acctonitrilc- 
ethanol (-%:I) as the mohilc phdsr. instrument: Waters Ass_ ALC ZoO,i-lOl dual detector liquid 
chronxttograph equipped with an M~6000 solvent delivery s_vsteni. Flow-rate. 0.5 tit1.~ntiit; Co1lIlllll. 

4 ft. :: Z mm: sample load. 0.4-0.5 mg. A, Cmnpound 111. B. Hyxnthonr. Detectors: UV : ulira- 

violet. 351 nm: RI = diffrrenthl refractometer. 
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fogs_ Anztfysis of the intact salt form of these hycanthone indazofe anafogs indicated 
that all of these compounds contained ;L trace impuriry, as described in Fig. 29. 
Because of the complexity of this family of compounds, the analytical cflemist must 
rely not only on GC and GC-MS. but also on many other techniques in order to 
evaluate the chemical purity of these materials in the cflemicaf forms in which they 
may be used. Analyses of these derivkises in the salt form by reversed-phase liquid- 
liquid chromatography. later followed by analysis ofthe free base by GC and GC-MS 
techniques_ were necessary f-or determining the presence and tfle chemical identity of 
the impurity. 

To the more biologically oriented chemist. another very important need for 
structural verification is concerned with the identification of a radioactive component 
\vhich has been isolated from the biolo$caI system durin, - metabolic inwstigation. 
Chromatographic techniques (TLC. liquid chromatogaphy and GLC) assist in the 
initial determination of- chemicrlf characteristics_ Many times, as described for the 

i4C-fabefed TCDD_ the fabefcd compound has sfigf~tfy diff-erent cflromato~raphic 
properties dependent upon: (~1) the degree of radiolabel present in the molecule: 
(b) the presence of natural contaminantsr or (c) the etKxts caused by “~~~erluading~‘. 

Chromatographic data concerning the characteristics of tfle labeled component iso- 
lated from the biological s_vstems in comparison \vith the labeled compound rhat 1~3s 
administered fo thesystem a-e indicative, but not conclusive. of the cf~cmiml idcntit_\ 
of the compound or its rnctabolite. Bring :tbIe to ditkentiatc the real met:lbolite 
from the nrtef-act is not af\vays ns simple as one might rspr-ct. 

For another sprcitic esampfr, consider the metaboIism of [“C]sxccharin. 
Results ofadministration ofa representative dose of[‘~C]s:~cCfiarili to the rat indicated 
that the labeled compound \v;ls rapidly removed from tht * ~:istroiIitestinaf Ccict. ti-om 
the blood and from rhc tissues and ~KLS rscreted prkmarily in 111s urine’Z’_ Analysis 
of-the urine for the radiofabeled compound by a chromato~rr~phic technique (TLC) 
and radiography indicated the labeled compound escreted in the urine did not have 
esrtctf_v the same chromatosraphic properties ~1s those of the [L’C]s;tccI~arin \vhich 
1~s administered- Several artefkts \vere present in the thin-layer chromato~ram of 
the urine becatke of the interaction of normal contaminants \vith the unchanged 
[lfCJsaccharin_ These normtif urinary constituents :ttfected the mobifit~- of the sac- 
charin in the chromatographic system. Only after comparative :malysis ot‘thc labeled 
compound which was administered to the rat with the labeled urinary component 
which uxs csecuted by the use of GC-MS could OIK conclude that the [l’CJsaccf~arin 
remained unchanged in the biofogicrtf test system upon excretion in the urine. III 

mixtures of more polar compounds_ such as those containing amino- or hydros~l- 
groups or combinations ofrhem. the tendency for interference with chromatoprtlpfiic 
properties by normal substituents- especially in the urine tend fixes_ :u-e \w-v wat. - -_ 
The more rigidly one charrtcterizss a component isolated from ;I biological system_ 
the more reliably wiII one be able to di&xentiate the biological xtefacts lion1 the 
true metabofites_ It is just as important to be able to recosnize the normal conrami- 
mtnts from urine_ fetes or tissues as it is to determine the chemical structure of the 
metabolic component formed in t!le test system_ 

f rj Or~~~~ilom~~t~~liic-s (N~et/~~if~I~r~iirl.) 
In rhe course of anafyzin, 6~ tissues for methxfmercury, we observed tIltit the 
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material eluting from a gas chromatograph durin, n registration of the somewhat tailing 
peak assigned to methylmercury chloride”‘” could be trapped in a chilled glass capil- 
lary for further examination_ Upon re-injection into the gas chromatograph. this 
component gave a peak at the same position as standard methylmercury chloride. 
but no loner eshibited conspicuous tailing. Untkrtunately. attempted GC-MS using 
GLC coIun~ns*~~ traditional for methylmercury analysis gave spectra predominantly 
of column bleed. The material trapped from preparative GLC was t4>4> volatile for 
the sample handling necessary with the direct probe inlet. 

At about that time. Bauglmxm cz d_l”‘g published observations on the GC-MS 
ofor~unomercnr~ compounds. Although they identified the material eluting from the 
gas chromatogrrtph when various methylmercury halides were injected_ and could 
account for the peak “tail” as involving the elution of methylmercury halides other 
than the 4xie injected (eschsnge products)_ it \X~S still not obvious \vhy re-injection of 
the trapped component from prrpartitive GLC did not result in another tailing peak. 
This phenomenon remains unexplained. As concluded b_v other reports’““-““. icmicr 
methylmercury compoun4is. and especially phenglmercury compounds, decompose 
:inri undergn eschange reactions in the g; _ 1s chromatograph to the estent that GLC is 
n4x ;t ver>- suitable method f4w the analysis of these compounds. even after pre-treat- 
ment of the column. Other chromato~raphic and biological aspects of organic and 
inorganic mercury compomids have been discussed in depth in recent reviewslJ+-l-l”_ 

! h/ X~~rwirl ~w0~irrcv L~I vii-ommwrul ~~~cnr_s 

(if i-@ids 

iI~.r/~-oc-lr,-/lni~~s_ Aliphatic hydrocarbons have been an environmental concern 
tiw many years. because of their association \vith follicular lipid4xis1-11-‘A2_ lipoid 
p~ir’~~iiic~~ii;i’~*“-“’ ; 1n4i possible artlleroscler4~sis1.~~-1-“~_ Some aliphatic hydrocarbons 
have sh4nv11 co-carcinogenic propcrtics \vith fused-ring aromatics”‘;-I.*~ and. m4xt re- 
cently. the saturated isoprenoid h_\drocarbon pristane has been found t4) have as yet 
uncsplained adverse etlkcts on the immunogenic responses of the r;ttl-‘!‘_ Paraftinic 
ad isoprenoid hydrocarbons are both natural constituents ofthe diet and augmented 
by mineral 4)il “food additives”. L -md their accumulation in animal tissues is facilitated 
by esposure to common pesticidal synergists such as piperonyl butoside*5”. Although 
the met:~bolism of straight-chain hydrocarbons is becomin, t* underst4x~d151, little or 
nothins is kno\\n about the mammalian metabolism of cyclic or branched hydro- 
carbons. 

Ret‘surn‘s disease is one of the genetic lipidoses associated \vith inability to 
tc-asidizs phytanic acid (3_7_ I I_ 15-tetrameth_vIhesr~decanoic acid) derived from dietar_\ 
ph~t4~11”-1”:‘, resultin, ~3 in xcumulation of isoprenoid fatty acids in various tissues 
including the brain’“-*_ If the hydrocarbon analogue of phytanic acid, phytane. were 
mrtabalicall~ osidizcd to phytanic acid (by analog_v \vith the metabolic fats ofnormrtl 
pnrattins). the further breakdown of the molecule could b e accounted for by kno\\n 
P;Lth\\.;l.S’.~.~-,~~_ 

Our attempts to study the met:tbolism ofisoprenoid hydrocarbons in rats have 
involved GC-MS in the identification of various metabolites and in the search for 
various potential metabolites. The GC properties of isoprenoid fatty acids have been 
discussed bv Ackm-m*“~-*5?’ ‘ and by Ackman and Hansen*‘“‘_ As the phytane used in 
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Fiz_ 3 GC-Cl-MS methane spectrum of pristan-1-d. 
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our studies wx derived synthetically from [U-WZ]phytol, it would have had the 
potential of beins nietabolizcd to 9 misture of ditistcreoisomrrs of phytanic and 
pristanic acids. and the ismncrs arc also separable by GLC”“‘. 

Among the published mm spectra possibly rclcvmt to this problcn~ arc the 
electron impact mass spectra of pristanc’G1-1’P2 and pll_vtane~‘z. nwthyl prist;tn;ltcl’i:*. 
and a range of other multi-bmnclicd fatty acid methyl esters and their hydrosylated 
iiicttlbolites’““-‘“” _ Althou$l CI-MS has been applied to the study of hydroCrirbonsl’i’, 
no published applications to the study of isoprenoid structures have appeared as xet. 

Although it was apparent on GLC that phytanic acid did not accumulate in 
rat liver or brain lipids after phytanc esposure_ the absence of pristanic acid was not 
certain. The methane CI spectrum of methyl pristanstc is shown in Fig. 30. Limited 
mass searches of GC-Cl-MS analyses of rat liver and brain t%tty acids as methyl 

esters \verc made. but no component liavin, (7 the predominant frz~gnwnts nz:e of 3 13 
and SS \vcre present_ Esamination of the spectra collcctcd at the clution time of 
methyl pristanatc t:iiled to shmv the ion of mje 3 13. This indicated that pristanic xid 
also did not accumulate \vhen rats were fed phytanc. 

The only lipid material that could bc sho\vn to be a nwtabnlite of phytanc in 
rats (other than lipids derived from [‘.8C]rlcctatc labeled from [llC]phytanr) \v;ls found 
by chemical means to be an aIcohol_ 

Reduction of the mcsylatc \vith lithium t~luminum hydride slvc phytmc- in- 

dicating rhat the C2,, skeleton NW intact (this \vas later confirmed by double W/‘-K 
labcline csperirnents). The problem was to locate the hydrosyl goup on the chain. 
Methane Cl spectra ofphytol. dihydrophytol and pristan-l-o1 are shcnvn in Fiss. 3 1. 
32 and 33. respectively. \vhilc the correspondin, ‘* spectrum of the phytanr nirtabolitc 
appears in FiS. 33. Unlike the standards_ rhc unknown sho~ss a base peak at mj~a 59 
and ;L fairly abundant peak at mje 2s 1 (kl - 17) .-_ These spectra s;LqgCst that the 
hydrosyl goup is nwre easily climinatcd in the unknown than in dihydrophytol. yet 

is associated \vith an easily cleaved C, unit. 
The 20-cV El spectra for the trimethylsilyl ethers of phytan-l-o1 (dihydro- 

ph~tol), phytrtn-24. phytan-3-01. phytol and pristan-l-o1 are sho\vn in Figs. 35;. 36. 
37, 38 and 39, respectively. and for the trimethylsilyl ether of the ph>tane mcttlbolire 
in Fig. 40. The spectra all show major frsgncntation at m/c 73 and 75 derived from 
the trimcthylsilyl moiety. The location of the hydroryl groups can be readily deduced 
from the base peak in the sprctra, as the favored cleavage appears to hc :ts indicated 
in Fig_41. 
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Fig. 3% GC-E&MS 10 eV spectrum of dihyirophytol-TMS. 
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Fig. 36. GC-El-MS 20 eV spraztrum of phytan-lol-TMS. 

Fig. 37_ GC-ELMS 20 eV spectrum of phytnn-3-ol-This. 

Fig_ 3S_ GC-CI-MS 20 eV spectrum of phytol-TMS. 
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Fig_ j9_ GC-Et-MS 70 eV spectrum of p&an-1-ol-TMS. 

Fig_ 40. GC-Et-MS 20 eV spetrum of phyttme metrtbolitc-TMS_ 

(a) Dristan-l-01. TMS (b) Phytzn-1-01, TNS 

a = 103 AHU = base peak a = 89 AMU = 44: 
b = 131 AMU = Absent b = 103 AMU = 58” 

b a e 

CH*-OTHS 

CH, 
(c) Phytol. Tr.S 

a = 103 A#U = base peak 
b = 143 AiW = 4SI 

(d) Phytan-2-(19)-ol. TNS 

a = 117 AHU = base peak 

a 

OTNS 

te) Phytan-3-(la)-ol. Tt.!S 

a = 143 AnU = base peak 

Fig.‘41_ Favored cleav;lge of trimcthylsilyl (TMS) derivatives of isoprenoid alcohols ;it 20 eV_ 
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The base peak at i?zje 131 in the spectrum of the trimethylsilyl derivative of the 
phgtane metabolitt (Fig_ 40) eliminates all three of the “phytan-s-ol” derivatives 
tested (Figs_ 33-39) and suggests that the osidation did not originally occur at the 

mztrisu-end of the phytane molecule_ However. if the hydrosyl group was located on 

one of the former methyl groups of the iso-end of the phytane molecule, the base 
peak should have been at in/e 103_ because the cleavage “b” (Fig. 4 t) apparently does 
not occur in this type of structure_ 

CH, 
! 

The structure most consistant with the above observations is R-C-OH. which 

CH:, 
should split out Hi0 very easily_ eliminate an IU!/L~ 59 fragment fairly easily. and pro- 
vide a TMS ether yielding a base peak at nz/ca 131. This postulated structure of the 
metabolite remains to be confirmed by organic synthesis_ In passing, both Cl and El 
spectra of acetates and methyl ethers were obtained for the unknolvn and standard 
atcohols. No useful information was obtained from these spectra, as the substitucnt 
group was simpty eliminated, yielding alkene spectra. 

Another type of hydrocarbon ubiquitous in the environment is the group of 
polycyclic aromatics. Polycyclic aromatic hydrocarbons are probably the most abun- 
dant compounds found during analysis for air pollutrmts. Because of the complesity 

of thr number and types of thes r‘ hydroczlrbons in air sampkx, gas chromatography 

alone as an ~tnalytical technique is very limited in its degree of usefulness in this area. 
Because of the carcinogenic and co-carcinogenic properties of some of the polycxclic 
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aromatic hydrotarbons which arc pyrolysis products of fuels such as coal and petro- 
leum. monitoring for these compounds as air-borne pollutants becomes very necessary 
in order to minimize human health problems associated with them. 

A large volume of information is available concerning particulate polycyclic 
hydrocarbons’“” and the carcinogenic properties of these air pollutants. Within the 
scope of this review, one may refer to recent reports concerning the use of GC-MS 
in the analyses of polycyclic aromatic hydrocarbons in air samples’““-*““_ 

Correlation of chemical structure and physical properties with biological ac- 
tivity is very advantageous to the chemist, especially in the case of the polynuclear 
aromatics and their carcinogenic properties _ !n this respect. we carried out the malysis 
of some verv interesting methyl substituted anthracenes *‘x in order to clarify the 
chemical structures and explore the possible presence of products of side-reactions 
during the synthesis_ Fig. 42 represents the GC-MS malysis of svnthetic 1_4,5.9- 
tetrttmetfi_vlttiitlirscene_ The major component (Fig. 42) \vith :I retention time of 3;-4 
min is I ,4,5_9-tetrttmetli~ianrhrtlcene with a molecular ion at m/e 234 and a base peak 
:tt m/c 219 with less abund:tnt IJZ!P 203. 189_ I17 and 102 ions (Fig. 43). In contrast 
to paratiins and unsaturated hydrocarbons. these anthracene derivatives in GC- 
methane CI-MS form very abundant (M i 1) - quasi-molecular ions with detectable 
(M f CH,) + and (M -i- C,H.) ‘- recombination fragments. As reported earlierl’x, II- 
paraffins and isopar;tffins in methane Cl-MS produce very intense (M - 1) 7 ions 
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Fig_ &L Mass spectrum of synthetic contaminant of 
70 CL’}. 

1.1.5.~-tetrameti~~l~nthrriccnc (GC-ELiUS. 

without the production of the recombination fragments [(M -L- C,H,)-‘. etc.]. As can 
be seen from the CI spectrum, this methyl-substituted anthracene readily undergoes 
adduct ion-molecute reaction with ions from methane to produce the recombination 
fragments similar to those described for esters”’ and more polar oxygenated com- 
pounds_ 

The earlier eluting confaminant of 1_4.5.9-tetrwnethylanthrz~~ene (Fig. 42) 
with a retention time of 2-Z: min has a molecular ion at JJI.!P 266 lvith a base peak 
o~JJz,!~- 223 (Fis_ 44). The pentamethyIttnthr~tcene’6” also contained a simiktr impurity 
which eluted before the parent hydrocarbon. This impuriry of the fewa- and penta- 
n~ethylanthracrnes is an oxygenated compound which contains no reactive hydrosyl 
groups. This trace component (Fig. 42) produced durin, 11 the reaction and/or storage 
is probabty the endoperoside of 1.4.5., o-tetrameth~lanthraccne. which is similar to 
photoosidrttion products reported for other Iiieth~l;lnthr~cenesli“.*i*_ The elution se- 
quence of the endoperoside before the parent hydrocarbon may be esplained by the 
low degree of interaction of the osygentrted species \vith the GC phase in comparison 
with that of the hydrocarbon_ 

In the case of the substituted metli~lanthrrtcene, the EI spectra are much more 
informative abour the chemical structure than axe the few fragments ofthe CI spectra. 
On the contrary_ the CI spectra give I~LIC~I needed insight into the chemictd reactivity 
and into the ability ofthese poIycyclic aromatic hydrocarbons to undergo electrophic 
addition reactions_ 

Prosfughtfim_ The investigation of prostaglandins as possible hazardous en- 
Gronmental agents stems from at least two considerations. Firstly, because of the 
extreme potency and diverse effects1y2 produced by minute amounts of Girious 
prostaglandins on bioIogica1 systems, the evaiuation ;ts to whether esozenous prosta- 
*xlandins either relative to ingestion or to topical and medicinal esposure should be Z 
considered environmental factors must be claritied. Secondly, one must drrerminc 
whether endogenous prostaghmdins play a significant role in the response of man and 
biological test systems to common envkonmentai poliurants. 

Prost~gIandinsl;‘-l~” of the E type have been reported to be potent bronchial 
dilators_ while those of the F type are potent constrictors_ Both classes of prosta- 
glandins have been implicated in inflammatory responses_ 
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This laboratory. during the past 5 years, has investigated prostaglandins from 
the standpoint of: (3) development of analytical techniques for analysis of prosta- 
glandins in biological systems, with emphasis on GC and GC-MS: (b) evaluation of 
common consumable food sources for the presence of prostaglandins and “prosta- 
glandin-like--compounds which may enter the human system by way ofthe food chain: 
and (c) identification of metabolites from the biosynthesis and degradation of endo- 
genous prostaglandins as affected by normal air pollutants. 

Research into prostaglandins has increased rapidly since the early 1960s. us 
shown by the increasing size of the Upjohn bibliography*ii and the initiation of ;L 
journal in 1972 entitled. and dedicated solely to, Pt-ostct~lrttt~litts~i~_ 

The use of GC and GC-MS for the analysis and elucidation of the structure 
of prostaglandins is almost as numerous as the bibliography r*= in this area. In most 
instances, the specific derivative of the prostaglandin analogue has been analyzed by 
GC-El-MS_ Some of these derivatives exhibit a very low or non-existent abundance 
of ions in the molecular regionlY’j-*T!‘, even at reduced electron voltages ( IO-20 eV). 
Earlier reports from this laboratory described the GC characteristics’“” of various 
prosta$andin derivatives and the use of GC-Cl-MS ‘a for the structural identification 
of the intact prostaglandin molecule_ 

Because of the high degree of pol_vfunctionalit_v of the various prostaglandins 
and their metabolites. care must be esercised in choosing the specific type ofderivative 
for structural identification purposes in order to rninimize the chemical and thermal 
lability of these biologically active lipids. As reported earlier for the tritluoroacetate 
derivative of PGF,,,, the major chron~atogr~~pl~able product is the methyl ester “di”- 
triililoro3cetate*s1 tvitli 3 molecultir weight of nzIf> 542. In the presence of tr;ice 
amounts of acid. PGF2,1 tends to form eliminationz products_ Table I4 illustrates the 

TABLE II 

METHt\NE CHEMICAL IONIZATION MASS SPECTRA OF THE METHYL ESTER TRIME- 
THYLSILYL ETHER DERIVATIVES OF PROSTXGLANDIN PGF,., (n1’~*5Sh) AND PCiF=., 
(0x: L. 5S-I) 
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desirable characteristics of methane CI-MS for the analysis of the methyl ester tri- 
methylsiIy1 ether derivatives of PGF,,, and PGFi,z_ In comparison with electron im- 

pact spectra even at low electron energies Is’_ in GC-Cl-MS for these prostaglandins 
the sample requirements are less than that at IO-20 eV and the CI spectra have :I 
greater abundance of ions in the molecular region and including the rrcombintttion 
frxsment_ The high-muss ions in the CI spectra are much more easily detected than 
in EI. Fis. 45 represents the CI mass spectra of ;L product of the microsomal bio- 
synthesis of prostaglandins _ *.sz These biological iIl\.t‘sti~-iltions’~~-*~~ art‘ concerned 
wi-irh the rtticts of common atmospheric contamin:mts on the biologktl nwchanisn:s 
of the lung as mediated by prostnglandins. 

AS \viII be discussed later for othsr compounds. with reference to the use 01~ 
GC-CI-MS for the quantitative anal_vsis of prostaglandins. CI mass fragmento~raph_\~pli~ 
(refs. 181 and 185) has been used very advantageously to increase the detection limits 
of the methyl ister trimethyklyl ether derivative of PCF,,, below X0 pg_ T!le limits 
of detection and identification of prostaglandin derivatives by GC-CI-MS in both 
the specific ion monitoring and scanning modes are controlled mainly by the chemical 
and thermal Iabilitx of these lipids in the chromatographic sgtem. 

As discussed earlier, another rcason for the rwluation of prost:&mdins ~1s 
possibk environmental problems is concerned with the possible consumption of 
“prostzlglandin-like-” compounds through the food chain. During the discussion of 
this phase of investigations, the reader will note the Iimittttion of chromatogctphic 
data when used alone. 

GC-MS studies were involved in the identification of a compound isolated 
from wheat bran which initiaily \vas suspected on the basis ofchromatographic prop- 
erties to be di-nor-?GF2,1_ The compound co-chromzttographed with PGF?, on TLC 
plates in two solvent systems, and its methyl ester co-chromzttographed during TLC 
with methyl-PGF2,1_ The methyl ester trimethylsilyl ether co-chromatographed with 
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TABLE 15 

70-eV MASS SPECTRUM OF ACETYLATED METHYL ESTER OF THE FATTY ACID 
ISOLATED FROM WHEAT BRAN 

the correspondins derivative of&-nor-PC F,,, durin= 0 GLC on ‘cvclohextne dimethanol 
S~tcci”;tte1”“_151i_ 

Identification of the bran acid eventually required the employment of 1 R, 
NM R and UV spectroscopy, MS. and a variety of chemical deg:td:ttionslsi_ The 
ilcetylated methyl ester of the bran acid (5.S. 12-trihgdros_v-rj-rrrrs-9-octadccsnoic 
iicidls;) gitve tt 70-eV El nlitss spectrum clettrlv incompatible with it prostaglandin 
structure’S”_ This was the first indication that we \vere not dealins with di-nor-PGF..,l. 

The mass spectrum of the ttcetylated methyl ester of the wheat bran acid is 
summsrized in Table 15. A scheme outlining the possible origin of the major even-m/e 
ion fragments K is given in Fig 46. Other dittgnosticitil~ useful fragments were those 
at m/e 439 (M - 3 I ). 411 (M --59): 35 1 (M -[59 -L 601). 277 (M -173 -+ 2 x 601). 
350 (M - 2 :-: 60) and 290 (M -3 Y 60). confirming the presence of the three acetosy 
groups ilud the methyl ester group_ In this case. III/L’ =- 74 \vits nearly absent_ possibl? 
because of the substitution on C., interfering with transfer of the ~-llydrogen1s3. 
Metastabie ions_ indicated by *( )_ assisted in the development of the fragmentation 
scheme, as shown in Fig. 46_ 

Orlzer- li~ds. An important are:1 which has been only briefly mentioned but 
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which is very important durin, u the isolation, characterization and identification of 
lipid soluble environmental agents. is concerned with one’s ability to be able to 
differentiate in this case the normal lipids of the cell from the lipid-soluble agent 
under investigation_ In the case of lipid-soluble environmental agents such as chlorin- 
ated pesticides which may be Iocalized in the fat depot of the body, the lipids, including 
hydrocarbons. Pdtty acid esters, steroid derivatives and even the very polar con~ples 
lipids, would be normal contaminants from the biological s_vstem_ In this review we 
do not discuss the use of GC and GC-MS in the broad field of lipids: the reader may 
refer to numerous other articles available on this topic’““-‘!‘“_ In order to minimize 
and/or eliminate these interfering lipids. tx haustive metlns, including chemical, chro- 
mtltogmphic and instrumental methods. must be used to assist in differentiation of 
the normal lipids from the lipid-soluble environmentrtl agent and its metabolites. in 
instances where the investigator limits himself to one method and relies solely on 

chromtltogrtlphic techniques to differentiate the natuml contaminant from the lipid 
soluble compomid being investigated_ usual!y many erroneous results may arise. 
leading the investigator to make invalid conclusions concerning the cnvironn~ental 

agent _ 

Substituted allyl- and propenylbenzenes are ;I I‘ttniily of naturally occurring 

environmental agents with which mtn has nlany daily encomiters. These essential oil 
components are present in foods_ food additi\vs and favoring agent. These t\vo classes 
of lipid-soluble compounds have been identified as ntltursl substituents in nutnieg19-!. 
lmxm~s~!‘~. processed tobxco’!“‘. ca-rotsl:‘i_ black ptlppePn_ p;wsley1!‘4. parsnips’!‘!‘. 
c,oves”“‘_ smoked meat products”” and many other natural oils and tlavoring mate- 

rials”“. Ingestion of considrrable mnounts of some of these allyl- and propenyl- 

bcnzmc derivatives products physiological cl~mgcs”‘~-2”~ dependent upon the drus 

-carving from (a) n;Iusea_ (b) cyanosis and (c) drop in blood pressure. to (d) in- 

somnia. (c) height&n g of ego_ (f) inabilitv to c;Irr\’ out intellectual processes and,:or 

even (g) death. The mechanism(s) for the production of these responses are unknow~I_ 

Furthermore. as reported for safrole’““-2”’ and more recently for other iIll~lbrIl_ 
zencs2~‘S-” l_ these allylbenzenes produce tunwrs”“-‘L’ . general tibrosis, nxIss adhesion. 

liver dcwnrration and very abrupt lxrthological changes in espcrimental :iniInals. Z 

CH30 

Invcstipations in this laboratory have been concerned with the psychoactive 

and tumor-initiating properties of the allyl- and propenylbenzene derivatives. This 
research includes: (a) isolation of pure allyl- and proprnylbenzenes from natural 
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sources; (b) synthesis of unlabeled and radiolabeled (“C) components of essential 
oils: (c) development of analytical techniques required for chemical and biological 
investigations in this area; (d) general metabolism of the allyl- and propenylbenzenes 
and (e) correlation ofstructure-activity relationships at the enzyme level of the metab- 
olites with the mechanism of psychoactive responses_ Fig. 47 summarizes some of 
the generally undesirable properties of myristicin and other allylbenzenes. Fig. 48 
represents the chemical structure of some of the essential oil components_ 

OCH, 

XE-Iso Apia1 

OCH, 

Ii0 * 0 
cH=Cn-CH3 /g o 

0 

=f-P+=% 

&H, 

X- Is0 Eugenol 

&ZH, 

SI - Apiol 

C&-CH=CH, Ct-!=CH-CH3 

m- p-AllyI Anisoie XIIZ-p-Propenyl Anisole 

!B - In order to account for the psychoactive responses produced by myristicin and 
other a&l- and propenylbenzenes- it was su,, t*cxested that the substituted benzene 
derivrttives may be converted biologically into amphetamines13J, Beginning with the 
hypothesis that s&role r)r myristicin would be converted into the amphetamines which 
then would be responsible for the psychoactive responses- wc investigated the pro- 
duction of urinary metabolites upon administration of a pure allyl- or propenyl- 
benzene derivative_ Using the “chemical label” of the methylenediosy ring in the ~1st~ 

of safrole nnd myristicin, together with the ninhydrin-positke characteristics o~~amincs 
and amphetamines, theseinvesti@ions indicated that tiny allyl- or propenylbenzene 
\vhich contained a double bond in the side-chain was converted into the ninhgdrin- 
positive basic urinary metzlbolitesz*2 which were not present in confrol urine_ 

The urinary metabolites of ssfrole”” co-chromatographed in the TLC sysrem 
with the X4-methylenediosyamphetamine. As the chemical haracterizaticon pro- 
gessed further, it was found that these urinary metabolites reacted with the carbonyl 
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reagent (2,4-dinitrophenylhydrazine) and that these basic urinary metabolites decom- 
posed very easily to yield ninhydrin-negative carbonyl-containing compoundP”_ 
Detailed characterization of the chernica1 structure of these urinary metabolites of 
safroIe2’” using chromatography. UV, IR and NMR spectroscopy and IMS in direct 
comparison with the synthetic standard indicated that the urinary metabolites were 
not amphetamines but were the more reactive rel-r.-aminopropiophenones”“. Since the 
early identification of the urinary metabolites ofsafrole”:‘. in addition we have found 

that myristicirP”, eugenol”‘g.21a and elemicin”” are also converted biologically into 
the appropriately &s-substituted rert_-aminopropiophenones_ 

As described earlier”“. the basic ninhydrin-positive urinary metabolites of the 
allylbenzenes”‘~_“:‘-“” break down chemically very easily to produce ninhydrin- 

negative (non-nitrogen-containing) carbonyl compounds_ Analyses of these metnb- 
~~litesWS_213-‘Ll~ by GC-MS ivithout prior chemical reduction of the carbonyl group 
\vith sodium borohydride results in almost complete conversion of t!lc fe/-r_-amino- 
propiophenonc into the appropriately substituted all!1 or vinyl ketone2~:1. As has 

t i 
12 10 8 6 4 2 0 

Time (mm) 

Fig. 49. Gas-chromnrcgmms of reduced urinary basic membolites ofsafrole. my&ticin and elcmicin 
(OV-1. FID). A. Ssfrole mrrabolittx, ISO-ISO’ at 5”imin. B. Xl_vristicin mrrabolites. lSO-110’ at 
S’jmin. C. Elemicin metabolites. lSO-210’ at 33:min. k = Allylic kctone: I =T N.N-dimethyl deriva- 
tive: 11 = piperidine drrivnrivs: 111 = pyrrulidine drrivitivc. 
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been shown for the elemicin metabolites by GC-Cl-MS analysis of the unreduced 
metaboliteP”_ very little of the nitrogen metabolite remains chemically intact_ With 
this particular class of nitrogen-containin $ metabolite without prior reduction. the 
compound applied to the chrornatograph is by no meilns the same compound which 
is eluted from the system_ With thermally labile compounds of this nature, care must 
be taken to understand thoroughly their chemical and thermal reactivity before one 
attempts to chromatograph the compound by GLC. 

Fig_ 49 shows the gas chromntograms of the reduced metabolites of safrole. 
myristicin and elenlicin21”. In order to identify structurally these biologically active 
metabolitcs of the allylbenzenes, GC and GC-MS are obligatory. As one considers 
the ring substitution of these metabolites- it is noted that the chemical lability pro- 
gresses with the eugenol metabolites being the most labile of the metrtbolites analvzcd 
by GC and GC-Ms”U’-~lx-~l~_ This chemical lability of the eugcnol metnbolites ii not 

Fig. 50. Gas-chroma 
(OV-I. 150. Tar I m 
of eugw~ol_ B. Pad: 
k = All$c ketone: 

yam of the trimcthylsiI~l derirntivcs of the reducd cugenil merd-wlir~s 
15QISO’- at 5’imin). A. Frtrhly prepared. reduced and sil_vlated mctabolitrs 
hydrolyzed derivatives of the silylated and reduced mrrsbolites of rwgenol. 
= N,N-dimethyl dcrivatiwzr Ii = piperidinr derivative: III == pyrrolidinc 

derivative: ID. 1lD and 1llD ~2 decomposition products of 1. II and 111, respcwtively. 
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onl_v associated with the carbonyl and nitrogen function but is also very dependent 
upon the phenol group on the aromatic ring. 

Fis. 50 illustrates the chemical lability of the eugenol metabolites”-‘. The silyl 
ether derivatives ofthe eugenol metrtbolites hydrolyze very easily to generate multiple 
components for each nietabolite21a_ 

With respect to the metabolic sequences lending to the excretion of these 
urinary nll‘trlbOliteS”““_“J-““, Fig. 51 describes the proposed pathway”‘!‘. To the more 
chemically oriented individual. these mettlbolites issue a challenge to understand the 
chemical mechanism. The most reactive intermediate in this sequence (Fis. 51) is 
the vinyl ketone. Upon osidation of the benzyl carbon of the allylbenzene derivative 
to yield the viny1 ketone2 Ici the ketone will react \vith water. amines. sulfhydryl com- _ 
pounds and many other biologically important compounds to form the appropriate 
alkylated product_ In the case ofnmines, the Mannich bases are t.ornied21S_ Additional 
confirmatory data have also been reported for the i/z \-in> formation of the vinyl ke- 
tones of stifrole”“. 

During the evaluation of reaction conditions for the synthesis of allylbenzenes, 
using procedures similar to those reported ear1ier2*’ _ tor the synthesis of [‘Qnethylene- 
diosy ring-labeled myristicin from [‘JC]iodol~orn~, \ve found that two compounds 
with the Same molecular weight as myristicin of III/~ 192 were present in the reaction 
mixture- Analysis of this isorneric mixture by GC or GC-MS did not difl-erentiate 
these positional isomers_ Both niyristicin isomers had comparable mass spectra with 
the molecular ion of m[c 192 with less abundant m/e 165, 147. 133, I 19, 91, 77 and 
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57 fr:tgmcnts_ One may very easily scpsrttre these t\vo isomers of myristicin by silicic 
acid column ehroniatogrtipliy with clution of the isomrric contaminimt by cm-bon 
tctrachloride and the natural tnyristicin heins eluted by benzene after a prcccdins 

solvent fraction of carbon tetrachloride-benzene ( I : I ). The isomeric contmninant of 
tltc synthcric myristicin has a RF value (TLC on silica ~21 G. solvent system benzene) 
of 1-12 relttrix-c to the nttrurnl m-risticin- OnIy after comparisons of the IR and NMR 

spectra ~~1s one able to conclude that the comaninant of this synthetic reaction was 
311 isomer \vith a different position31 substitution pattern cm the aromnric ring. Con- 

sidering natural myristiein to he the ~-t~~ethos_v~_5-meth_vle~~edios~aIl~lbct~z2ne_ the 
isomeric reaction confmninmt formed by a “double ztll~lic rearrtrngcmcnr” is either 
the 2-mcrhos~-3_rt-meth~lrncdios~- or the 3-methos_v-S.6-m2th_vlet~edios_vallyIhet~- 
zenr_ In this case. GC and GC-MS data did not assist in clarification of the e1xxnical 
structure_ As seen in many instances in this discussion_ no one type of an;tlyticxl dntn 
alone is coticlttsivc for structttta! verifictition. 

In summarizing rhis section. rhe nitrog_tn-contnininl, ~7 metaholitcs of the cssen- 

tial oils chemically are very lahilc. Many ditTeren; analytical techniques including GC, 
GC-ELMS and GC-Cl-MS art’ necessary for conclusive identification of these cnvi- 
romnental ag2nts. In the case of some of the Cl spccrra of rhese rl.r-r.-aminopropio- 
phenonrs hec~~use of the IOK number of fragments in the specrm. it is verg dcsirablc 
to cross-r2krenc2 this Cl-El information for identification of the urinary rnctaholitss. 
Without prior reduction of these ilitro_ren-cotitairlin, 0 tnetaholites lvith sodium horo- 
hydride. rk rc.~r_-anlinopr‘~piop~l~n~~It~ cl~rrnicall~ decompose on the pas chram:~to- 
_eraph fo yield rtlrnost qttttntirative!v the norI-nirro~_cn-containin, _ 0 vinvl ketutir \vhich 

elures from rhe cliromaro_rraphic system. 

fiii) _-Ilm%es cmcf urnin rrcici clt*rirrtrircs 

In this section_ a brief discussion is given of: (LL) hiaIo,gicnl proper&s and 
anaiysm lkr nitrosamines: (b) :tnalysis of piptridinc :lt~d pyrrolidinc \vith empllasis 

on bios~nthPsis-pr~cllrsor relationships: and (c) the derivtttizarion and GC annlysis 
of polvfutictional amino acid derivatives in urine and tissues. 

N-Nizroso ~-r7772~7ormris_ Nitrosankcs and nitros:tnGdrs m-c’ very potent environ- 
mcnral hmardsZL~-“‘L to man because of their \vell documented carcinogenic. tnuta- 
ernic_ rmhrvoparhic and teratogenic propcrtirs. Studies hv Mrtg-ee and co-\\orkersZZ”- 
‘* ha\-2 shown that dimeth~lnitr~~sumlille methylatss both DNA :tnd RNA irl riro to 
produce the ahnornxtl 7-mcth~l~Ltani~~_ A proposed nwchanism describing rhc irr 
riru metaboIism and ractivity of dialki_vlnirrosrtmincs has been presenrsd by Druckrey 
et of.“*_ The occurrsncr of nitrosamines in l-oods*‘-“‘y such as Ilour_ milk_ cheese. 

stnok2d meat xd tish_ and orher fk~d products has hem reported. It has been denwn- 
strated that-amines and nitrit2 in foods can produce in vitro nitrosamines under con- 
ditions found in thr stomtlclP+-“‘3. Within the scope of this discussion_ nitrosatnincs 
have been annlyzed by a wide variety of techniques including spcctrophotonlet+“_ 
TLC”‘-*_ polarography “‘X5_ GLC’“‘-%-‘“_ G LC_MS’41_‘“’ . and NMR and IR spectros- 
copyXZ_‘~I_ For a drrailed discussion of nitrosamine and other nlkylating osc’nts_ 

the reader is referred fo revic\vs by Fishbrin and co-workers?*-“.‘“. Bcca~tse of the 
carcinogenic properties of various nitroso compounds combined \vith ~1 general lack 
of conclusive data on the inreraction of oxides of nitrogen with naturally occurring 

amines prcscnt in foods to produce an “active carcinogen”, the potential health 
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problem associated with very low-level esposure of nitrosamines to ulan are Gtctual 
in nature but are very dificult to assess. 

Pipi~ritliile rrmi p_wroIkhe. The nest area of this discussion is concerned with 
biological origin and chemical reactivity of piperidine and pyrrolidine as associated 
with the earlier described metabolites of the essential oils”‘s-“2-“‘~. Piperidine and 
pyrrolidine are natural substitutents of human and other matmmli:trt brain tissues’J’~~- 
‘lls. skin**?‘. human urine2.“‘-252_ cerebrospinal fluid”“” and plant rtllaloidc2”_ These 
alicyclic amines possess biological activity”““.“““-‘“‘I similar to that of nicotine_ No 
conclusive information is at present available concerning the biosynthesis ofpiperidine 
or pyrrolidine in nxtmn~als_ The su,, ncxestion that piperidine and pyrrolidine nere pro- 
duced in rats and other tnatnnxtlian tissues by the decarbosylation of pipecolic acid 
and proline. respectively. is based on very scanty evidetxe2”y-25”_ In the case of pyrt-ol- 
idine_ Yanxtnishi er al.““” indicated that the “TLC spot” indicative of pyrrolidine 
produced from brain slices to which proline had been added was “apparently larger 
and nmt-e dense” than that spot from slices lvithout proline. It was concluded”“~ on 
this evidence that pyrrolidine was produced from proline by a decarboxyluse in brain 
tissue. To the anal_\-tical chemist involved in this :trea_ 3 nutnbcr of problems exist. 
The routine procedures-- *‘iy-2z!’ for the analysis of piperidine and pyrrolidine in i/t virr-o 

biological systems use steam distillation prior to analysis of the DNP-amine by TLC_ 
A similar conclusion to that described for pyrrolidine was made for pip&dine’“: on 
the evidence of the production of a larger and dense TLC spot. In this labot-aroty. 
usins numerous biological conditions including those reported earlier’“~-‘“!’ for tissue 
slices and tissue homogenates. with carbosyl-labeled [*“C]pipecolic acid and proline, 
no decarbosyl:ttion occurred repetttly in brain or other tissues to form the respective 
piperidine or pyt-t-olidine. Analytical investigations using GC and GC-MS indicated 
that one cm conwrt pipecolic ttci d by steam distillation into piprridine. These es- 
perinlrnts involved sw;tm disrilltttion of pipecolic acid \vithout tissue present under 
alkaline conditions to yield ;tn aqueous distillate which was then converted into the 
DNP derivative. The DNP derivative \vas clxtracterized by TLC, GC and GC-MS 
The conversion of piperidine from pipecolic acid by steam distillation \v;ts wry ION 
:tnd highly varied. \vith only a few n~icrograms ofpiperidine being formed per 100 mg 
of pipecolic acid. On the contrary. \vhen e.xcess of substrate \v;ts usecl~5~-“5” in conl- 
parison to the natural content of brain. this stnull conversion \vould account for the 
chttrttcteristic ch:tnge in the size and density of the TLC spot2”:-‘“s_ The presence of 
the piperidine upon stemn distillation of pipecolic acid \vas serified by GC-MS of the 
DNP derivative on OV-1 using Et- and CI-MS. The methane CI spectrum of DNP- 
piperidinc has a base peak nt!r 252wirh the expected recombination fragmenrs mic 250 
and 291 ~~ithlessabundant t~1~e234,218_206. 161. S5_ 71 and 69 fragments. In thespscif- 
ic case of piprcoIic acid. the :trtet’,tct produced during steam distillation is piperidine_ 

During the investigation of the DNP-amine derivative, \ve found that DNP- 
pyrrolidine undergoes a chemical reaction or rearrangement upon exposure fo sun- 
li#1_ The entirety of this sequence is at present not completely understood_ Analysis 
by GC and GC-MS of the DNP-pyrrolidine which had been irradiated with sunlighr 
indicated no unusual chttn~e in the nxtss spectra or retention characteristics. On the 
conrrary. the UV absorption maxima at 30 nm for the DNP-pyrrolidine upon irra- 
diation with sunlight shifted to 335 nm. The DNP-piperidine derivative does not seem 
to undergo this reaction in sunlight_ 
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In concluding the discussion on piperidine and p_vrro[idine, concerning their 
analysis and reactivit_v_ one must evaluttre thorou&ly the types of-manipullttions used 
for the isolation of-these alicyclic amine from biological systems. Steam distillation of 
pipecolic acid rtxults in non-biological formation of piperidine, which may lead to 
seemin& erroneous conclusions_ Only afkx delinitive data become availttble con- 
cerning the biolo@cal sequence of- the biosynthesis of piperidine and pyrrolidinc will 

one be ttble to coordinate the interaction of these alic+ic amines with the metabolic 
and ps\-choactke response of the rL.rr.-titiiinopropiopIlenonc formed from the essential 
oil component s212-2ih_ 

Drrimtiztrtion oj-I~ol~~~~lt.rit~~rt~i t-cm~pourrds. The final topic in this section of 
the discussion concerns the GC tmnfgsis of polyfunctional amino acid derivatives_ 
Restrdlcss of the research are:~_ at some time one h,as ;t specific need for the rtnalysis 
of a complex misture of polyfunctional compounds. This laboratory has been con- 
cerned with the investigation of the metabolites of numerous environmental ttgents. 
Evaluation of the specific types of derivatives and derivatizrrtion agents become very 
necessary_ Considering a common urine sample to contain ;t complex misture of 
compounds_ including urea_ nicotinic acid_ amino acids_ amines_ phenolic amines. 
and many possible combinations of functional groups (hydrosyl, amino, phcnolic 

and carbosyl)_ deriv:krttion of this complex goup of compounds must be complete 
in order to produce single chrom~lto~rrlphable products_ Numerous sil~lation mis- 
tures”“’ were studied for the derivzttization of acidic_ neutral and basic metabolites 
of tyrosinc and tr_\-ptophan. These derivatizntion conditionP* enable ant to analyze 

;I cornpks hod! fluid such as urine simultnneousl_v b_v GLC for carbo.s~_ :Imino_ 
phenolic_ and many other polyfunctional nwtttbolites. These conditions \sr’re also 

utilized in the investigation of the urinary nletabolite ofeu~eno12~-~_ 
For additional information concernins the tmtd~sin of biogenic amines :mcl 

amino acids b_\- GC and GC-MS. including El and CI. the rexder is rettrred tr., 
artick 1~~ Falcs and co-\vorkers- -- -‘W’ “tiJ_ Cre\-e[ing rt lr/_‘“* iktld Stcipt;i_K [;~LI~~+!‘““_ 

ronmentril agents thtit are ntiturall~ occurring_ Other classes of conipoiinds \vhich 
wil1 not be discussed but \vhich are biolo$xll~ active_ toxic andior carcinogenic to 
man by his csposure through the food chain either directly or indirectly nlrty include: 
m\.cotosiIls’lj’- 31 _ meld and fungi metabolires. formed during food spoilage: plant 
constituents such as cxcasinzx_ pyrrolizidine alkaloidP~-“” and the furanoterpe- 
noidPY” of damaged s\veet potatoes , all of \vhich are potent hepatotosins: and trace 
elenientP~_ including lead. arsenic. selenium and cadmium. The reader is retkred 
to more det-.lilsd article&~. ~5 on these topics_ BW;~US~Z of the wry Iztrge ttreits con- 
cerned with the potential environmental health problems of mm_ it is impossible 
within this review even to mention one representative of each type of compound 
involved in man’s daily survival v.ithin his enviro~~~~~c~~t_ 

Up to this point in the discussion_ \vc have mentioned only the use of GC-MS 
for the qualitative identilicatiot~ of various cnvironmcntal agenrs. Instead ofscxnning 
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an entire mass range with the mass spectrometer, one may concentrate only on one 
or more ions of a specified nxxss (m!e)_ In the use of mass fragnentogaphy_ the GC 
system serves as the means of chromatographic separation of the complex mixture. 
with the mass spectrometer functionin g as a specific ion detector_ By being able to 
concentrate on :I snx~ll number of ions instead of all ions in a mass range_ one has 
increased the sensitivity of the analytical mode greatly in this nmnner simply by being 
able to increase the time per ion that one monitors the system. 

Mass frtl~mentography may he subdivided into single ion detection (SI D) ill?<! 
multiple ion detection (MID). With a commercially available yuadrupole IIIZ~SS 

spectrornetePyS_ one nitty monitor simultaneously up to eight ions. With conventional 
sector instruliicIits~:;“-~~I’. the mass spectrometer may he focused on one to four mass 
fraginents lvithin lo-30’>; of the nx~ss range_ SID may he used to anal~zc a con~plcs 
misturc of compounds with different GC retention characteristics but which ionizc 
to produce a co~~~n~o~~ ion fragment. High-resoIutionzS1 - ion monitoring may be con- 
sidcred ;I further relinement of SID. By use of the high-resolution system one rna~ 

:t~it~lyzc multiple components which produce similar ion fragments but \\-a-e ditfer- 
cntiated in n~ass onIy by a few parts per million_ This techniquP* was applied to the 
detection of I>-tyrainine in the concentration range 10-L2-10-~ g \vith the ability to 
dilt-erentirttep-t;mmine ofnzie 108.0575 from a naturall_v occurring lipid hydrocarbon 
cOlit;iiiiiii;\iit’~* of tzzj~ 108.0939. MID ma_v hs used for the malyis of ;I complcs 
tnkturc \vhich may or may not be chrorn~ttogr3phiclllly separable. The components 
of MID analysis may all ionize to produce a comnlon ion t‘ragn~ent but may bc 
diKtxentiatcd by one or more additional spccitic ions. By the use of multiple ion de- 
tection. one nm~- wry conclusively identify and quantitate simultaneousl?; a specific 

con~poncnt in a complex misture without loss ofspecificitv. As one reduces the nuni- 
ha- of ions being monitored by mass fragmcnto~raph~_ &lc also decreases the cotn- 
pound spccilicity of the analysis. 

Mass fia~mento~rtipli~ has been used more \vidcly in the analyses of narural 
products and drug than for the mmlysis of chlorinated hydrocarbons and other III:~- 
made rnvironnwntt~l agents_ The reader is refcrrrd to a review b; Gordon and Fri- 

2 wrioZG:’ for a discussion of nx~ss fragmentogrztph~ up to 1972. As c:ln be see11 froni 

their rcport2*Z. the detection liinits for various psychoactive conipounds :m_l steroids 
vary from the low ~i;i~iograiii to the low picogram range. depending upon t!w iypc 
of COII~Y_JLIII~ :tnd the mode of analysis. 

Mot-c recent ;lpplicrttions of IIXKS fr3~rneritograpll~~~:~ have been oritntcd to- 
\vrtrds the areas of: prostaglandins, in the EI n~~de~~.~-~“” \vith samples from 100 11g 
to 400 pg and in the CI model-’ for PGF,,,TMS with a sensitivity limit below ZOO pgLs‘l: 
steroids_ catecholmnines and amino acid derivatives”~” in the El mode Gth tmalysis 
in the ni~nogr:u~~ t-an~es, dansylated amines~‘i”-~~‘: and ~uanido-containing drcyPs 
with analysis at the low nanogram level_ 

Specitic uses of n~ass fragmrnto~r~lpll~ with man-made environmental asents 
include: pesticides of the DDT type in presence of PCBP’ \vith detection limits 
below IO ng: DDT by SID using ;I Varian-M;lt2”L’ with ;I detection limit of about 
IO pg: aldriP monitoring hazer 263 with a sensitivity limit of about 500 pg: mrrcur~ 
halides in tishZg’ with usable limits below 5 ng ( I 31% of mercury per kilogram of tish) I 
tetrtleth_vIIcad~“:’ with detection limits in the low picoyam ranse: and polychlorinated 
biphen~ls”‘* usins specific ion sub-sets with suficient sensitivity at least in the LOU 
nanogrtini range. 
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Most of the above discussion concerning mass fragmentograph~~ has been 
derived from EI analyses_ A further refinement of mass fr~lgmentogrrlphy includes the 
use ofthis technique in the Cl mode. As has been shown for many types ofcompounds 
in this discussion_ the abundance of ion fragments of a polyfunctional compound in 
the moIecuIar re$m is much greater in Cl spectra than in El spectra_ Therefore_ 
analysis of these specific compounds by Cl mass frsgmentogaphy would further in- 
crease the sensitivity of analyses_ As described ear1ieP-l for prostaglandins, proposy- 
phenc and proposyphenezzmide. t!le utilization of Cl mass fragmentography is very 

aduanta~eous. At least a IO-fold increase in sensitivity with reduction in intcrferencc 
from naturally occurring contaminants w;ls eshibited for the analysis of proposy- 
phene Is’ bv CI mass frtlgmentographv over the El mode_ 

This po\verful quaniitative technique of mass fr3~I_metito~r~ph_v has been used 
only to a very small degee \vith specific environmental agents. A further c.splaration 
and expansion of applications of this mode of:malysis in the area of both mrtn-made 
and naturrtl product environmental agents is needed. Additional consideration should 
be given to specific advantages of CI- and El-MS characteristics for the quantitation 
of many potentially hazardous environmental agents and their metaboliter_ A greater 
utilizntion of Cl mass fragmentogaphy in the multiple ion detection mode will val- 
idste and generate a much more sensitive and specilic analysis of nxtnv wlyftmctionvl - 
compounds in biolo$al systems_ 

hlany very recent reports on the use of GC-MS \vhich have not bax~ included 
in this discussion may be of interest_ This subject matter includes: computer analysis 
of AqS diLta=‘J”.=‘Gr double detector GC-MS intcrfxx?~: GC-MS in clinicrd bio- 
chemistry’““: and the GC-El-MS anal_vses of riormal urine cOIlstitlLtelitsl:‘~‘_ barbi- 
turweP”, amphetamines _ _ _ . 3”1 h~dros\,-steroids3*“-~“~_ catechols”“‘. _ _ arvl~~!ucuronic acid 

dt_rivati~cP’” and tri&cerideP”. The reader is also referred to reports concerning 
the use of GC-Ci-MS in the rtnalysis ofmarihuan:t smoke condens;wP7 and biog_cnic 
amineP”_ 

As iilustrated in this revie\v_ Cl spectra nitty contain too Ii-w fragments to 
identify the compound conclusively_ In numerous instances. only after cross-refer- 
encing of :he Cl and El data is the structural determination conclusive. On the cnn- 
tmry. we ha\-e found that even thwyh the structural Cl data :ilone may not be sutticient 
for identification purposes. a Irtrge amount of useful information may be obtained 
from CI mass spectra concernin= ‘* the chemical rextivitv of the ~noleculr. An cscellent _ 
esample of the use of Cl-MS for investigation of chemical and functional groups 
reactivity has been reported by Hunt and CO-\~orkersJL’“-“l”. By using various reagent 
gases (methane_ isobutane. helium. deuterium osidt. w~oc-\vatcr or ammonia) one 
is able to study the types ofchemical reactions that the compounds may undergo_ 

No mention has been given to the techniques of tield ionizltion rend iield de- 
sorption :MS in this revie\v_ Field desorption MS has an enormous advantage in that 
it is not necessary to voktilize the sample for the ana!ysiP”_ The reader is referred 
to reports bv BeckeP1_ F;~les=~~_ Schulten:s’2 and Damico and BarronJLJ for further 

insight into ihe area- of field ionizttion and field desorption MS. 
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5. SUXlhlARY- AXD CON-LUSIOKS 

\V:c have attempted to describe the utilization <>I_ g-as cliromtlto~rtipli~ mid gas 
cliromato~rttpli~-mass spectronietry (GC-MS) as analytical techniques for the cheni- 
ist concerned with the cnvironn~ental health problems of uxtn. Some of the more 
important potentially hrtzardous environmental agents mid their nietabolites \vere 
viavved through the eyes of chemists \vith respect to the ;mxs of analysis. synthesis_ 
chemical reactivity rend metabolism in biological systems. Specific esamplcs using 
various types oren\ironmetit~il agents \vere chosen to illustrsw the advnntttgis and!or 
limitations of data from GC and GC-MS. A detailed discussion NTIS given of the 

complementary utilization at-electron impact and chemical ionization niass spt’ctrom- 
etry for the identification and quantitation oi‘ various types of compounds ofenvi- 
ronmental significance. 

In concluding this revie\v_ \ve have presented the vir\vs of_ &enlists using the 
valuabie analytical technique ol_GC-MS to assist in solving problems associated \vith 
man‘s health as affected by the environment. Being able to obtaiil structural and 

quantitative data on submicrogram amounts of potentially hazardous compounds is 
the first prerequisite to f_ully understttnding the problems produced by a compound. 
Only after the chemist has integrated the GC-MS data with those t_rorn other malyt- 
ical techniques and with other types of biological investl,k ‘tx.ltions_ \vill one be able to 
understand and control ti~lly the undesirable health problems produced by rhe specific 
ag5ent. 
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