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Abstract:
The addition of oxygen to the nitrogen carrier gas of a constant current electron capture detector (ECD)
is shown to provide greatly increased sensitivity to compounds having few and particularly only one
chlorine atom. As an example of this use, an improved analysis -procedure for methyl chloride in
ambient air is demonstrated. The enhancement of the ECD response of 32 simple chlorinated molecules
caused by the addition of oxygen to its carrier gas has been determined. The effects of size and
isomeric differences for alkyl, vinyl, allyl and phenyl chlorides and several chlorofluoromethanes are
reported. Oxygen doping is shown to be useful for compound identification since the magnitude of the
response enhancement varies greatly with compound type and is reproducible for a given compound. A
mechanism previously proposed is further developed here into a detailed model of instrument response.
It appears that gas-phase, relative rates of the reactions of o2- with chlorinated hydrocarbons can be
derived from ECD data obtained in the manner described here.

Many polycyclic aromatic hydrocarbons (PAHs) also possess greatly increased ECD response with
oxygen doping while the response of several other PAHs is only slightly increased. The basis of these
observations is discussed and mass spectrometry measurements of the negative ions formed in an
oxygen doped ECD are reported. Simple Hiickel molecular orbital theory is useful for predicting the
reactivity of the PAHs in the ECD, with and without added oxygen. It is suggested that the structure
dependent, oxygen caused response enhancements observed for PAH molecules might assist in their
identification during their analysis by gas chromatography. Several instances are pointed out. where
oxygen addition might be gainfully applied to the problems of isomer elucidation.

A potential source of error in GC-ECD analyses which occurs following hydrogen cleaning of a 63Ni
ECD has been identified and shown to produce significantly diminished responses to oxygen and
several chlorinated hydrocarbons. Calibration curves for the response of a constant current ECD to
several alkyl monochlorides are shown to be non-linear. Several possible causes are discussed.
Superior calibration curves for alkyl monochlorides are obtained by the use of intentionally oxygen
doped carrier gas. 
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ABSTRACT

The addition of oxygen to the nitrogen c a rr ie r  gas o f a constant 
current electron capture detector (ECD) is  shown to provide greatly  
increased s e n s itiv ity  to compounds having few and p a rtic u la rly  only 
one chlorine atom. As an example of th is  use, an improved analysis - 
procedure fo r methyl chloride in ambient a ir  is demonstrated. The 
enhancement of the ECD response of 32 simple chlorinated molecules 
caused by the addition of oxygen to i ts  c a rr ie r  gas has been deter
mined. The effects  of size and isomeric differences fo r a lk y l, v in y l, 
a lly !  and phenyl chlorides and several chiorofluoromethanes are 
reported. Oxygen doping is shown to be useful fo r compound id e n t if i 
cation since the magnitude of the response enhancement varies greatly  
with compound type and is reproducible fo r a given compound. A 
mechanism previously proposed is fu rther developed here into a 
detailed model o f instrument response. I t  appears that gas-phase, 
re la tiv e  rates o f the reactions of Og" with chlorinated hydrocarbons 
can be derived from ECD data obtained in the manner described here.

Many polycyclic aromatic hydrocarbons (PAHs) also possess greatly  
increased ECD response with oxygen doping while the response of 
several other PAHs is only s lig h tly  increased. The basis of these 
observations is discussed and mass spectrometry measurements o f the 
negative ions formed in an oxygen doped ECD are reported. Simple Huckel 
molecular o rb ita l theory is useful fo r predicting the re a c tiv ity  of 
the PAHs in the ECD, with and without added oxygen. I t  is  suggested 
that the structure dependent, oxygen caused response enhancements 
observed for PAH molecules might assist in th e ir  id e n tific a tio n  during 
th e ir  analysis by gas chromatography. Several instances are pointed 
out. where oxygen addition might be g a in fu lly  applied to the problems 
of isomer elucidation.

A potential source o f error in GC-ECD analyses which occurs 
following hydrogen cleaning of a ^3Ni ECD has been id en tifie d  and 
shown to produce, s ig n ific a n tly  diminished responses to oxygen and 
several chlorinated hydrocarbons. Calibration curves fo r the response 
o f a constant current ECD to several a lkyl monochlorides are shown to 
be non-linear. Several possible causes are discussed. Superior 
ca lib ra tio n  curves for alkyl monochlorides are obtained by the use 
of in ten tio n a lly  oxygen doped c a rr ie r  gas.



INTRODUCTION

General Instrumentation

In 1958,in response to the growing need fo r a simple sensitive  

gas chromatographic detector, Lovelock f i r s t  reported the use of the 

electron capture, detector (ECD) fo r the detection of solutes in the 

e fflu e n t of a gas chromatography column ( I ) .  This early  ECD was in 

re a lity  a simple enclosed ionization chamber containing a radioactive  

source (°H beta p a rtic le  em itter) and a pa ir of D. C. electrodes to 

monitor the ce ll current a t a constant low applied p o ten tia l. The 

current produced in the ECD arises from secondary electron production 

through both e la s tic  and in e la s tic  co llis ions between the 8 partic les  

and c a rr ie r  gas molecules (2 ) . An electron-attaching substance absorbs 

secondary electrons forming slow-moving negative ions thereby 

decreasing the electron density which results in a reduction in the 

standing current and hence a response. Although its  response was very 

nonlinear and unpredictable, the D.C. ECD was soon pressed into use 

fo r trace pesticide analysis (3) because of. its  very high sen s itiv ity  

and s e le c tiv ity  of response.

The erroneous and sometimes to ta lly  fa lse  responses of the D.C.

ECD were shown by Lovelock (4) to resu lt from electron m obility  

e ffe c ts , space charge e ffe c ts , contact po ten tia ls , applied voltage 

e ffe c ts , ion ization cross section effects  and metastable atom 

ion ization processes. By adding a polyatomic gas such as methane
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to argon or helium c a rr ie r  gas, ionization cross section effects and 

metastable ionization processes are eliminated because the "quenching 

gas" thermalizes the secondary electrons and removes the metastables 

by deactivating collis ions as fa s t as they formed (4 ) . Nitrogen 

c a rrie r gas adequately serves the same purpose as these c a rr ie r  gas 

mixtures (6 ).

To avoid or reduce the other sources o f anomalous response, 

Lovelock (4) introduced the pulsed sampling technique. Instead of 

applying a steady D.C. potential to the collecting electrode, b r ie f  

pulses of 0.5 to 1.0 ysecond width and 100 to 200 ysecond period of 

s u ffic ie n t magnitude to co llec t a ll  of the electrons present in the 

plasma are used. The current thys measured largely  re fle c ts  the 

chemical events occuring w ithin the gaseous plasma during the f ie ld -  

free  period between pulses. I f  the difference in standing current 

which accompanies sample elution is  taken as the ECD response, the 

lin e a r dynamic range of the constant frequency pulsed ECD varies from 

50 to 500 depending upon the type of radioactive source used (5 ).

This lin e a r range corresponds to only about 10% reduction in the 

standing current (6 ) .  -For certain substances the s e n s itiv ity  may be 

three to four times higher in the constant frequency pulsed mode than 

i t  is in the D.C. mode (4 ) .

. In th e ir  studies o f pulsed electron capture detection, Wentworth 

and coworkers (7 ,8 ) derived a response relationship based on steady-
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state k in e tic  approximations which extended the ECD's lin e a r range of 

response to four orders of magnitude using analog conversion (9 ).

With long pulse periods (1000 usee), they showed that the' difference  

in standing current divided by the sample current is lin e a r up to 80% 

reduction of the standing current. For the long pulse periods under 

which Wentworth's relationship is v a lid , extremely stringent conditions 

of cleanliness are required to ensure adequate electron concentration 

in the detector fo r satisfactory operation. Detector cleanliness may 

thus seriously a ffe c t the range of lin e a r ity  when Wentworth's response 

relationship is being used fo r signal processing.

Wentworth and coworkers also showed that the two major mechanisms 

of electron attachment, d issociative capture and resonance capture 

could be distinguished by th e ir  temperature dependence (7 ,8 ) .  Durbin 

e t al_. (10) confirmed Wentworth's use of temperature dependence for  

distinguishing electron capture mechanisms by identify ing  the products 

formed in representative dissociative capture and resonance capture 

reactions by gas chromatography-mass spectrometry. Wentworth's work 

also indicated that a t higher temperatures the s e n s itiv ity  of the ECD 

to certain classes of compounds was greatly  enhanced. Conversely, the 

response to other types of compounds could be suppressed by high 

temperatures. Chen (11) used th is  temperature dependence of ECD 

responses as a q u a lita tiv e  aid of compound id en tity  and as a means of 

reducing the effects  of in te rfe rin g  substances.
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In 1967, Simmonds e t al_. (12) developed a coaxial ECD containing 

a gold fo i l  plated with source capable of safe operation up to 

400°C. Previously used titanium  t r i tid e  sources could not be heated 

in excess of 225°C without s ig n ifican t loss of titr iu m  thereby 

degrading the source and producing somewhat of a radioactive hazard 

(13 ,14 ). Using argon-10% methane c a rr ie r  gas and Wentworth's response 

relationship the constant frequency ^ N i ECD of Simmonds e t al_. was 

lin e a r over a t least three orders o f magnitude; furthermore, the 

largest sample concentration injected represented 86% electron absorp- 

tion (12 ). In 1.971, a high temperature H-Sc source became available

(15 ). The temperature l im it  of th is source was 325°C and its  sensi-
O

t iv i t y  to pesticides was three times greater than the standard H-Ti 
147source (16 ). A Pm-Au fo i l  capable of operating a t temperatures up 

to 400°C has also been used as an ECD source with properties comparable 

to those o f Ni (17 ). Besides expanding the temperature range 

available fo r analysis purposes, these high temperature detectors 

s ig n ific a n tly  reduced the problems of source contamination (5 ,6 ,1 2 ,1 6 ).

In. 1971, Maggs e t al_. (18) described a new mode of operation of 

the pulsed ECD in which the detector current is held constant while the 

frequency of the applied pulses is varied. When a compound enters the 

detector and absorbs electrons, the pulse frequency w ill increase to. 

co llec t more electrons and keep the current a t the predetermined le v e l. 

In th is  way the change in pulse frequency which accompanies sample
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elution becomes a measure o f sample concentration w ithin the detector. 

Using a ®^Ni source with nitrogen and 5% Ar-CH^ c a rr ie r  gases, the

constant current ECD response was estimated to be lin e a r over a range
4 - -of 5 X 10 with detection lim its  o f the same order as those fo r

constant frequency or D.C. operation (18 ).

For optimum operation most users o f constant current electron 

capture detectors use Ar-CH^ c a rr ie r  gas because the electron d r i f t  

velocity  in th is  mixture is  about ten times greater than in nitrogen 

(19 ). Patterson has recently reported a displaced coaxial 0 Ni ECD 

that functions well with nitrogen c a rr ie r  gas (20 ). This ECD uses a 

narrow pulse width (0 .64 ysec) and has a 0.3 ml ce ll volume in which 

the c a rr ie r  gas flow is  counter to electron flow. This arrangement 

permits s u ffic ie n t electron collection to ensure satisfactory detector 

performance (20 ). A lin e a r dynamic range of nearly f iv e  orders of 

magnitude can be obtained from th is  ECD ce ll (20 ). Patterson also 

found that the response of th is ECD is lin ea r u n til the electron 

density is  reduced to less than 0.5% of its  orig inal magnitude. By 

examining the effects  of flow rate and retention time on the range of 

l in e a r ity , Patterson demonstrated th a t th is  ECD functions as a 

concentration-type detector rather than as a mass sensitive device in  

agreement with Maggs e t aj_. (18 ).

A high frequency constant current ECD employing a high in tensity
/O

I -cu rie  H-Sc source of small ce ll volume (0.18 ml) with a lin ear range
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6of 10 fo r strongly e lec tro p h ilic  compounds such as a ld rin  has also 

been developed (2 1 ). The s e n s itiv ity  o f th is  detector is comparable 

to that of Patterson (20) or Maggs e t al_. (18 ).

A major advantage of the wide lin e a r dynamic range of the constant 

current ECD is its  general to le ra b il ity  to modest levels o f detector 

contamination (18 ). Another important advantage of pulsed electron  

capture detection is that i t  provides an inherently more stable base

lin e  than D.C. Operation (18 ). This allows the use o f column oven 

temperature programming to improve peak shape and reduce analysis 

time (22 ).

Contamination by Oxygen and Water

Throughout the development of the ECDs the presence of trace 

amounts of contaminants, such as oxygen and water, in the c a rrie r gas 

has been deemed undesirable due to its  suspected deleterious effects  

upon s e n s itiv ity  and lin e a r ity . In his e a rlie s t studies. Lovelock (4) 

observed that the presence of oxygen in Ar-CH^ c a rr ie r  gas caused a 

marked reduction in the standing current o f a pulsed ECD a t re la tiv e ly  

low concentrations. Shortly th e re a fte r, Guilbault and Herrin (23) in 

th e ir  attempts to use a ir  as the c a rr ie r  gas fo r pesticide analysis 

reported a ten m illio n fo ld  loss of s e n s itiv ity  to chloroform. They 

also found that the standing current o f th e ir  ECD corresponded to a 

94% reduction in the normal saturation current. Using a ir  c a rrie r gas, 

these workers observed that s e n s itiv ity  decreased as the in terval
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between pulses was increased such that at in tervals  over 50 ysec no . 

signal was seen. This e ffe c t is completely opposite of what one 

normally encounters in  pulsed operation using typ ica l "clean" c a r r ie r  

gas (4 ) .

More recently . Van de Wiel and Tommassen (24) using a fixed  

frequency ECD showed that a t 80°C only 10 ppm Ô  in Ng c a rr ie r  gas 

reduced the standing current to less than h a lf its  maximum value.

They concluded that “drastic  removal o f oxygen is essential to obtain 

a high standing current". These workers also noted that a t higher 

detector temperatures the influence of oxygen on the standing current 

was considerably smaller. Oxygen contamination also apparently 

increased the s e n s itiv ity  o f the ECD to butyl bromide a t high detector 

temperatures. These results suggest that "at lower temperatures, 

oxygen mainly influences the standing current but its  chief e ffec t at 

higher temperatures is  to change the s e n s itiv ity  to the component that 

is to be detected" (24 ). Van de Wiel and Tommassen have further shown 

that i f  the c a rr ie r  gas does not contain electronegative contaminants, 

the standing current w ill  be independent o f temperature and flow ra te , 

and they credibly argue that the results of Devaux and Guiochon (25) 

which reveal a large increase in standing current at higher temperature 

are due to the presence o f contaminants which have a non-dissociative  

electron capture mechanism, ie.c[. oxygen. In lig h t of these results i t  

is understandable that most ECD users take great pains to elim inate
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oxygen from th e ir  c a rrie r gas.

Added understanding of ECD ca rrie r gas impurity effects  has been 

made possible by the very recent development o f two new analytical 

techniques: plasma chromatography (26) and atmospheric pressure

ionization mass spectrometry, APIMS (2 7 ,28 ). In these instruments,
CO

temperature and pressure conditions w ithin the Ni ionization source 

are identical to those of the ECD. Instead of measuring electron 

density as in the ECD, these devices allow measurement of the ions 

produced from electron-molecule and ion-molecule reactions.

Using a plasma chromatograph with a ir  ca rrie r gas, Karasek and 

Kane (29) found that a t 125°C 90% of the electrons in th e ir  ion source 

react with oxygen and water in the a ir  to form (HgO)^Og" ion-molecule 

complexes where n varies from 0 to 3 and is a function of water concen

tra tio n  and temperature. At 190°C only about 20% of the electrons are 

converted to the ions. The id en tity  of these negative ions

formed with a ir  had been previously established by coupling a plasma 

chromatograph d ire c tly  to a mass spectrometer (30 ), These workers also 

observed that the addition of HgO to nitrogen c a rrie r gas containing 

appreciable oxygen resulted in a much larger decrease in electron 

concentration accompanied by the formation of greater amounts of the 

negative (I-̂ O )nOg" ions than the mere presence of the oxygen by i t s e l f .  

The addition of HgO to c a rr ie r  gas devoid of large amounts of oxygen 

had l i t t l e  appreciable e ffe c t on the electron density and only affected
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the re la tiv e  concentrations of the (H2O)nO2" species by sh iftin g  the 

equilibrium  to favor the higher water c lusters.

Spangler and Collins (31) s im ila rly  id en tified  O2" and (H2O)O2" 

as the predominant negative reactant ions in plasma chromatography 

using zero grade a ir  as the c a rrie r gas. They also studied the effects  

of water concentration upon the id en tity  and abundance of reactant . 

ions and.presented findings consistent with those of Karasek and Kane 

(2 9 ). In addition to O2" and its  hydrate (HgO)O2" , Carr (32,33) also 

found appreciable quantities of C0g~, O(HgO)2" and O^" in his plasma- 

chromatograph when using zero grade a ir  as the c a rrie r gas. Dzidic et 

aI . (34) using an APIMS easily  id en tified  02~ and its  hydrates in high 

purity  nitrogen c a rr ie r  gas thought to contain approximately 100 ppm 

O2 and 10 ppm HgO. They also showed that chlorinated aromatic hydro

carbons predominantly form phenoxide negative ions of mass (M-C1+0) 

when using u ltra  high purity  nitrogen c a rr ie r  gas thought to contain 

about 0.5 ppm O2. Grtmsrud et al_. (35) observed the (M-C1+0) 

anion of p-chloronitrobenzene and other chlorinated compounds when 

using u ltra  high purity  nitrogen c a rr ie r  gas in .th e ir  GC-APIMS system. 

Horning and coworkers (36) using an APIMS whose ion source was a Ni 

ECD observed O2" and Og- (HgO). to be the predominant ions in the 

negative ion spectra a t IOO0C fo r nitrogen ca rrie r gas containing 

approximately 2 ppth O2 (V /V ). They also noted that O^" becomes 

detectable a t higher oxygen concentrations. Siegel and F ite  (37)
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s im ila rly  found that in addition to O2" and its  hydrates, O^™ is also 

a favored terminal ion when using a ir  c a rr ie r  gas in an APIMS.

From the studies described above, a lik e ly  basis fo r the undesi

rable ECD effects  caused by oxygen and water read ily  emerges. In 

c a rrie r  gas containing oxygen there w ill be a mixture of electrons and 

reactant negative ions, (H2O)nO2" , whose, re la tiv e  composition depends 

upon the amount of O2 and H2O in the c a rr ie r  gas. The formation of 

stable.negative ions removes a s ig n ifican t portion of the electrons 

thereby preventing them from performing th e ir  function o f reacting 

with the sample (5 ,6 ,2 1 ,2 9 ,3 8 ). Sample constituents entering the ECD 

therefore undergo the competing reactions of electron capture and 

charge exchange ion-molecule reactions with the (H2O)nO2" species 

(6 ,21 ,24 ,29 ,31 ,32 ,33 ,34 ,35 ,36 ,37 ,38 ). Since the ECD produces a 

response by measuring a decrease in the electron current, th is  dual 

re a c tiv ity  leads to anomalous s e n s itiv ity  and lin e a r ity  e ffects  when 

oxygen is present (6 ,2 1 ,2 9 ,3 8 ).

The serious problems posed by oxygen contamination have been 

abated to some extend by the development of high temperature detectors 

(5 ,6 ,12 ,16 ) and the introduction of the frequency-modulated (constant 

current) pulsed mode of electron sampling (18 ). In 1977, Grimsrud and 

Stebbins (39) in a study designed to "demonstrate the importance or 

unimportance of oxygen and water as c a rr ie r  gas im purities on the quan- 

t i ta t iv e  response of a modern ECD" used a constant current 0 Ni ECD to
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measure "the baseline frequencies and the molar responses of several 

selected compounds as a function of the concentrations o f oxygen and 

water in ten tio n a lly  added to u ltra  high purity  nitrogen c a rrie r gas". 

Their sample compounds reflected "d iffe ren t electron capture mecha

nisms" and previously reported "types of terminal negative ion 

products". Their results w ill  be summarized below.

For the constant-current ECD, the baseline frequency is analogous 

to the standing current of a D.C. or fixed-frequency pulsed ECD and 

may be used as an indicator o f cleanliness (39 ). Grimsrud and 

Stebbins found that adding oxygen to the ca rrie r gas predictably  

increased the baseline frequency. The e ffec t of oxygen on baseline 

frequency was noticeably greater as the detector temperature was 

lowered. This finding is consistent with the resonance electron 

capture mechanism (7) proposed fo r oxygen and other s im ilar compounds. 

Water i t s e l f  produced very l i t t l e  or no e ffe c t when the oxygen con

centration was low. Only a t high oxygen levels did the baseline 

frequency begin to be s ig n ific a n tly  affected by water content. This 

observation is consistent with the results of Karasek and Kane (29) 

and Spangler (31 ).

Even with 2000 ppm (V/V) in ten tio n a lly  added oxygen in the 

nitrogen, ca rrie r gas a t 350°C and 250°C, the baseline frequency was 

well below the point at which no n-lin earity  of response begins to 

occur due to instrumental saturation (20 ). At IBO0C non-linearity
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was encountered with 800 ppm of oxygen, a level of oxygen contamina

tion many times in excess of that usually encountered in normal ECD 

operation. Because of the greatly  increased lin ear dynamic range and 

the high temperature cap ab ilities  of th e ir  constant current ®^Ni ECD, 

Grimsrud and Stebbins concluded that "oxygen contamination of the 

c a rrie r gas is much less harmful to the chromatogram baseline than 

had been previously reported fo r e a r lie r  ECD models" (39 ).

For the highly chlorinated hydrocarbons studied by Grimsrud and 

Stebbins, a s ig n ifican t e ffec t of oxygen on th e ir  molar responses was 

observed only at the highest levels of oxygen doping and only when 

using lower detector temperatures. However, 1-chlorobutane had 

large response enhancement facto rs , 10-55, with from 1000 to 2000 ppm 

added O2- Anthracene behaved quite d iffe re n tly ; its  response had 

a large oxygen dependence even at the very lowest levels added.

At 230°C the presence of 2000 ppm of O2 in the c a rrie r gas increased 

the response o f anthracene to 82 times its  response using u ltra  high 

purity  nitrogen. The e ffe c t of oxygen on the molar responses of 

several compounds in c a rr ie r  gas containing 10 ppm of water was also 

determined. "No s ig n ifican t e ffec t a t th is  amount of added water on 

the sample was observed where oxygen i t s e l f  had caused no e ffec t or 

response" (39).

Using known thermodynamic values, Grimsrud and Stebbins have 

calculated the re la tiv e  abundances of the ions O2", (H2O)O2 and 0^~
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with the clear resu lt that is the dominant negative ion a t the 

temperatures studied. From k in e tic  considerations of the electron  

attachment-detachment equilibrium  with they have been able to 

explain the oxygen dependence of the baseline frequency. Two mecha

nisms have been proposed to account fo r the enhanced responses 

described fo r the halocarbons and anthracene caused by the addition  

of oxygen to the c a rr ie r  gas.

For the halocarbons studied, a mechanism very s im ilar to that 

mentioned by Van de Wiel and Tommassen (24) has been proposed by 

Grimsrud and Stebbins. Through an ion-molecule reaction involving O2" 

and sample coupled to the electron attachment-detachment eq u ilib ria  

with O2 , O2" is thought to serve as a catalyst fo r electron attachment 

by the sample. I f  the rate of th is additional O2" catalyzed route of 

electron attachment is faster than the rate  of d irect electron  

attachment, an enhanced ECD response would be expected from the 

Grimsrud and Stebbins model.

In th e ir  second mechanism, a radical anion formed from the sample 

serves as a catalyst fo r the achievement of the electron-oxygen 

e q u ilib ria  w ithin the ECD. This model was postulated to explain the 

oxygen dependence observed fo r anthracene. A more thorough discussion 

of the merits of these mechanisms w ill occur in the results and 

discussion section of th is thesis.
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The Use of Dopants fo r Chemical Analysis

The intentional addition of dopants to the c a rrie r as a means of 

improving the analysis cap ab ilities  of the ECD Was f i r s t  reported by 

Grimsrud arid M ille r  in A p r il, 1978 (4 0 ). Their, e a r lie s t publication  

(June, 1978) presented a general characterization of the effects of 

oxygen on the response of a constant current ^ N i ECD to fiv e  halo- 

genated methanes (41 ,42 ). The ECD s e n s itiv ity  to compounds having few 

and p a rtic u la rly  only one chlorine atom was greatly increased. As an 

example of th is , an analysis of methyl chloride in the atmosphere was 

reported (4 1 ,42 ). Their enhancement studies were la te r  applied to 28 

additional halogenated hydrocarbons, among which were the environmen

ta l ly  important fIuorochlorohydrocarbons ( Freons 11, 12, 13, 14 and 

22) and vinyl chloride (43 ). These resu lts , published in June, 1979, 

presented a detailed model fo r instrument response with oxygen doped 

ca rrie r gas and discussed how and why response enhancements varied 

with chemical structure. Two additional papers by these authors 

containing supplementary information concerning the oxygen doping 

process have recently appeared in the lite ra tu re  (44^45). Grimsrud 

and coworkers (46) have very recently concluded th e ir  preliminary 

study of the response of the oxygen doped ECD to fiv e  selected 

polycyclic hydrocarbons. At 250°C the ECD responses of anthracene, 

pyrene and 1 ,2-benzanthracene are increased very substantia lly  

while those of phenanthrene and tetracene are only increased
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s lig h tly . The basis of these observations has been discussed, and 

APIMS measurements of the negative ions formed in the ECD as a resu lt 

of oxygen doping are reported (46).

Simmonds (December, 197.8) has used high purity  nitrogen carrie r  

gas containing in ten tio n a lly  added oxygen (100 ppm V/V) fo r the 

analysis of carbon dioxide and nitrous oxide in the atmosphere (47). 

The addition o f oxygen to the ca rrie r gas produced a signal fo r carbon 

dioxide while preserving the usual response to nitrous oxide, thereby 

allowing analysis of both gases from a single sample of ambient a ir .  

Simmonds postulated a charge transfer mechanism involving O^" to be 

responsible fo r the increased response to COg using oxygen doped 

c a rrie r  gas. His mechanism is almost identical to that discussed by 

Grimsrud and Stebbins (39) and M ille r  and Grimsrud (42 ,43 ).

An oxygen doped GC-ECD system is currently being used fo r the 

continuous on lin e  monitoring of -b is ( chiormethyI) ether in the 

workplace environment of Dow Chemical Company, Midland, Michigan (48). 

This fu l ly  automated GC-ECD system performs the monitoring tasks 

previously done by operator-assisted GC-mass spectrometry with 

considerably less expensive equipment and s ig n ifican t financia l 

savings in operator expense.

Rasmussen and coworkers (49) have very recently (A p r il , 1980) 

reported the use o f oxygen doped nitrogen ca rrie r gas to measure the 

la titu d in a l d is trib u tio n  of methyl chloride in the atmosphere with a
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constant current ^ N i electron capture detector. These data were 

obtained from an analysis procedure very s im ilar to that reported by 

Grimsrud and M ille r  (40 ,41 ,42 ). More recently (June, 1980) Rasmussen 

and Khalil (50) have reported the f i r s t  measurement ever of ambient 

atmospheric concentrations of CHClFg (Freon 22). These measurements 

were obtained with an oxygen doped ECD operated at 275°C using the 

techniques previously described by Rasmussen et a]_. (49 ). M ille r  and 

Grimsrud (43) had previously shown that the normal ECD response to 

Freon 22 could be s ig n ific a n tly  enhanced by adding 0.2% oxygen to the 

c a rrie r  gas a t 250°C.

In September, 1.979, Fehsenfeld and coworkers (51) reported that 

the s e n s itiv ity  of the ECD to COg, Hg and CĤ  could be enhanced by 

the addition of nitrous oxide to the c a rr ie r  gas. Shortly th ereafte r, 

Sievers and coworkers (52) fu rth er characterized.the NgO enhancement 

process and demonstrated that a nitrous oxide chemically enhanced ECD 

responds to alkanes with about the same s e n s itiv ity  as the flame 

ionization detector. The proposed mechanism for th is  enhancement 

process (51,52) postulates that a fas t irrevers ib le  charge exhange 

ion-molecule reaction between 0" and the sample is responsible 

fo r the detector response. Goldan e t al_. (53) were able to detect 

part per b ill io n  levels of vinyl chloride using a NgO doped ECD. This 

represents a very s ig n ifican t improvement when compared to the normal 

ECD detection l im it  fo r vinyl chloride of approximately I-Sppm (V /V ).



RESEARCH OBJECTIVES

The in i t ia l  observations made by Grimsrud and Stebbins (39) 

suggested that the in tentional addition of oxygen to the c a rr ie r  gas 

might be a means of improving the s e n s itiv ity  of the electron capture 

detector to mono- and di-halogenated hydrocarbons and polycyclic 

aromatic hydrocarbons. To accomplish th is , the conditions necessary' 

fo r optimum detector response must be id en tifie d  and care fu lly  

evaluated.

Also worthy of careful examination was the possible use of 

oxygen-caused response enhancements as q u a lita tiv e  indicators of 

compound id e n tity . Response enhancements were d iffe re n t fo r the 

various isomers studied by Grimsrud and Stebbins (39) and there was 

no reason to suspect that th is would not be the case fo r other 

compounds.

Thus, the in ten t of th is  study was to further characterize the 

e ffe c t of oxygen on the response of a o jNi constant current electron 

capture detector with the in ten t of using the enhancement process for 

analysis purposes.



EXPERIMENTAL

Instrumentation

The data reported in th is  study were obtained with a Varian Model 

3700 gas chromatograph equipped with an Aerograph ^ N i constant 

current ECD and an Aerograph Flame Ionization Detector (F ID ). The 

electron capture cell is a ceramic-metal assembly capable of operation 

at temperatures in excess of 400°C. Figure I presents an il lu s tra tio n  

of the unique ce ll geometry of the Aerograph ECD. This ce ll has dis

placed coaxial cylinder geometry. The larger cylinder contains a 7.5 

mCi ^ N i fo i l  and the second cylinder serves as the electron co llec

to r . C arrier gas from the GC passes through the co llecto r cylinder 

f i r s t ,  then up through the fo i l  cylinder. This p articu lar arrangement 

minimizes the d iffusion and convection of electrons into the collector 

cylinder. I t  also reduces the number of long-range beta partic les  

s trik in g  the co llecto r. Thus,this ce ll minimizes the " fie ld -fre e "  

background current. The c e ll is polarized by applying negative 

voltage pulses of 50 V amplitude and 0.64 psecond width to the walls 

of the large cylinder while grounding the co llecto r cylinder. This 

causes the electrons w ithin the fo il  cylinder to move against the gas 

flow and to be collected during the time the pulse is on. This unique 

geometry has allowed the ce ll volume to be made very low (0 .3  ml) for 

increased s e n s itiv ity .

The ce ll current is held constant at 0.3 nA using nitrogen 

c a rrie r  through the use of the electronic c irc u it  il lu s tra te d  in
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Figure 2 (20 ). The ce ll current, I ce-Ji, is combined with an external 

reference current such that th e ir  difference is the input to the 

electrometer. The electrometer output determines the pulse frequency 

which, in tu rn , determines the magnitude of I ce^ .  The system works, 

by e lec tro n ica lly  varying the pulse frequency to maintain I ce-J1 =

I r e f  Since pulse frequency is the quantity which is always changing 

in th is  method of operation, the output signal is a voltage proper- . 

tional to that frequency.

I ceH  is proportional to the concentration of free  electrons in 

the ce ll and the frequency f  of the applied pulses (20 ). The pulse 

frequency with pure c a rr ie r  gas is defined as the base frequency of 

the system. When an electron capturing sample (A) enters the ECD, i t  

converts some of the free  electrons into negative ions, thereby 

decreasing the electron concentration in the c e ll .  /  must increase to 

maintain I c e ll constant. This produces an output signal with peak 

height proportional to the frequency increase, -  / q , where 

is the frequency corresponding to a sample concentration [A] within  

the ECD. Maggs et_ al_. (18) have shown that the increase in frequency 

(^A ~ Proportional to [A]. Thus, there is an inherently

lin ea r relationship between the peak height signal and the sample 

concentration (20).

Most of the data fo r th is  study were collected using the GC-ECD 

system described above. A small portion of the data were obtained
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using a flame ionization detector. The Aerograph FID has a lin ear
7 19range greater than 10 and a d e te c tiv ity  of less than 2.7 X 10 g-

C/sec (54 ). This FID uses a ceramic flame t ip  to minimize the effects

of sample degradation a t m eta llic  surfaces. The small contribution

to the system noise by the electrometer allows the FID system to
-I  Poperate a t a maximum s e n s itiv ity  of I X 10" A fu ll  scale.

A ll chromatograms were recorded on a Varian Model 9176 s trip  

chart recorder. In tegration of peak areas was done e lec tro n ica lly  

with an Autolab Minidrdtbr (Model 2300-010). The r e l ia b i l i t y  o f th is  

I^inidratbr was v e rifie d  by manual in tegration of peak areas using a 

K & E Model 4235 Compensating Polar Planimeter.

A specialized ECD which is also an atmospheric pressure ioniza

tion  mass spectrometer (APIMS) was b r ie f ly  used for certain  aspects 

of th is  study. This home-built ECD/APIMS instrument has an ion source 

of in ternal volume ( I cnf*) typical of ^ N i ECD1 s and includes a 

coaxial pin which serves as the ECD anode. A five-eighths inch nickel 

disk of 25 pm aperture in its  center provides a controlled leak of the 

ions source contents into the vacuum region of a quadrupole mass 

f i l t e r .  With th is  instrument, the ECD response to an electron cap

turing compound can be monitored along with mass spectral measurements 

of the ions simultaneously formed in the API source. This API-ECD 

instrument has been described in much greater deta il elsewhere (35, 

55).
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Standard Preparation

A ll halocarbons studied were reagent grade obtained from 

commercial suppliers. CH3C l, CH3Br1 CH3CH3C l, CHF3C l1 CF3Cl and 

CH3=CHCl were obtained as gases from Matheson Gas Products, Lyndhurst1

liq u id  CFCl3 were purchased from PCR1 

In c ., G ainesville , F lorida. Liquid samples of CH3CH3CH3Cl and 

CH3CH3CH3CH3Cl and solid p-dichlorobenzene were supplied by Eastman 

Kodak Company, Rochester, New York. Liquid CCl41 CHCl31 CH3Cl31 

ClCH3CH3C l1 CH3CHClCH31 (CH3) 3CCl1 chlorobenzene, benzyl chloride and 

o-dichlorobenzene were purchased from J. B. Baker Chemical Company, 

Phillipsburg1 New Jersey. Liquid CH3CHClCH3CH3 and v in y li dene 

chloride were obtained from Aldrich Chemical Company, Milwaukee, 

Wisconsin. Cl3CHCH31 C l3C=CHCH31 ClCH=CHCH3 and CH3=CCTCH3 were pur

chased in liq u id  form from P fa ltz  and Bauer, In c ., Stanford, 

Connecticut. Liquid samples of c is -and tran s -1,2-dichloroethylene  

were obtained from ICN Pharmaceuticals, In c . , Plainview1 New York. 

Liquid samples of CHCl=CCl31 C l3C=CCl31 CH3=CHCH3C l, ClCH3CH3CH3C l1 

ClCH3CH3CH3CH3C l1 m-dichlorobenzene and tran s -114-dichloro-2-butene  

were obtained from Chem Service, West Chester, Pennsylvania.

The polycyclic aromatic hydrocarbons were obtained in solid form 

from commercial suppliers. Anthracene, phenanthrene, t r i phenylene, 

tetracene, acrid ine, xanthene, carbazole, dibenzofuran, dibenzo- 

thiophene, 2-methyl anthracene, I -c h ioroanthracene, 2 -chloroanthracene,

New Jersey. Gaseous CF3Cl3 and
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9 -ch lorophenanthrene, 5,6-benzoquinoline and 7 ,8-benzoquinoline were 

purchased from Aldrich Chemical Company. Perylene, pentacene, 

dibenza(a,h)anthracene, 9 -ch loroanthracene and 9-methyl anthracene were 

supplied by P fa ltz  and Bauer, Inc. Chrysene, beiizo(e)pyrene,

7 ,12-dimethyl- 1 ,2-benzanthracene and 1,2,3,4-debenzanthracene were 

purchased from ICN Pharmaceuticals. Pyrene was obtained from J. T. 

Baker Chemical Company. 1,2-benzanthracene was purchased from Sigma 

Chemical Company, S t. Louis, Missouri. Dr. Sam Rogers of the MSU 

Chemistry Department kindly supplied a small amount of Aldrich  

research grade 3,4-benzopyrene. A ll of the PAH and PAH-Iike samples 

were research grade or b e tte r. Further p u rifica tio n  of both these 

samples and the halocarbons was unnecessary because the method of 

introduction to the ECD was gas chromatography which provided the 

necessary separation from im purities.

Standards of halocarbons having boiling points less than IOO0C 

were prepared as gases and those with boiling points above IOO0C were 

prepared as liq u id s . Standards of the PAH and PAH-Iike samples were 

prepared as liq u id s . Standard concentrations which provided small but 

easily  measurable peaks were used so that the likelihood of instrument 

saturation effects could be minimized.

Gaseous standards were prepared in the following ways. For those 

chlorinated hydrocarbons which were gases, 0.5 to 5.0 ml of pure gas 

were added to I L flasks , previously modified to include two Teflon
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stop cocks and one in jection  port, containing nitrogen ( Chemetron 

Corporation).

The nitrogen source was f i r s t  analyzed to ensure that the tank 

used contained acceptably low levels of the substances of in te res t.

One to ten ml o f th is  mixture were then injected into a 21 L glass 

carboy with an a ir - t ig h t  stainless steel l id .  Additional nitrogen 

was then added, to the carboy to create a pressure of 5 psi above 

atmospheric pressure. In th is  manner, many tes t samples could be 

withdrawn by syringe without contamination of the standard by room 

a ir  and without fear of d ilu tin g  the standard. Using th is  procedure, 

gas standards of 20 ppb to several ppm (V/V) were easily  prepared.

Two to ten m ic ro lite r aliquots of chlorinated hydrocarbons having 

boiling points below IOO0C were added with gentle s tir r in g  to warmed 

I L flasks containing nitrogen. A fter one or more additional 

dilu tions of th is  mixture in to  other I L flasks , a f in a l in jection  

was made into the a ir - t ig h t  21 L glass carboy. In th is  manner, 

standards ranging from 0.5  ppb to 5 ppm (V/V) were routinely  prepared.

In these d ilu tio n  procedures, a Hamilton 2 ml glass syringe was 

used for gas aliquot transfers in the f i r s t  steps. In the la s t  

transfer to the glass carboy, a Pressure-Lok 5 ml gas-tigh t glass 

syringe with a Teflon piston was'used. Forty ml of the prepared 

contents of the 21 L carboy were transferred to a 2 ml gas sampling 

loop using a 100 ml ground glass syringe equipped with a Hamilton
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shut-o ff valve.

Of the 35 halocarbons studied, ClCHgCHgCHgCl, Cl (CHg)4C l, 

ClgC=CClg, trans-1,4-d ichloro-2-butene, chlorobenzene, benzyl chloride  

and the three isomers o f dichlorbenzene were the only standards pre

pared as liq u id s . From two to ten m ic ro lite r aliquots of Cl (CH2)3C l,

Cl (CHg)4C l, ClgC=CClg9 benzyl ch loride, tran s -1,4-dichloro-2-butene, 

6-dichlorobenzene and m-dichlorobenzene were d iluted to 10.0 ml with 

hexane or benzene. Two to ten m icro liters  o f these mixtures were 

fu rther d ilu ted to 10.0 ml with hexane or benzene to produce standards 

varying from 10"® g/1 to 10~6 g/1. The chlorobenzene standard was 

prepared a t an approximately one hundredfold increase in concentration 

when compared to the other halocarbons. Seventy mg of p-dichloro

benzene were dissolved in 10 ml of benzene. This mixture was further  

diluted I :T0 with benzene. Five to ten yl o f the second d ilu tio n  

were fu rther d ilu ted to 10.0 ml with more benzene to produce a 

standard of approximately 5 X 10" g/1 concentration. Two yl aliquots 

of these liq u id  standards were subsequently syringe injected into the 

normal in jection  ports.

Standards fo r the PAH and PAH-Iike samples were prepared in the 

following manner. One to fiv e  mg of the solid sample were dissolved 

in 10.0 ml of thiophene-free benzene. This mixture was subsequently 

diluted 1:20 or 1:10 with benzene. I f  necessary, the second mixture 

was further d ilu ted such that the resu lting  sample size was ‘
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s u ffic ie n t to produce sm all9 but easily  measured, peaks. These 

sample sizes varied considerably and encompassed a wide range of 

concentrations. For example, sample sizes o f 600 ng, 300 ng, 40 ng,

40 ng, 10 ng, 5 ng, 2 ng and I ng per 2 yl in jection  produced easily  

measureable peaks for dibenzothiophene, phenanthrene, anthracene,

1 ,2-benzanthracene, carbazole, 3,4-benzopyrene, tetracene and 

chloroanthracene, respectively.

Chromatographic Parameters

A ten foot by 1/8 inch stainless steel column packed with 10% 

SF-96 on Chromosorb W was used fo r the gaseous standards. For the 

prelim inary studies involving fiv e  halogenated methanes, the column 

temperature was 26°C. For the a ir  analysis to be described la te r ,  

the column temperature was programmed from -SO0C to IO0C. For the 

other gaseous standards examined, the column temperature was varied 

from 30°C to 60°C depending on the compound examined. For the 

halocarbons prepared as liq u id  samples, a 1.5 foot by 1/8 inch 

stainless steel column packed with 3% OV-17 on Chromosorb W was used 

at column temperatures up to IlO 0C. This same OV-17 column was used 

fo r the analysis of the PAH and PAH-Iike samples. The column tempera

ture was varied from 140°C to 250°C depending upon the substance 

examined. The in jection  port temperature was generally 20° to 30°C 

higher than the column temperature.
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The c a rr ie r  gas was u ltra  high pu rity  nitrogen (Matheson) 

specified to be greater than 99.999% pure and was passed through 

traps containing activated charcoal and 13X molecular sieve. An 

oxygen scrubber (Al I tech Oxy-Trap) was occasionally added to the 

c a rr ie r  gas lin e  to tes t the e ffe c t on the ECD response of residual 

oxygen in the u ltra  high purity  nitrogen. When heated to ZOO0C th is  

scrubber is  specified to reduce oxygen content to less than 0.1 ppm. 

The ECD measurements reported fo r the halocarbons were obtained 

without the use of th is  scrubber. The Oxy-Trap was in s ta lled  fo r a ll  

measurements reported fo r the polycyclic aromatic hydrocarbon 

samp!es.

The pressure o f the nitrogen c a rr ie r  gas was maintained a t 20 psi 

when using the SF-96 column. With th is  pressure, a flow rate  of 30 

ml min-  ̂ was obtained. When using the OV-I7 column, a pressure of 

20 psi produced a flow rate  of about 55 mL m in " \ For those PAHs 

with long retention times, a flow ra te  of approximately 75 ml min"  ̂

was obtained by increasing the pressure to 25 p s i.

Sampling and Oxygen Addition

The normal c a rr ie r  gas flow system was modified to include 

additional devices to allow gas sampling and controlled oxygen 

addition to the c a rr ie r  gas. These are shown in Figure 3. I f  

valves A, B and C are a l l  o f f  (bypass p o s itio n ), c a rr ie r  gas goes 

d ire c tly  to the SC. Gas samples are introduced by flushing the 2 mL
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C arrier gas flow system fo r the controlled addition and mixing of oxygen 
with the c a rr ie r  gas and fo r gaseous sample introduction
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sampling loop (Carle 8030) with sample and turning the valves a t C on. 

The normal in jection  port and a 10 y l syringe were used fo r introdu

cing the liq u id  standards. Variation of the oxygen concentration was 

accomplished through the combined use of a 4 .8 L stainless steel 

sphere (B) which served as an exponential d iTutor and another loop (A) 

of 11.5 ml volume (27 inches of coiled 1/4 inch copper tub ing ). With 

th is  loop, aliquots of breathing q u ality  a ir  (Chemetron) were added 

to the c a rr ie r  gas stream via valves A. With valves B open, each 

aliquot of a ir  introduced increased the Og concentration in the 

d ilu tio n  sphere by 0.5 ppth (volume ra tio )  assuming a ir  contains 21% 

Og. Any desired concentration of Og in m ultiples of 0.5 ppth was 

established by quickly f i l l in g  and expelling the oxygen loop (A) into  

the d ilu tio n  sphere (B ). In a period of 0.5 hours the established 

oxygen concentration would decrease by less than 10% at which time 

the in i t ia l  concentration was reestablished by adding small amounts 

of a ir  via one of the valve pair A. The magnitude of the ECO 

baseline allowed a continuous monitor of the ca rrie r gas oxygen 

concentration. The a ir  was passed through a 13X molecular sieve 

f i l t e r  and an activated charcoal f i l t e r  before going into the 

d ilu to r . I t  was also analyzed by the ECD system to ensure that i t  

contained an acceptably low amount of ECD active contaminants.

For the halocarbon studies and the prelim inary study of the 

PAH's, oxygen was added to the c a rr ie r  gas in the manner described
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above. With th is  approach, oxygen is present in the c a rr ie r  gas prior 

to the in jec to r or column. Oxygen has had no observable detrimental 

effects on the life tim e  or performance of the columns used to date. 

During the la te r  phases of th is  work, oxygen was added as a make-up 

gas a fte r  the column ju s t p rio r to the detector by combining the 

c a rr ie r  gas flow with nitrogen gas containing 2.4% oxygen. This has 

been accomplished by using the H2 flow system into the universal 

detector base upon which our ECD is mounted. By adjusting the flow 

rate of the O2 containing N2 make-up gas to produce a baseline 

frequency ind icative  o f some known oxygen concentration, measurements 

can be made a t a constant oxygen le v e l. The results obtained for the 

PAHs have been found to be independent of the method for introducing 

oxygen.

Measurement Procedures

The ECD chromatograms of individual compounds or mixtures which 

were easily  separated from each other by gas chromatography were f i r s t  

obtained using u ltra  high purity  nitrogen c a rrie r gas. The molar ECD 

response value of each compound was determined by dividing its  

e lec tro n ica lly  measured peak area by the moles of the compound. The 

re la tiv e  molar ECD response of each compound was obtained by 

normalization with respect to the lowest calculated molar ECD response 

value. Aliquots of a ir  were added to the c a rrie r gas and the analysis 

of each compound was repeated with each subsequent addition of a ir .
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Response enhancement values were obtained for each compound from the 

ra tio  o f the peak heights, with and without added oxygen. The 

baseline frequency was also monitored and calculated in the manner 

prescribed by the ECD manufacturer fo r a ll  oxygen concentrations.



RESULTS AND DISCUSSION

Preliminary Characterization of the Effects of Oq

Grimsrud's and Stebbins1 previously discussed results suggested 

the p o ss ib ility  of using oxygen doped c a rr ie r  gas as a means of 

improving the ECD detection cap ab ilities  to chlorinated hydrocarbons. 

To investigate th is  p o s s ib ility , a systematic study of the effects  

of added oxygen on the ECD response to CHgCl, CHgCl2» CHClg, CCl^ and 

CHgBr was conducted. A major purpose of th is early study was the 

determination of the oxygen concentration and detector temperature 

necessary to produce the most favorable signals fo r the sample 

components.

The halogenated methanes were chromatographically resolved from 

each other and could, therefore, be run simultaneously. Since the 

CHgBr peak overlapped s lig h tly  with that of CHgCl, these were not run 

simultaneously. Typical chromatograms are shown in Figure 4. Chro

matogram A shows the normal ECD response to a prepared standard 

containing 620 ppb CHgCl, 960 ppb CHgClg. 68 ppb CHClg and 17 ppb 

CCl4 using u ltra  high purity  nitrogen c a rr ie r  gas at a detector 

temperature o f SOO0C. The marked difference in the normal ECD 

s e n s itiv itie s  of the various compounds is read ily  apparent from the 

peak sizes produced by the d iffe r in g  amounts of respective compounds. 

I t  is also obvious that the ECD does not normally respond well to 

mono- or d i-chlorinated alkanes. Chromatogram B is the ECD response 

to the same standard using c a rr ie r  gas containing 2.0 ppth oxygen.
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CH Cl

CHCI

8 10
Time (min.)

Figure 4

Typical chromatograms in the studies of oxygen's effects  on 
the ECD responses to chloromethanes. (a) Normal ECD conditions of 

pure nitrogen c a rr ie r  gas, (b) Same standard run with 2.0 ppth oxygen 
in the c a rr ie r  gas. Detector temperature is 300°C. Concentrations 

are 620 ppb CH3C l, 960 ppb CH2Cl2 , 68 ppb CHCl3 and 17 ppb CCl4 .
Sample loop: 2 ml. Oven: 26°C
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The greatly  enhanced response to CHgCl is read ily  apparent. The 

response to CHgClg is also s ig n ific a n tly  increased whereas the 

responses of CHCl3 and CCl^ are only s lig h tly  changed by the presence 

of oxygen. Chromatograms s im ilar to those in Figure 4 were obtained 

with from 0.5 to 5.0 ppth oxygen added a t detector temperatures from 

ZOO0C to 400°C. A summary of th is  data is presented in Table I .

A ll values lis te d  under the f i r s t  column, "No Og added", are 

re la tiv e  molar responses calculated from peak areas per mole and are 

a ll  referenced to the lowest value, that of CH3Cl a t 300°C. Data of 

th is  nature would be obtained from measured peak areas such as those 

in Chromatogram a of Figure 4. This column thus provides a compari

son of the re la tiv e  s e n s itiv itie s  o f the d iffe re n t compounds at 

various temperatures under normal ECO conditions of "clean" ca rrie r  

gas. A comparison of these re la tiv e  ECD sens itiv ites  confirms the 

expected trend (56) that an increase in normal ECD s e n s itiv ity  is 

caused by the successive addition o f chlorine atoms to methane.

Methyl bromide also responds considerably better than does methyl . 

chloride.

The response enhancement values lis te d  in columns 2-10 in Table 

I  are also re la tiv e  responses but are referenced to the value in the 

f i r s t  column of each row. These values are determined from the ra tio  

of the peak heights of the compounds with and without added oxygen. 

The values of column 9 thus indicate that the peak heights of CH3C l,



T a b le  I

E ffect of oxygen added to c a rr ie r  gas on the ECD response^ 
of several halogenated methanes

I

Detector
temperature, No O2

0C added
CH3Cl

400 1.2
350 1.0
300 1.0
250 1.2
200 1.3

CH2Cl2
400 9.0
350 4.9
300 2.9
250 1.9
200 1.2

CH3Br
400 25.5
350 13.9
300 8.9
250 4.8
200 2.7

CHCl3
400 5.0 X 10=
350 4.4 X 10=
300 4.7 X 10=
250 2.6 X 10=
200 1.9 X 10=

CCl4
400 1.6 X IO4
350 1.6 X IO 4
300 1.5 X IO 4
250 1.4 X IO 4
200 1.3 X IO 4

0.5 1.0 1.5

6.5 12.3 18
10.2 20 31
21. 40 61 .
31 76 145
39 126. 254

1.8 2.8 3.8
2.8 5.3 8.3
5.3 9.9 20

14 36 66
25 84 144

1.4 1.8 2.2
1.8 2.6 3.9
3.1 5.5 8.9
7.2 17.8 33

13.2 45 82

1.1 ' 1.1 1.1
1.2 1.2 1.5
1.3 1.5 1.8
1.9 3.9 5.2
1.7 6.9 13.7

1.0 1.0 1.1
1.0 1.0 1.1
1.0 1.1 . 1-2
1.2 1.4 2.0
1.4 2.3 3.3

Oxygen concentration,

2.0 2.5 3.5

23 29 44
41 53
95 114 197

208 295 450
288

4.8 5.6 7.8
11.8 14.7
28 32 46
88 109 136

151

2.6 3.1 4.1
5.2 6.5

13.1 15.7 24.1
47 62 82
88

1.1 1.1 1.2
1.7 1.9
2.0 2.5 3.2
5.9 12.1 15.6

18

1.1 1.1
1.1 1.1
1.3 1.3 1.6
2.1 2.6 3.6
3.7

4.0 4.5 5.0

101
307

575

25
57

162

11.3

100
33

2.0

21
4.9

1.3

4.5
1.8

a The responses listed under the column “ No O2 added” are all relative to the lowest in that column, that of CH3Cl at 300 
°C. A ll other responses listed are relative to the first value in each row.

W
O'!
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CHgClg, CHgBr1 CHClg and CCl^ with c a rr ie r  gas containing 4 .5  ppth 

oxygen w ill be 5 7 5 , 1 6 2 , 1 0 0 , 21 and 4 .5  times greater than th e ir  

respective peak heights with no oxygen added a t 250?C. In this  

manner the e ffe c t o f oxygen on the ECO response fo r a given compound 

at several temperatures is read ily  displayed.

In Figure 5 the re la tiv e  responses (response enhancements) of 

a ll compounds a t SOO0C are plotted against oxygen concentration. Two 

important observations are apparent from th is  fig ure . F irs t ,  the 

amount of response enhancement appears to be inversely re lated to the

normal ECD s e n s itiv ity  o f  the compound. For example, CCl^ has a
\

re la tiv e  molar response 15,000 time that of CHgCl, but its  response 

enhancement is only 1.3% that o f CHgCl with 2.0 ppth oxygen.

Second, the amount of response enhancement increases as the oxygen 

concentration is increased for a ll  compounds, p a rtic u la rly  so for 

CHgCl and CH2C l2 - These observations are consistent with Grimsrud's 

and Stebbins' proposed mechanism involving electron capture catalysis  

by O2" (39).

Since oxygen doping may be a means to improve the BCD's analysis 

cap ab ilities  fo r CHgCl, determination of the optimum detector . 

temperature and oxygen concentration that produce the most favorable 

response is of v ita l importance. The e ffe c t of detector temperature 

on the oxygen-induced response enhancements o f CHgCl is shown in 

Figure 6. I t  would appear that the lower detector temperatures might
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2 2g 40-

CHCl

C>2 C oncen tra tion  (ppth)

Figure 5

The e ffe c t of oxygen doping of the c a rr ie r  gas on the ECD response 
to several halogenated methanes a t a detector temperature of 300°C

O
 X
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Og C on cen tra tion  (pp th )
Figure 6

E ffect of detector temperature on the oxygen-induced response 
enhancements of methyl chloride
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be best i f  only large oxygen-induced responses to CH3Cl are desired. 

However, in choosing the optimum analysis condition, the factors of 

baseline frequency and baseline noise must also be considered. In 

Figure 7 is shown the e ffe c t on baseline frequency of temperature for 

the various levels o f oxygen doping. The increase in baseline 

frequency which accompanies oxygen addition is undoubtedly due to the 

oxygen electron capture e q u ilib ria  reaction (39 ). Since th is  

reaction is exothermic, i t  is disfavored by higher temperatures.

Thus at the lower temperature o f 200°C, oxygen's e ffec t on the 

baseline frequency is seen to be too great fo r analysis purposes.

The loss of lin e a r response due to instrumental saturation begins to 

occur a t about 100 kHZ with our instrument (20 ). At 200°C, this  

point is approached with the addition of 1.5 ppth Og. At the higher 

detector temperatures, however, the baseline frequency is  not in 

creased so d ra s tic a lly  and a sizeable range of lin ear response to 

sample compounds s t i l l  remains even with the addition of re la tiv e ly  

large amounts of oxygen.

The magnitude of baseline noise in an ECD is  inherently related  

to the random disintegration rate of the radioactive ionization  

source (57 ). The noise level w ill be increased i f  an electron  

absorbing compound such as oxygen is  added to the c a rr ie r  gas because 

of the decreased population of electrons re flec tin g  the radioactive  

decay of the ^ N i source. The e ffec t o f oxygen doping on baseline
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O 0.5 1.0 1.5 2.0 2.5
O2 C o n ce n tra tio n  (ppth)

Figure 7

E ffect of oxygen on the ECD chromatogram baseline 
at several detector temperatures
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noise is  shown in Figure 8 , where the peak to peak amplitude of noise 

is plotted against added oxygen fo r a l l  detector temperatures.

Figure 8 closely resembles the pattern of Figure 7 indicating that 

the noise level roughly p a ra lle ls  baseline frequency. Again, the 

higher detector temperatures are preferable with respect to providing 

minimum baseline noise with oxygen doping.

In order to increase the s e n s itiv ity  of an analysis technique, 

the s ig n a l-to -n o ise ra tio  fo r that technique must be increased. The 

combined effects  of response enhancements and baseline noise are 

shown in Figure 9 fo r CHgCl where the re la tiv e  s ig n a l-to -n o ise ra tio  

is plotted against oxygen concentration fo r a ll  temperatures. The 

re la tiv e  s ig n a l-to -n o ise ra tio  is obtained from the ra tio  of the 

response enhancement and the noise enhancement where the noise 

enhancement is  equal to the peak to peak noise amplitude with added 

oxygen divided by the peak to peak noise amplitude without any 

oxygen. As an example, the noise level is 3 Hz at 250°C with no 

oxygen added and increases to .37 Hz with 2 ppth oxygen. The noise 

enhancement is thus 37/3 = 12.3. From Table I , the response enhance

ment of CHgCl a t th is  oxygen concentration is 208; therefo re , the 

re la tiv e  s ig n a l-to -n o ise value fo r CHgCl a t 250°C with 2 ppth oxygen 

is 208/12.3 or 17. This implies that the s ig n a l-to -n o ise ra tio  fo r  

CHgCl with 2 ppth oxygen is 17 times greater than the corresponding 

signal-to-nosie ra tio  without any oxygen at 250°C. For analysis
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Op C on ce n tra tio n  (pp th )
Figure 8

Effect of oxygen doping on the baseline noise 
(peak to peak) at several detector temperatures

O
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<D 16"

300° B

i 0.5 1.0 1.5 2.0 2.5
C o n ce n tra tio n  (p p th )

Figure 9

Relative signal-to-noise ra tio  expected fo r the 
ECD analysis of methyl chloride as a function of 
oxygen concentration and detector temperature
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purposes, th is  means that detection lim it  fo r CHgCl using aq ECD 

doped with 2 ppth oxygen should be 17 times less than the normal 

detection l im it  at 250°C. Inspection of the data presented in 

Figure 9 reveals that fo r methyl chloride analysis, neither of the 

detector temperature extremes, 200°C and 400°C, are the best choices. 

Rather, one of the.middle temperatures w ill provide the best analysis 

condition causing an increase in the signal-to-noise response of 

methyl chloride of about one order of magnitude. Although 250°C 

appears best from Figure 9, i t  has the disadvantage of higher 

baseline frequency (Figure 7) and, therefore , a smaller lin ear  

dynamic range. For th is  reason, SOO0C.or SBO0C may be the best 

general choice of detector temperature fo r methyl chloride analysis.

To i l lu s tra te  the e ffe c t oxygen doping w ill have on the peaks of 

a ll of the subject compounds, the re la tiv e  signal-to-noise or noise- 

to-signal (whichever is > I )  of each as a function of oxygen concen

tra tio n  a t 250°C is shown in Figure 10. I t  is seen that fo r those 

compounds fo r which s ig n ifican t response enhancements are not caused 

by oxygen doping, a loss in s ignal-to-noise is to be expected * This 

w ill occur whenever the response enhancement is less than the noise 

enhancement. Figure 10 thus implies that an ECD doped with 2 ppth Og 

w ill be two and six .tim e less sensitive than the normal ECD for  

CHClg and CCl^, respectively. This figure  also suggests that oxygen 

doping may be a means of de-emphasizing in tefering  peaks while a t the
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Op C o n ce n tra tio n  (pp th )

Figure 10

Relative signal-to-noise or noise-to-signal ra tio  
(whichever is > 1 )  fo r a ll  compounds studied as a 

function of oxygen concentration a t 250°C
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same time se lec tive ly  enhancing the peak of in te re s t. This w ill be 

shown in the a ir  analysis described below.

Since the basis o f the response to methyl chloride described 

here is a new one, i t  is important to demonstrate that the ECD 

responses caused by i t  w ill be I i nearly related to methyl chloride  

concentration. Figure 11 shows a ca lib ra tio n  curve fo r CH3Cl 

obtained with 2 ppth oxygen at SOO0C that is lin ea r fo r nearly three 

orders of magnitude of response. At the lowest concentration 

examined, 3.4 ppb, the S/N ra tio  is 11, implying a detection lim it  

of about 6 ppb fo r CH3Cl with the conditions of Figure 11.

Based on the results previously discussed, the oxygen doping 

technique was applied to the determination o f CH3Cl in the atmosphere. 

This task provided a challenging te s t fo r the method. Because of the 

low concentration of CH3Cl in a ir  and its  poor ECD s e n s itiv ity ,

GC-MS techniques had thus fa r  provided the most re lia b le  measurements 

(58 ,59 ,60 ,61). Methyl chloride had previously been measured by 

GC-ECD techniques (59,62) but these were plagued by problems with 

interferences (59) and small responses (59 ,6 2 ), making the results  

somewhat suspect.

For the atmospheric analyses, the 2 ml sample loop was replaced 

by a 20 ml loop. Also, the GC oven was temperature programmed from 

-SO0C to 10°C. The timing of analysis events is as follows: an a ir  

sample is captured on the roof of the chemistry building using a
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CH0CI C o n c e n t ra t io n  (ppb)

Figure 11

ECD ca lib ra tio n  curve fo r methyl chloride using oxygen-doped 
c a rrie r  gas. Conditions: 2 ml sample loop, column

temperature 26°C, detector temperature SOO0C,
2 ppth oxygen in the nitrogen ca rrie r gas
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100 ml glass syringe with a lock, and is flushed through the 20 ml 

sample loop. Sample valve C is opened, in jecting  the a ir  sample onto 

the column. At -SO0C the contents of in teres t in the sample are 

immobilized a t the head of the column. The oven remains a t -SO0C for  

45 seconds allowing sample oxygen to pass out. Then the column tem

perature is increased a t a rate of 89°C/min (maximum ra te ) to IO0C 

where the oven is maintained un til the completion of the analysis.
X

Between analyses the oven is held a t 60°C fo r 10 min to remove the 

less v o la tile  components of the a ir  sample from the column.

Examples of the chromatographs obtained with and without oxygen 

doping are shown in Figure 12. Chromatograms a, b and c were 

obtained by the normal ECD method, without oxygen doping. A sharp 

negative spike and the f i r s t  time marker indicate the point a t which 

the 20 ml sample loop is opened. About 45 seconds is allowed for  

the sample oxygen to pass through the column during which the 

disturbance i t  causes is c lea rly  seen in chromatogram a. At the 

point of the second time marker, the column temperature is  rapidly  

raised to 10°C. Several peaks then appear, the two largest of which 

in chromatogram a are due to CF2Cl2 and CFCl3 . Chromatogram, b shows 

the methyl chloride peak from a standard of concentration 7.7 ppb.

The th ird  time marker, at about 1.5 min denotes the expected reten

tion time of CHgCl. The a ir  sample has a peak near the same reten

tion tim e, but would lead to the unsuspected conclusion that the a ir
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Figure 12

Chromatograms of real a ir  analyses, a-c are under normal ECD 
conditions of pure nitrogen ca rrie r gas. d -f are with 2.0 ppth 
oxygen added to the c a rr ie r  gas. The detector temperature is 
300°C. The time markers indicate the following events: f i r s t ,
the sample valve is opened; second, 45 seconds la te r  the rapid 

temperature program of the GC oven from -50°C to IO0C is commenced 
and th ird , methyl chloride eludes a t about 1.5 minutes. Samples: 

(a) ambient a ir ,  (b) standard with 7.7 ppb CHgCl, (c) equivolume 
mixture of a and b, (d) ambient a i r ,  (e) standard with 1.5 ppb 

CHgCl, ( f ) equivolume mixture of d and e



51

contained about 8 pp.b CH3Cl which is about ten times greater than the 

value previously reported, 0.6 ppb (58 ,59 ,60 ,61 ,62 ). Based on the 

s e n s itiv ity  demonstrated by chromatogram b, only a barely perceivable 

peak fo r CHgCl might have been expected of the atmospheric sample. 

Chromatogram c shows that the peak under consideration in the a ir  

sample is not, in fa c t, CHgCl since a doublet is observed upon 

mixing the a ir  sample with an equal volume of the methyl chloride  

standard. Chromatograms d, e and f  were obtained with 2 .0  ppth 

oxygen in the c a rr ie r  gas and a detector temperature of SOO0C. The 

recorder is now on an attenuation X8 greater than previously. Under 

th is  condition we might expect an enhancement of the CHgCl peaks of 

about 95 (Table I ) .  Correcting fo r the lower concentration of the 

1.5 ppb standard used and the attenuation change, chromatogram e is 

in good agreement with th is expectation. Again a peak is observed 

in the a ir  analysis, chromatogram d, a t the retention time of CHgCl. 

In th is  case, however, chromatogram f  o f the mixture of standard.and 

sample indicates only one peak suggesting that we have now id en tified  

CHgCl in the a ir  sample. The peak observed in chromatogram a has 

apparently been lo s t in chromatogram d by the attenuation and noise 

increase while a new peak re flec tin g  CHgCl has been brought out. The 

concentration of methyl chloride in the atmospheric sample deduced 

from chromatograms d and e is 0.8 ppb, in very reasonable agreement 

with the previously reported value. Repeating th is  analysis fo r fiv e



52

d iffe re n t a ir  samples, each taken ju s t p rio r to measurement from the 

roof of the chemistry bu ild ing, an average value of 0.66 ppb with a 

standard deviation of 0.13 ppb was obtained.

Singh and coworkers (59) found that Freon 114 (C l2FCCF3) , which 

"elutes very close to CH3CT1, had an average tropospheric concentra

tion of about 30 ppt. The peak in chromatogram a which has a reten

tion time nearly identical to that of CH3Cl may be Freon 114. The 

normal ECD can easily  detect 17 ppt background levels of CHCl3 which 

would be expected to have a normal ECD s e n s itiv ity  less than that of 

Freon 114. Freon 114 would not be expected to show any response 

enhancement with oxygen doping. This is exactly the behavior

exhibited by the peak in the a ir  sample in chromatogram a.
/

In comparing th is  method fo r methyl chloride measurement with 

the GC-MS analysis of an approximately equal volume of a ir  (5 8 ), the 

demonstrated signal^to-noise obtained here with an ECD is s ig n if i

cantly superior and has been obtained with much simpler and inex

pensive instrumentation. Assuming a signal-to-noise ra tio  of two 

fo r the minimum detectable amount of CH3C l5 chromatograms d and e 

suggest a detection l im it  of 75 ppt fo r CH3Cl using an oxygen doped 

ECD in the manner described in Figure 12. As noted e a r l ie r ,  

Rasmussen (49) used an oxygen doped constant current ^ N i ECD to 

measure worldwide atmospheric levels o f CH3C l. With nitrogen 

c a rrie r  gas containing 2.0 to 3.0 ppth oxygen, Rasmussen's
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detection lim it  was 60 ppt CHgCl when operating the ECD at 275°C . ' 

This value is in very good agreement with our detection lim it .  

Rasmussen's average global concentration o f atmospheric CHgCl is 

630 ± 23 ppt, in excellent agreement with the previously discussed 

value of 660 p p t.

To determine i f  response enhancement values might be useful as 

q u a lita tiv e  indexes of compound id e n tity , an additional 30 

chlorinated hydrocarbons were studied using the oxygen doping 

technique previously described. The results of th is study w ill be 

described below.

Reproducibility and Errors

Three types of measurements are reported in Table I I .  These are 

re la tiv e  ECD responses, response enhancements and re la tiv e  oxygen 

caused response values. These la t te r  values are calculated from the 

f i r s t  two in a manner to be discussed shortly . Each of these is 

susceptible to d iffe re n t sources o f error and therefore has 

d iffe r in g  uncertainties of accuracy.

For many of the monochlorinated alkanes studied here which have 

low normal ECD responses, but which were enhanced strongly with added 

oxygen, the measured response in undoped c a rr ie r  gas was found to 

vary somewhat with changes in the c a rr ie r  gas supply. The ECD 

responses to a l l  of the halogenated compounds other than the mono- 

chlorinated alkanes were not sensitive to these changes in the



T a b le  I I

Electron capture detector responses^ and response enhancements^
caused by 2.0 %o oxygen in c a rr ie r  gas

R elative5 
Oxygen Caused

Compound 250°C 300° C 350°C Response

I )  CH3Cl 1.5(230) ' 1.0(113) 1.0(51) 1.0 ± 0.3

2) CH2Cl2 2.9(108) 4.1(32) 7 .0 (10 .9 ) 1.2 ± 0.4

3) CHCl3 353(4.8) 518(1.71) 618(1.42) 3.3 ± 1.1

4) CCl4 9,100(1.90) 10,500(1.20) 11 ,400(1.15) 18 ± 9

5) CH3CH2Cl 2.1(255) 1.5(135) 1.4(53) 1.8 ± 0.6

6) Cl2CHCH3 . 4.1(133) 3.4(56) 3.5(33) 1.7 ± 0.6

7) ClCH2CH2Cl 4.6(161) 5.1(69) 5.2(22) 3.1 ± 1.0

8) CH3CH2CH2Cl 2.0(208) 1.3(107) 1.2(48) 1.2 ± 0.4

9) CH3CHClCH3 2,0(195) 1.4(102) 1.2(49) 1 .3 ± 0.4

10) ClCH2CH2CH2Cl 3.2(147) 3.6(81) 5.1(34) 2.6 ± 0.9

11) CH3CH2CH2CH2Cl 2.3(145) 1.6(78) 1.4(29) 1.1 ± 0.4

12) CH3CHClCH2CH3 3.5(132) 2.2(65) 2.3(25) 1.2 ± 0.4

13) (CH3) 3CCl 1.7(95) 1.3(47) 1.8(15) 0.53 ± 0.20 

(continued)



TABLE I I  continued

Compound 250°C

14) Ci CH2CH2CH2CH2CI 3.4(151)

15) CH2=CHCl .0089(107)

16) CH2=CCl2 16(1.78)

17) trans-C lCH=CHCl 1.7(17)

18) Cis-ClCH=CHCI 1.2(20)

19) ClCH=CCl2 390(2.9)

20) CI2C=CCl2 3045(1.79)

21) CICH=CHCh3 .0036(161)

22) C l2C=CHCH3 3.7 (1 .25 )

23) CH2=CClCH3 .180(3.0)

24) CH2=CHCH2Cl 5.7(153)

25) trans-CTCH0CH=CHCH2Cl 380(8.5)

26) (J)CH2Cl 42(44)

27) (J)-Cl .029(14.7)

28) ortho Cl-(J)-Cl 20(3.9)

300°C - 350°C

Relative  
Oxygen Caused 
Response

3.2(94) 2.9(43) 2.6 ± 1.0

.0083(69) .013(29) 0.0050 ± 0.0018

29(1.13) 52(1.02) 0.045 ± 0.045

3 .7 (3 .9 ) 8 .3 (1 .59 ) 0.09 ± 0.03

2 .3 (5 .5 ) 4 .9 (2 .0 ) 0.09 ± 0.03

610(1.42) 910(1.11) 2.3 ± 1.2.

3750(1.16) 4725(1.02) 5.4 ± 3.7

.0031(91) .0056(33) . .0024 ± .0007

7 .5 (1 .03 ) 14(1.01) .0020 ± .0020

.190(1.88) .21(1.11) .0015 ± .0006

4 .9 (61) 6.3(20) 2.6 ± 0.9

500(2.9) 580(1,69) 8.4 ± 3.0

67(10.3) 97(4.5) 5.5 ± 2.3

.068(3.7) .16(1.84) 0.0017 ± .0006

43(1.52) 77(1.26) 0.18 ± .07
(continued)

I



TABLE I I  continued 

Compound 250°C SOO0C 350°C

Relative
Oxygen-Caused
Response

29) meta C l-^-Cl 29(10.2) 60(2.4) 103(1.39) 0.75 ± .26

30) para Cl-(J)-Cl 10 .6 (8 .8 ) 26(2.0) 47(1.25) 0.23 ± 0.09

S I) CH3Br 18(55) 24(13.3) 39(5.0) 2.6 ± 0.9

3 2 ) CFgCl 6 .9 (2 .7 ) 9 .3 (1 .33 ) 12.8(1.00) 0.027 ± .022

33) CHF2Cl 2.0(190) 1.35(90) .67(62) 1.1 ± 0.4

34) CF2Cl2 174(3.4) 253(1.52) 361(1.10) I .1 ± 0.5

35) CFClg 4450(2.2) 5210(1.28) 5850(1.03) 13 ± 6.5

aECD responses under the normal condition of clean c a rr ie r  gas are the f i r s t  values lis ted  
under each detector temperature. These are re la tiv e  molar responses normalized with - 
respect to the case of CHgCl a t 30Q°C.

^Oxygen induced response enhancements are lis te d  in parentheses under each detector 
temperature.

5The re la tiv e  oxygen caused response is  the contribution to an overall response provided 
by 2.0o/oo oxygen. These values have been calculated from Equation I given in the text 
using the ECD data at SOO0C and have been normalized with respect to the case of CH3C l.
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c a rrie r  gas. In spite of the fa c t that the baseline frequency 

observed for a ll  of the undoped c a rr ie r  gas conditions indicated 

that the c a rr ie r  gases were as free from im purities as can be 

detected by th is  te s t, i t  is possible that the very small amount of 

oxygen s t i l l  present in u ltra  high purity  nitrogen or some other 

impurity affected the normal BCD responses fo r some compounds 

examined. While the normal BCD responses reported here fo r the 

monochlorinated alkanes are perhaps typical of those obtained under 

common analysis conditions, they should .not necessarily be considered 

to re fle c t  only the d irec t electron capture process. The choice of 

clean c a rr ie r  gas in which the BCD responses of these compounds are 

measured w ill also a ffe c t the measured response enhancement ra tio . 

Because the normal BCD condition chosen here involves the use of 

u ltra  high purity  nitrogen with no fu rther attempts to remove its. 

apparent remaining traces of oxygen, response enhancements more 

spectacular than those reported here can be obtained by fu rther  

purifying the c a rr ie r  gas. However, since th is  increase in response 

enhancement would be due only to a decrease in the normal ECO 

response, no analytical advantage is therby obtained. An additional 

d if f ic u lty  experienced in trying to routine ly  monitor the fundamental 

electron capture response of the monochlorinated alkanes by 

removing the la s t traces of oxygen from the c a rrie r gas was that 

in fe r io r  reproducib ility  of the BCD response then occurred. The
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to ta l response observed with oxygen doped c a rr ie r  gas w i l l ,  of 

course, not be affected by the level of trace oxygen present in the 

orig inal undoped c a rr ie r  gas. Likewise, the values fo r Rq  ̂

reported in Table I I  are unaffected by the choice o f undoped ca rrie r  

gas.

For compounds to which the ECD responds sensitive ly  in the 

normal clean c a rr ie r  gas condition, the largest source of error in 

determining re la tiv e  ECD responses undoubtedly lie s  with inaccuracies 

accompanying the preparation o f standards. For the previously 

described methods of preparing very low concentration standards by 

successive d ilu tio n , the estimated uncertainty of the concentration 

of the fin a l sample is  about ± 25%. The preparation of gaseous 

samples can be subject to larger systematic errors. For th is  reason, 

a few of the ECD s e n s itiv itie s  reported in Table I I  d if fe r  by more 

than 30% from those of Table I .  The values of ECD s e n s itiv ity  

reported in Table I I  are the more accurate since they were determined 

more times and with more experimental expertise.

The value fo r the response enhancement is obtained from the 

ra tio  of two peak heights measured in the repeated analysis of the 

same sample with and without oxygen added to the c a rr ie r  gas and is ,  

therefore, independent of the accuracy of the prepared standard. In 

repeated determinations o f these values, enhancement measurements 

were reproducible using a given tank o f u ltra  high purity  nitrogen
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c a rrie r  gas and the previously described method of oxygen control to 

within ± 10% at 300°C and 350°C fo r a given sample concentration. At 

250°C, somewhat larger variation  occurred in repeated runs using 

high oxygen concentrations. This is probably due to the higher 

baseline frequency and noise caused by a given amount of oxygen at 

250°C.

The accuracy of the re la tiv e  oxygen-caused response values, Rn ,
U2

reported in Table I I  w ill  be d ire c tly  related to the accuracy of 

the prepared standards and the measured response enhancement values. 

The net uncertainty in the oxygen caused responses is thus estimated 

to be about ±35%. Where the enhancement values are very low (less 

than about 1 .5 ) , greater error in the determination of the oxygen 

caused response would mathematically be expected and in these cases 

the estimated uncertainties reported in Table I I  are correspondingly 

greater.

Structural Effects

The e ffe c t of oxygen on the response of a constant current ECD 

to each of the th ir ty - f iv e  components lis te d  in Table I I  has been 

measured a t detector temperatures of 250°C, 300°C and 350°C with from 

0.0  to 3.5 ppth (parts per thousand volume ra tio ) oxygen added to 

nitrogen c a rr ie r  gas in increments o f 0.5 ppth. An example of the 

chromatograms obtained in these measurements is shown in Figure 13. 

From the chromatograms, the re la tiv e  molar ECO responses of each
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Tim e (min.)

Figure 13

Typical chromatograms in the studies of oxygen's effects  on ECD 
responses, (a) Normal ECD conditions of pure nitrogen carrie r  
gas, (b) same standard run with 2.0 ppth oxygen in c a rr ie r  gas. 
Detector temperature is 300°C. Concentrations in nitrogen are 
48 ppm vinyl chloride, 860 ppb I ,1-dichloroethene, 4.6 ppm 1,2- 
dichloroethene, 66 ppb trichloroethene and 38 ppb tetrachloro- 
ethene. Sample loop 2 ml. Oven Temperature Program: In it ia l
column temperature 30°C, hold fo r 3 minutes, then increase oven 

temperature to 60°C at a rate of 60°/min. The oven 
remains at 60oC for the remainder of the chromatogram.
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compound and th e ir  respective response enhancements have been deter

mined in the manner previously discussed. In a ll cases a nearly 

lin ear relationship, between "Response Enhancement-!" and oxygen 

concentration, such as those shown in Figure 14, was obtained. For 

the sake of b rev ity , the results obtained for each compound are 

reported only fo r one oxygen concentration, 2 ppth, fo r each 

temperature in Table I I .  Response enhancements at various other 

oxygen concentrations for a ll  compounds a t each detector temperature 

are lis te d  in Appendix I .  The retention times of a ll of the halo- 

genated compounds are lis te d  in Appendix 2.

Under the f i r s t  three columns of data in Table I I  are shown the 

results obtained at each of the three detector temperatures studied. 

The f i r s t  values lis te d  under each temperature are re la tiv e  molar 

ECD responses observed during the normal condition of undoped ca rrie r  

gas, a ll  referenced to that of CHgCl a t 300°C . The second value 

lis te d  in parentheses is the response enhancement of each compound 

'caused by the addition of 2.0 ppth oxygen to the nitrogen ca rrie r gas. 

Thus, fo r example, a t 350°C the ECD molar response of 1 ,2-d ich loro- 

ethane is 5.2 times that of CHgCl a t 300°C and at a given 

concentration the height of the ECD peak i t  causes is increased 22 

times by the addition of 2.0 ppth oxygen to the c a rr ie r  gas.

Under the la s t column in Table I I  which is en titled  "Relative  

Oxygen Caused Response" are lis te d  the re la tiv e  contributions to the
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Oxygen C oncentra tion  (ppth)

Figure 14

Effect of oxygen concentration on the response enhancements of 
several Cg chlorocarbons a t a detector temperature o f 300°C. 

Response enhancement is defined as the ra tio  of ECD responses 
to a given compound obtained with and without oxygen 

added to the c a rr ie r  gas.



ECD response of the oxygen induced reaction, alone. These values - 

provide a c learer measure of the rates o f the oxygen caused 

reactions than the response enhancement values can since the la t te r  

is a ra tio  of two responses and is ,  therefore, dependent on the ECD 

response. The re la tiv e  oxygen caused responses, Rq^, were calculated  

from the re la tiv e  molar ECD response, Re , and the response enhance

ment, RE, using Equation I ,  followed by normalizing again with 

respect to the case of CHgCl at 300°C.

Re (R E-I) 0 )

RfSince RE = ^  where R+ is the to ta l response, i t  can be seen that 
Re •

Equation I  is obtained simply by assuming Rt  = Re + . Rq 2 ‘

The re la tiv e  oxygen caused responses lis te d  in Table I I  are 

calculated from the ECD data at 300°C. Very s im ilar values are 

obtained i f  the data at the other source temperatures are used. The 

choice of SOO0C is a compromise because, as previously discussed, 

the detrimental e ffects  of oxygen on baseline frequency and noise 

are not so high a t SOO0C as at 250°C, while response enhancements 

observed are larger at SOO0C than a t SSO0C.

In considering the data in Table I I ,  several categories for 

comparison of structural effects have been chosen. Each of these are 

related below. While the temperature dependence of a ll  response 

enhancements are large, they are always negative (the largest
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enhancements are consistently observed at the lowest temperature, 

250°C) and trends of structural effects  are the same w ithin each 

set of measurements a t a given temperature. Examples fo r discussion 

w ill be generally taken from the experiments performed a t 300°C. 

Number of Chlorine Atoms Per Molecule

Perhaps the best tes t of th is  e ffe c t is provided by the group of 

chlorinated methanes. While the ECD response increases by a factor 

of nearly I Ô  in going from CH3Cl to CCl49 the response enhancement 

decreases from 113 to 1.20. The re la tiv e  oxygen caused response 

increases with chlorine atom number from 1.0 fo r CH3Cl to 18 for 

CCl4 . The value of 18 fo r CCl4 is the largest oxygen caused contri

bution to the response observed in th is  study and c le a rly  points out 

that the small enhancements observed fo r CCl4 and other highly 

chlorinated molecules are not due to the slowness of the reactions 

which cause the oxygen enhancement, but rather are due to th e ir  . 

great ECD response under the normal condition of oxygen free carrie r  

gas. .

Chain Size

The normal ECD and oxygen caused responses to the C-j to C4 in- 

alkyl chlorides are very s im ilar at SOO0C. For a ll  of these, 

enhancements caused by oxygen doping are large. The variation  in 

enhancement from Ĉ  and C4 o f 113, 135, 107 to 78 indicates a 

s ig n ifican t drop a t the n-butyl case.
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A comparison of compounds 7, 10 and 14 indicates. the e ffec t of 

increasing the chain length separating two chlorine atoms located 

on the ends of the molecules. As might be expected, a continuous 

decrease in re la tiv e  ECD response is observed going from the Cg to Ĉ  

dichlorohydrdcarbons, 5 .1 , 3.6 and 3 .2 . The re la tiv e  oxygen caused 

response, however, remains re la tiv e ly  steady, 3 .1 , 2.6 and 2.6 . 

Therefore, due mainly to the changing ECD s e n s itiv ity , the enhance

ments continuously increase with chain s ize , 69, 81 and 94.

Normal, Secondary and T ertia ry  Chlorides

The response enhancement of isopropyl chloride, 102, is  

s lig h tly  smaller than that of n-propyl chloride, 107. S im ila rly , 

the enhancement of sec-butyl chloride, 65, is  smaller than that of 

j%-butyl chloride, 78, at 300°C. Upon further branching to te r t -  

butyl chloride the enhancement decreases fu rth e r, 47. This low 

enhancement value appears to be due to an oxygen caused response, 

0.53 , which is unusually low fo r an a lip h a tic  chloride. The case of 

t e r t - butyl chloride is  the f i r s t  of several cases to follow  where an 

unexpectedly low oxygen caused response is accompanied by the 

absence of a hydrogen atom on the carbon to which the chlorine atom 

is attached.

Q lefin ic  Chlorides

The simplest o le f in , vinyl chloride, presents a very d iffe re n t  

case from those previously considered because of its  extremely low
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ECD s e n s it iv ity , 0.0083. For i t ,  a response enhancement is observed 

which is large, 69, but only one-half as large as its  a lip h a tic  

analog, ethyl chloride, 135. With such a low ECD response an 

extraord inarily  large enhancement might have been hoped fo r , but its  

oxygen caused response is also extremely low, 0.0050.

The d ichioroethylenes provide an in teresting tes t of the effects  

of isomeric variations about a double bond. In addition to being 

tabulated in Table I I ,  these measurements along with that of vinyl 

chloride have been related in Figures 13 and 14. The trans isomer is 

enhanced by 3 .9 , the cis by 5.5 and the 1,1-dichloro isomer by only 

1.13 a t 300°C. One cause of the low enhancement of the 1,1 isomer 

is that i t  has an ECD response, 29, of about 10 times that o f the 

trans and the cis isomers. The larger ECD response of the 1,1 

isomer is not accompanied by a correspondingly larger oxygen caused 

response, .045, and th is  fa c t, also, contributes to its  very low 

enhancement. For the cases of t r i -  and te t ra -chloroethylene, very 

low enhancements occur because, as in the case of CHClg and CCl^, the 

normal ECD responses are very large. I t  is in teresting to note that 

the 1,1-dichloro isomer has a response enhancement, 1 .11, s ig n if i

cantly smaller than that of t r i -ch ioroethylene, 1 .42 , which has a 

re la tiv e  ECD response approximately 20 times that of the 1,1 isomer.

In comparison, CHgClg has a response enhancement, 32, approximately 

20 times that o f CHClg, 1.71. Again, the case of 1 ,1 -d ich ioroethylene
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is one of those where no hydrogen atom is present on the a-carbon 

of a mono- or dichlorinated molecule, and a low enhancement is 

observed.

The location of an additional methyl group on the vinyl chloride 

molecule can a ffe c t its  re a c tiv ity  considerably. 1-chloro-l-propene 

(compound 21) behaves very much lik e  vinyl chloride having extremely 

low ECD response, .0031, and a large response enhancement, 91. The 

addition of the methyl group to the a-carbon of vinyl chloride, 

however, forming 2-chloro-l-propene (compound 23) caused a s ig n if i

cantly increased ECD response, 0 .19, and a very low enhancement, 1 .9 . 

Again, a very low enhancement is  accompanied by the absence of a 

hydrogen atom on the a-carbon. Adding an additional chlorine atom 

to the a-carbon of 1-chloro-l-propene to produce I ,1 -d ic h lo ro -l-  

propene (compound 22) greatly increases the normal ECD response, 7 .5 , 

and causes the smallest response enhancement, 1.03, measured. 

g-Unsaturated Organic Chlorides

The presence of a double bond g to the carbon-chlorine bond 

causes both an increased ECD s e n s itiv ity  and a greatly  increased 

re la tiv e  oxygen caused response. 3-chloro-l-propene (compound 24) 

has an ECD s e n s itiv ity , 4 .9 , four times greater than 1-chloropropane 

and an oxygen caused contribution to response twice as large, 2 .6 .

I ,4-dichloro-2-butene (compound 25) has an ECD response, 500, more 

than 100 times greater than that o f I ,4-dichlorobutane and a re la tiv e
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oxygen caused response, 8 .4 , which is one of the greatest observed 

here. Benzyl chloride (compound 26) also has a re la tiv e ly  high ECD 

response, 67, fo r a monochlorinated hydrocarbon and a very high 

oxygen caused response, 5 .5 .

Phenyl Chlorides

The ECD response of monochlorobenzene (compound 27) is lower, 

0.068, than that of the a lip h a tic  monochlorides, but is about 10 times 

greater than that o f vinyl chloride. Its  re la tiv e  oxygen caused 

response, however, is even lower, 0.0017, than that of vinyl chloride 

and, therefore, a very poor response enhancement, 3 .7 , fo r chloro

benzene is caused by oxygen addition. For the isomers o f dichloro

benzene, increased ECD s e n s itiv itie s  and oxygen caused responses are 

observed, but response enhancements are s t i l l  quite small. With the 

chlorobenzenes, hydrogen atoms on the a-carbons are again absent and, 

thus, the correlation o f th is  fac t with low enhancement continues.

The d ichlorobenzenes show small, but s ig n ific a n t, isomeric differences 

in th e ir  enhancements in the order ortho, para' and meta having 

enhancement values of 1 .5 , 2.0 and 2 .4 , respectively, a t 300°C.

E ffect of Other Halogens

The halocarbons lis te d  at the bottom of Table I I  show the effects  

of halogens other than chlorine on th e ir  ECD behavior. Methyl 

bromide has higher ECD s e n s itiv ity , 24, and higher oxygen caused 

response, 2 .6 , and a lower enhancement, 13, than does methyl chloride.
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CFgCl has an ECD sensitiv ity . 9.3 times greater than that of methyl 

chloride, but has only a tin y  oxygen caused response, 0.027, which 

yields a very small enhancement, 1.33. Although the ECD s e n s itiv ity  

o f CHFgCl, 1 .35, is much lower than that o f CFgCl, its  oxygen caused 

contribution to the response, 1 .1 , is about 40 times larger and for 

i t ,  a large response enhancement, 90, is observed. Thus, the reac

t iv i t y  differences between CFgCl and CHFgCl are very d is tin c t and 

suggest perhaps the most strongly of these cases, the apparent 

importance o f the presence of a hydrogen atom on the a-carbon. For 

CFgClg and CFClg the ECD responses become very large, 253 and 5200, 

which are the primary causes of th e ir  low enhancements, 1.5 and 1 .3 . 

Model fo r Instrument Response with Oxygen Doping

As mentioned e a r l ie r ,  the response of a constant current, pulse- 

modulated ECD is th e o re tic a lly  predicted to be d ire c tly  related to 

sample concentration (18 ,64). Those derivations are based on the 

assumption that a l l  of the electrons are collected during each pulse. 

For the instrument used in these studies, the small pulse width 

employed makes th is  assumption in va lid . I t  is more reasonable to 

assume that only about 30% or less o f the free  electrons w ithin the 

electron capture c e ll are actua lly  collected during each sampling 

pylse. However, i f  the fraction  of electrons collected remains 

constant, the constant current ECD w ill s t i l l  be expected to have an 

inherently lin ea r response to sample concentration. This can easily
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be shown from the simple k inetic  arguments below.

The major chemical events occurring in an undoped ECD during 

the period between sampling pulses may adequately be summarized as:

neutrals P + e ( la )
k .

e + A — D~ + neutrals
I, (lb )
H -e + B — ŝ C  + neutrals ( Ic )

e + P+ neutrals (Id )
63Reaction la  represents the l3Ni ionization of c a rrie r gas molecules

to produce positive ions and electrons. Reaction lb shows irre ve r

s ib le  electron attachment by the sample molecule, A, to form negative 

ion, D~. Reaction Ic  represents electron capture by column bleed 

molecules. Reaction Id shows positive ion-electron recombination. 

Other possible loss mechanisms fo r electrons such as free  diffusion  

to the walls of the ECD or ven tila tio n  through the c e ll have been 

shown to be in s ig n ifican t re la tiv e  to recombination in the f ie ld -  

free  period between pulses (63).

The rate  of change of the to ta l electron population, N , is 

described by

dNp
~dt = S " keAnANe '  kBnBNe '  Rn+Ne (2)

where the terms of the form are the number densities of the in d i

cated species, V is the ce ll volume, S is  the ion-electron production 

rate  caused by the o jNi source and k ^ ,  kg and R are ra te  constants
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fo r d irec t electron capture by sample, electron capture by column 

bleed and positive ion-electron recombination, respectively. Equa

tion 2 can easily  be w ritten  in the more convenient form:

where L is  

f o l Iowing:

dNe
~dt

Rti+ + kOAnA + kBnB'

= S -  LNe (3)

Equation 3 may be rearranged to the

dNe
S -  LN, (4)

Integration of Equation 4 between the lim its  of CNg to Ng for 

the le f t  term where C is the fraction  of electrons uncollected during 

each sampling pulse, > 0.7 but < 1 .0 , and 0 to I  fo r the rig h t term 

where I  is the time between pulses y ie lds an expression o f the form:

S -  LN
1n S -C L N  ~ "LT (5)e

which may also be w ritten  as

S -  LN I T .
S -CLN = exp (G)e

Mathematical manipulation of Equation 6 produces an expression fo r  

the number of electrons a t the instant of the next sampling pulse.

Ne = r ! '  T 9: !  -L i (7)
I -  C-exp

The time-averaged electron current w ill be equal to the to ta l number
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of electrons collected per pulse divided by the time between pulses 

(64 ). Thus, the following expression can be derived fo r the time- 

averaged electron current, I  .

"e M n\ _ S(1 -  C) I -  expIe = J -  (1 ™ I -  C-exp

-LT
T T (8 )

For the frequency-modulated ECD, I  remains constant and f

changes as sample enters the c e l l .  Inspecting Equation 8 , one notes 

that th is  w ill  be accomplished only i f

P  = ( keAnA + kBnB + = 1 O )
where Z is a constant. Therefore, the terms I -  exp(-LT) and

I -  C-exp(-LT) are also constants as is th e ir  quotient. Thus an

expression of the form:

Ie = lt jIT i l u  0°)

may be w ritten  where U is a constant equal to the quotient of the
Iexponential terms. Substituting f - j  in to Equation 10 and solving 

fo r f  y ields

/  =
L I
(T -C )S U (Tl)

I f  / 0 is the frequency corresponding to no sample (n^ = 0 ) ,  L equals 

Rn4. + kBnB and

f r

f

+ kBnB̂
SU(I -  C)

1Sfk6AnA + Rn+ + kBnB1
S u fn r Ci

( 12)

With sample:
03 ) .
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and the response, f  -  f ,  of the frequency-modulated ECD is

1PkeAnA
/  -  Z0 = s(j(T _ c) = constant X nA (14)

since keA, I g9 S9 U and C are a l l  constants. Thus the constant 

current ECD used fo r these studies should also have an inherently  

lin ea r response.

Grimsrud and Stebbins (39) have discussed in considerable detail 

a lik e ly  mechanism responsible fo r the response increases caused by 

oxygen. They proposed that the presence of oxygen can lead to a 

fas ter loss of electrons' to the sample because of the assistance 

provided by the negative ion, O2" , which is thought to undergo an 

ion-molecule reaction with the sample. Presumably, the occurrence of 

th is  reaction and a Toss of O2" is replenished by fas t electron  

attachment to O2 .

Some of the ion chemistry of these reactions has been observed 

in greater d e ta il using a specialized ECD which is also an atmospheric 

pressure ionization mass spectrometer (APIMS). A thorough description 

of th is  instrument may be found in references 35 and 55. In addition 

to the ECD current, with th is  ECD/APIMS one is able to observe the 

negative ion, C l", thought to be produced in the proposed electron- 

and ion-molecule reactions. Shown in Figure 15 is the repeated 

analysis o f I ,4-dichlorobutane with and without 1.5 o/oo O2 added to 

the c a rr ie r  gas a t a source temperature of 2500C. Both the to ta l ECD
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ECO
current

n e g  i o n  
c u r r e n t  

m /e =35

Time

Figure 15

An analysis of I ,4-dichlorobutane with the GC-ECD/APIMS instrument 
using (a) nitrogen c a rr ie r  gas and (b) c a rrie r gas doped with 

1.5 o/oo O2- The arrows mark points of sample in jection  and
I , 4-dichlorobutane e lu tion . ECD current is the unprocessed 

current (about 2.5 namp max.) drawn from a central pin 
within the ion source receiving positive votage 

pulses. The ion current monitored is that of 
Cl". The ECD traces and the ion signals were 

not recorded simultaneously, but in two separate 
determinations. Ion source temperature = 250°C.
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standing current obtained by the constant-frequency, pulsed mode (35 

v o lt pulses, 1.5 usee pulse width, 300 ysec pulse period) and the. 

in ten sity  o f the Cl" ion a t m/e = 35 have been monitored during the 

separation and elution by gas chromatography of the sample. I t  is 

necessary that the ion chromatogram be obtained from a separate 

determination from that of the ECD current chromatogram because of 

the strong in teraction existing between the pulsed f ie ld  applied to 

the source fo r the ECD function and the measured in ten sity  of the 

negative ions. This e ffe c t has been previously discussed in deta il 

(35 ). As shown in Figure 15, with th is  ECD a s ig n ific a n tly  increased 

c e ll current response occurs with the use of the doped c a rr ie r  gas 

which is accompanied by a correspondingly large increase in the Cl" 

ion in ten s ity . The Cl" ion was the only ion seen ind icative  of this  

sample. The increased response to I ,4-dichlorobutane caused by 

oxygen's presence appears c lea rly  due to an increase in the overall 

rate of a normally slower electron attachment reaction.

As a fu rther characterization o f the analytical technique, i t  

is desirable to demonstrate that the proposed basis of oxygen's 

effects offers a model which agrees qu an tita tive ly  with observed 

responses. The.model to be developed here w ill be s im ilar to that 

of Siegel and McKeown (63) which described a f ie ld - f re e , clean 

c a rrie r  gas condition of the ECD. The model related here, however, 

d iffe rs  in that oxygen.is always present and the removal of a
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constant fraction  of electrons to the electrometer during each 

sampling pulse and the achievement of a steady-state condition for 

a ll charged partic les  during the period between pulses is assumed.

A ll neutral and ionic species are assumed to be uniformly mixed within

the ECD so that th e ir  presence can be described by one concentration
' . >

expression. While an assumed even d is trib u tio n  of electrons may be 

suspect in the undoped, pulsed ECD where a s ig n ifican t space-charge, 

positive ion f ie ld  may ex is t following the removal of electrons by 

a sampling pulse (3 5 ), th is  assumption is much more va lid  in the 

Og doped ECD, because most of the negative charge carriers  are ions 

which are not removed with each pulse and overall charge n eu tra lity  

within the ECD should be quickly reestablished (63). The assumption 

that a steady-state condition is achieved during the time between 

pulses is reasonable here because the rates of electron attachment, 

to Og and detachment from 0g~ w ill be fa s t re la tiv e  to the pulse 

frequency.

At least the following events might be expected to influence the 

electron concentration in an oxygen doped ECD during the period

between sampling pulses: ■

ra d ia t io n —-5—>P+ + e (2a)

e + A keA ->B~ + neutrals (2b)
k

e + O0
X T

I
CM

OII (2c)
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O2 + A — C" + neutrals (2d) .
+ RP + e — > neutrals (2e)
+ RP + negative ions -------> neutrals (2 f)

Reaction 2a represents the o jNi ionization of c a rr ie r  gas molecules to 

positive ions and electrons. Reaction 2b shows the d irec t electron- 

capture of the sample molecule, A. Reaction 2c is electron attachment 

and detachment with oxygen. Reaction 2d is an ion-molecule reaction 

between O2" and A. Reactions 2e and 2 f are the recombination reac

tions of positive ions with electrons and with negative ions. I t  w ill 

be assumed here that the recombination Reactions 2e and 2 f have the 

same rate constant, R. This point has been considered in d eta il for 

conditions w ithin the ECD by Siegel and McKeown (63). These authors 

have also shown that other possible loss mechanisms fo r charged 

partic les  in an ECD a t equilibrium , such as d iffusion to the walls 

or v e n tila tio n , contribute very l i t t l e  to the to ta l loss rate  which 

is dominated by recombination. Therefore, these loss mechanisms are 

not included in Reactions 2a-2f and are not assumed to be important 

during the steady-state portion o f the period between pulses.

I t  can be shown that the to ta l positive ion density, indicated 

as q+ in the equations to fo llow , can be assumed to remain nearly 

constant and independent of the amount of O2 or sample present. Its  

rate of change w ithin the ECD w ill be described by the rate  equation.
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drU g
“ dt = V " RnrHne '  Rn+n02-  " Rn+nB- '  Rr]+ \ -  (15a)

Since the recombination ra te s , R5 are assumed to be independent of 

the nature o f the negative species. Equation 15b can be w ritten

d% c
~ d i - J  -  fV rie + nO2- *' nA" + nB-) (15b)

I t  is assumed during the f ie ld - f re e  period between the ECD sampling 

pulses that charge n e u tra lity  with the ce ll w ill, be atta ined . Thus5 

during the steady-state period p rio r to the next pulse,

1+ = "e + t1O,- + nA- + IB" (1Bc)d

Making th is  substitution into Equation 15b and setting the rate  of 

change of n+ equal to zero near the end of the period between pulses, 

Equation 15d is obtained which indicates that n+ w ill be a constant.

h.
n+ = (^ j-)  • (15d)

63 ■For a 7.5 mCi Ni source of 0.3 ml volume with good geometry, S is 
i i - i

about 1.3 X 10 s , assuming 17 keV average primary energy (65) 

and one ion pair per 35 eV primary energy (64). Taking R to be 

about 3 X IO"6 ml s"l (6 6 ), n+ is calculated to be about 3.8 X IO6 

mL~l. In the following equations n+ > rather than its  equivalent in 

Equation 15d, is used and is assumed to have the same value in a ll 

cases. Grimsrud e t al_. obtained experimental support fo r the
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assumptions leading to Equation I 5d using the ECD/APIMS instrumenta

tion described previously and elsewhere (35 ,55). They noted that in 

the saturated condition (a ll  negative species are ions), that the 

to ta l positive ion signal is equal to the to ta l negative ion signal 

(35 ,64 ). Also, upon changing the source from a condition of electron  

predominance to saturation, the to ta l positive ion signal of th e ir  

APIMS did not change d ra s tic a lly , but increased only about 50% (45). 

Experimental evidence obtained by Dr. Eric Grimsrud illu s tra tin g  

th is  la t te r  point is shown in Figure 16 (67 ). Inspection of Figure 

16 indicates that the to ta l positive ion current measured with the 

previously described ECD/APIMS increases from 4.8 re la tiv e  units to 

7.4 re la tiv e  units as the ion source conditions change from electron 

predominance to negative ion predominance accompanying saturation of 

the ECD by a 2 X 10"^ gm sample of CClgBr. This implies that the 

rate constant fo r positive ion-negative ion recombination is about 

50% less than the rate constant for positive ion-electron recombina

tion in sharp contrast to the previously erroneously held view 

(4 ,5 ,21 ,68 -70 ) th a t the ra te  constant fo r positive ion-negative ion 

recombination exceeds the rate constant fo r positive ion-electrqn  

recombination by fiv e  to eight orders of magnitude. With high levels  

of oxygen doped into the c a rr ie r  gas, the to ta l positive ion signal 

is a ltered almost neg lig ib ly  as sample enters the ion source, because 

in th is  case ions are the predominant negative charge carrie rs  a t a ll
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Tim e

Figure 16

ECD/APIMS analysis of a 2 X 10~8 g sample of CCl-Br where the 
EC response and the re la tiv e  to ta l positive io n xu rren t are 
monitored. Ion source temperature is 250°C, c a rr ie r  gas 

flow rate is 50 mL min"^. The f i r s t  peak in the 
spectrum indicates saturation of the EC response 

by the large CCl3Br sample.
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times.

In the absence of added sample the species in Reactions 2a-f 

w ill be related by the following two coupled rate equations:

dnO2-

~ 3 t~  = kOnBnO2 " k-o n0 2 " " Rn+n0 2™

dn
d# = V -  kOnGnO2 + kV o 2- -  RV e

(16a)

(16b)

As each derivative  approaches zero a t the end of each f ie ld -fre e  

period, the two equations can then be combined to y ie ld  the following

expression for ne :
S ( k _0 +  Rn+)

V ( k _ o Rn+  +  V o ^ R n +  +  R2n + 2 )
(17 )

For a frequency-modulated ECD the pulse frequency, / ,  is thought 

to be inversely related to the population of electrons existing at 

the instant of the sampling pulse (6 ,2 0 ). Also, the frequency w ill 

be proportional to the ce ll current demanded by the electrometer. 

Equation 18 can, therefore, be w ritten : ,

f  = %  OS)

For the instrument used in th is  study the electrometer current, I , is 

held constant a t 0.3 nA when nitrogen c a rr ie r  gas is used. K is an 

empirical p roportionality  constant. This term w ill include unknown 

factors of the electron co llection  process, such as the fraction  of
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electrons collected during the 0.6 ysec, 50 vo lt pulses in nitrogen 

(2 0 ), and the contribution to the overall current of positive ion 

migration to the-co llection  electrode during the period between 

pulses (35). Substitution of Equation 17 fo r ne and arithm etic  

reduction yields Equation 19:

f o = T Rn+ + T  k H  Rn (19)

where the frequency is given as f Q to indicate that th is  is  the base-
I

lin e  frequency in the absence of sample with oxygen doped ca rrie r gas.

With sample also present in the oxygen doped ECD5 d iffe re n tia l . 

equations 20a and 20b describe the ra te  of change of and elec

trons.

driO2-
kOnBnO2 -  lSonO2- kOAnO2- nA " 1V 1O2- (20a)

dn s
H F  '  V -  keAnenA - kOnBnO2 + k-on02-  -  Rnen+ (20b)

Again, assuming the achievement of a steady s ta te , an expression for 

ne and then f  can be derived. This expression can be reduced to 

Equation 21.

V  f  ( kBAnA + Rn+> + T ( 21)
-o " oA A ' ""+

With a constant current ECD, the response is taken as the increase in
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frequency, f  -  f  > caused by sample. An expression for th is response 

can be calculated from Equations.19 and 21 and reduced to Equation 

22.
■'T ,/T k ^ o kOkOAnA___  „  (g g )

f o = S1 (kOAnA} + S1 (k_Q + koAnA“ +“ Rn+Y('k_o + Rn+)" nO2

In the rig h t side of Equation 22, the f i r s t  term is the contribution  

to the response of the electron capture Reaction 2b, while the second 

term is the contribution due to the assistance provided by O2" , 

Reaction 2d.

An expression for the oxygen-induced response enhancement, RE,

is  obtained in Equation 23 by dividing the to ta l response, f  -  f  i
KIby the contribution of the normal EC response, ~s"(keAnA) •

RE + I + k-o kokoA
nO, (23)

keA(k-o + kOAnA + RV < k-o + 8V  "2 

Equation 23 can be s im plified  fu rther i f  k_Q is much larger than 

^oAnA ®nc* Rh+. This assumption appears, ju s tif ie d  under the conditions 

used here. For example, at SOO0C k-o 1.0 X IO5 s"1 (calculated

from its  second order rate  constant in nitrogen (71) of k_Q -  1.9 ± 

0.4 (ggo")3^  e x p (-- ^ - ) mL s~̂  times > 1.3 X !O'*9 mL~^, the number 

density of the buffer gas a t I Atm pressure, 300°C). The product,

, - 6 - I 8 , - IRn,, w ill be about 3 X 10~u ml s_l X 3.8 X IOu mL 1100 s -I The

product koAnA w ill vary with the sample A and its  concentration. The 

very fastest ion-molecule reactions occur with a rate  constant of
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about I X 10‘ 9 ml s"1 (72 ). The concentrations of the monochi o ra lkane 

samples used here were about 0.1 ppm Or 1.3 X IO+^  mL ^, a t SOO0C.

For these cases koAnA w ill be less than 1.3 X 10 , also considerably 

smaller than 'k . For other compound types studied there, the combi

nation of kQA and nA w ill also be much less than k_o. Equation 23 

can, therefore, generally be reduced to Equation 24,

I +
k-o ^eA % (24)

The ra tio  k /k  in Equation 24 is the equilibrium  constant of Reaction0 -O
2c. In an oxygen c a rrie r gas, kQ = 1.4 (± .2) X IO"29 exp(z^ - )

ml s"1 (7 1 ), and k Q = 2.7 (± .3) X 10"10 ( ^ ) ^  e x p ( ^ f ^ )  mL s"1 (71). 

The ra tio  of these rates yields an equilibrium  constant which w ill 

apply to Reaction 2c in any buffer gas since the dependence of the

th ird  body cancels in the ra tio . Thus, Equation 24 can be w ritten as.

k
I + 2.7 X 10-16 T -3 /2  exp(H990) ^L (25)

where T is in degrees Kelvin. Under the condition frequently d is

cussed here where the c a rrie r gas contains 2.0 ppth oxygen (5 .4  X 

IO16 ° H p  ml"^) Equation 25 reduces to three simple expressions for  

RE at each temperature.

RE = I + 8.8 at 250PC (26a)

V
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RE = 1 + 3,1 a t SOO0C (26b)

k ,
RE = I + 1 . 2  -t—  a t SSO0C (26c)

KeA

Sim plified expressions fo r the overall response, f  -  f Q, with oxygen 

doping can be derived from Equation 22 in the same manner.as above. 

The following relationship at SOO0C1 fo r example, is then obtained:

f  ~ f 0 = T -  ( keA + 3 -°  koA)nA at 300° C (27)

The experimental characterizations of oxygen doping determined 

thus fa r  are in good agreement with the model ju s t developed. Equa

tion 19 which may be w ritten  as

/ „  ■ + ¥ o x > -O
(28)

predicts that the baseline frequency, f  , w ill be lin e a rly  related to

the oxygen concentration. This is indeed that case as was shown

e a r lie r  in Figure 7. Furthermore, Equation 28 predicts that the slope

divided by the in tercept value of a p lo t of f Q versus Pq w ill be
2

equal to k0/k_0 , the equilibrium  constant fo r Reaction 2c. The value 

of the equilibrium  constant has been calculated at 250°C, SOO0C and 

SSO0C using the expression given for i t  in Equation 25. These values 

are 3.13 X 10“16 mL"1 , 1.19 X IO '16 ml"1 and 5.21 X 10“17 ml"1 for 250° 

SOO0 and SSO0C, respectively. In comparison, the values found from
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the slope/intercept ra tio  of 15 d iffe re n t plots s im ilar to those of 

Figure I  are 3.66 (± 0.32) X IO '16 ml"1 , 1.52 (± 0.12) X IO"16 ml"1 

and 8.86 (± 0 .36) X 10 ^  mL  ̂ for 250°, 300° and 350°C, respectively. 

These values are in excellent agreement with those calculated from 

the equilibrium  constant expression of Equation 25 and provide 

favorable support fo r the v a lid ity  of the theoretical model previously 

presented.

Inspection of Figure 11 shows‘that with oxygen doping the . 

response of a constant current ECD is lin e a rly  related to sample 

concentration throughout the lin ear range of the instrument as re

quired by Equations 22 and 27. I t  has been.shown here in Figure 14 

that the relationship between RE -  I and oxygen concentration is a . 

nearly lin e a r one as required by Equations 24-26. The general obser

vation that these plots show some curvature from 0 to 1.0 ppth oxygen 

is possibly due to small but notable changes in the to ta l positive ion 

concentration caused by small changes in the e ffec tive  recombination 

ra te , R, as the predominant negative species present are changed from 

electrons to negative ions.

The temperature dependence of response enhancements predicted by 

Equations 26a-c also appear to be in harmony with experiments which 

might reasonably be used to tes t th is  re la tionsh ip . For example, 

1,2-dichloroethane (Compound 7 in Table I I )  has an ECD response which 

appears re la t iv e ly  insensitive to temperature change. Also, its

i
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re la tiv e  oxygen caused response value is quite high suggesting a large 

value of kQ̂  fo r i t .  I t  is reasonable to assume that th is  rate con

stant w ill  also be re la tiv e ly  insensitive to temperature, as fast 

ion-molecule reactions generally are (72). Since the ra tio  of kQ̂ / 

keA for 1,2-dichloroethane might then be assumed to be insensitive to 

temperature change, the RE - I values as predicted by Equations 26a-c 

should have re la tiv e  values of approximately 8 .8 :3 .1 :1 .2  a t 250°, 300° 

and 350°C, respectively, using 2 ppth oxygen. The response enhance

ments fo r 1,2-dichloroethane are 161, 69 and 22 a t those temperatures, 

which y ie ld  re la tiv e  values for RE -  I of 8 .8 :3 .7 :1 .2 , in good agree

ment with the above expectations. The ra te  of the ion-molecule and 

electron capture rate  constants, k ^ / k ^ i  which caused these re la 

t iv e ly  large enhancements is deduced to be equal to about 20.

I f  the response enhancements are caused by oxygen in the detailed  

manner as suggested in the above model (and Equation 27, in particu

la r ) ,  then the la s t column in Table I I ,  en titled  "Relative Oxygen 

Caused Response", might be regarded as being a measure of the re la tiv e  

rates of reaction of O^" with each of the organic chlorides in 

nitrogen at one atmosphere pressure and 300°C. The p o ss ib ility  that 

th is  very simple measurement may provide re la tiv e  rate constants for 

Og" with halocarbons is an a ttra c tiv e  feature in i t s e l f ,  because of 

the in teres t in these reactions in basic and applied studies 

especially of the atmosphere (73 ). For comparison with these values.
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the lite ra tu re  was searched for rate constants of the reactions of 

Og" with organic chlorides. The only measurements of C^- with halo- 

carbons found were those of Fehsenfeld e t al_. (73) fo r CFgClg and 

CFClg determined by the flowing afterglow technique. These 

researchers have informed us (74 ), however, that they have also 

recently measured the rates of 0g~ with CH3C l5 CHCl3 and CCl^. Their 

measurements o f these rate constants normalized to the case of CH3Cl 

are the following in order of increasing re a c tiv ity : CF3Clg5 0.84;

CH3C l5 1.00; CHCl35 2 .6 ; CFCl35 3 .0 ; and CCl^5 5.6. Their measure

ments were performed at 27°C and at pressures of about I T b rr5 and 

have an estimated uncertainty of about ± 30%. Assuming that the 

measurements o f reported here re fle c t  re la tiv e  rates of 0g~5 the 

data in Table I I  indicate the following re la tiv e  rates a t 300°C and 

one atmosphere pressure: CH3C l5 1 .00 ± 0 .3 ;  CF3Clg5 1.1 ± 0 .5 ; CHCl35

3.3 ± 1 .1 ; CFCl35 13 ± 6 .5 ; and CCl^5 18 ± 9. Considering the 

expressed uncertainties of the numbers and the differences in tem

perature, pressure and techniques used, the degree of agreement might 

be considered encouraging to th is  in terp reta tion  of the oxygen enhance

ment. The order of re a c tiv ity  of the fiv e  compounds suggested by the 

ECD data is essentia lly  the same as that determined by the flowing 

afterglow method. That the re la tiv e  rates of O3" with CH3Cl and 

CF3Cl3 are predicted to be nearly equal by the ECD method is particu

la r ly  supportive of the model ju s t developed, considering the very
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d iffe re n t ECD s e n s itiv itie s  these two molecules have. I t  presently 

seems reasonable to consider the values o f "Relative Oxygen-Caused 

Response" to constitute a set of at least sem i-quantitative indicators 

of re a c tiv ity  of each halocarbon with Og .

From the measured response enhancement values lis te d  in Table I I ,  

^oAŷ eA ratios  can be calculated from Equations 26a-c. Listed in 

Table I I I  are the k ^ / k ^  ratios for each compound derived from the 

data at SOO0C in Table I I  using Equation 26b. I t  is obvious from the 

results presented in Tables I I  and I I I  that the enhancement process 

can be expected to produce large response increases only i f  the kQ̂ / 

ke/\ ra tio  is appreciably greater than ten. Furthermore, as stated 

previously, CCl49 C Fd3 and other normally strongly responding ECD 

compounds have small enhancements not because th e ir  ion-molecule 

reactions with O2" are slow, but rather because th e ir  normal electron 

attachment rates are very large. , In searching the lite ra tu re .fo r  

measured values of the rate constants fo r d irec t electron attachment 

to the halogenated hydrocarbons lis te d  in Tables I I  and I I I ,  the only 

values found pertained to measurments made at room temperature (75- 

77). Dividing the ion-molecule rate constants of Fehsenfeld et aI . 

(73,74) obtained at 27°C by the room temperature rate constants for 

d irec t electron attachment produces k ^ / k ^  ratios at room tempera

tures. These ratios are 0.005, 0.005, 0 .10 , 0.13 and 4.1 fo r CCl49 

CFCl39 CF2Cl2 , CHCI3 and CH3C l9 respectively. In comparison, the
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Table I I I

^oA^eA ratios at SOO0C calculated from the response enhancement 
values for SOO0C given in Table I I  Using Equation 26b

Compound koA/k efl Rat1°

CH3Cl 36.7

CH2Cla 10.2

CHCl3 0.23

CCl4 0.07

CH3CH2Cl 43.9

CL2CHCH3 i8.o :
CTCH2CH2Cl 22.2

CH3CH2CH2Cl 34.7

CH3CHClCH3 33.1

ClCH2CH2CH2Cl 26,2

CH3CH2CH2CH2Cl 25.2

CH3CHdCH2CH3 21.0

(CH3)3CCl 15.1

ClCH2CH2CH2CH2Cl 30.5

CH2=CHCI 22,3

CH2-CCl2 0.04

transClCH=CHCl 0,95

CisClCH=CHCl ' 1.50

(continued)
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Table I I I  (continued)

Compound V keA Ratl'°

ClCH=CCl2 0 .1 4

C l2C=CC12 0 .0 5

CICh=CHCH3 2 9 .5

C l2C=CHCH3 0 .01

CH2=CClCH3 0 .2 9

CH2=CHCH2Cl 1 9 .7

transClCHnCH-CHCHnCl 0 .6 2

(I)CH2Cl 3 .0

4>-Cl 0 .8 8

orthoCl-(j)-Cl 0 .1 7

metaCl -(J)-Cl 0 .4 6

ParaCl-(J)-Cl 0 .3 3

CH3Br 4 .0

CF3C1 0.11

CHF2Cl 2 9 .2

GF2C l2 0 .1 7

CFCl3 0 .0 9
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values a t 300°C from Table I I I  are 0 .07 , 0 .09, 0 .17, 0.23 and 36.7 

fo r these same compounds. I t  is in teresting  to note that in both sets 

of values, CCl^ and CFCl3 have approximately equal ratios and that the 

ra tio  fo r CHCl3 is  about 30% larger than the CF3Cl3 ra tio . I t  is 

somewhat surprising that the ra tios  fo r CFgCl3 and CHCl3 are only 

about two times smaller a t room temperature than they are a t SOO0C 

whereas the ratios  fo r CH3C l, CFCl3 and CCl^ are from 9 to 18 times 

smaller a t room temperature than they are a t 300°C. Considering the 

temperature dependence shown by the compounds in Table I I  and the fac t 

that fas t ion-molecule reactions are re la tiv e ly  insensitive to tem

perature change (7 2 ), the ratios  of CCl^, CFCl3 and CH3Cl a t room 

temperature are not to ta lly  unreasonable whereas the ratios  of CF3Cl3 

and CHCl3 a t room temperature are much larger than expected. I t  

should be pointed out that the temperature dependence of the normal 

ECD response of the monochlorinated alkanes shown in Table I I  is not 

that expected of dissociative electron attaching compounds (8) in 

th a t the response should decrease, not increase, at lower temperatures. 

Trace amounts of oxygen present in the c a rr ie r  gas are probably 

responsible fo r the s lig h tly  larger response a t lower temperature.

This also implies that the actual k ^ /k ^ ratios of the monochlorina

ted alkanes are probably larger than those reported in Table I I I .  

Because of the uncertainty of some of the k ^ / k ^  ra tios  and the lack 

of any reported kQ̂  values a t 300°C, no attempt has been made to
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calculate values from the ra tio s .

Thermochemical Considerations of the Po" Reactions

Assuming the oxygen caused responses to re fle c t re la tiv e  reac

tion  rates o f with each halocarbon, a consideration of thermo

dynamic fe a s ib il i ty  of some of these may be useful in understanding 

structural differences previously described. I f  the overall reaction 

is

O2'  + R-Cl -> R + O2 + C l' (3)

where a hydrocarbon free radical and O2 are the neutral products, the 

exothermicity  of the reaction w ill be equal to EAq-j -  EA^ -  Drqi 

where EA is electron a f f in i ty  and Drc  ̂ is the bond dissociation energy 

o f the carbon-chlorine bond. Taking values for EA^ and EAq  ̂ of 83 

kcal/mole and 10 kcal/mole (78 ), respectively, the electron a f f in ity  

difference provides 73 kcal/mole exothermicity to the reaction . Thus, 

i f  the bond dissociation energy of R-Cl is less than 73 kcal/mole. 

Reaction 3 w ill be exothermic and perhaps fa s t, and i f  g reater, endo

thermic and slower. In Table IV are lis te d  the carbon-chlorine bond 

dissociation energies of several molecules examined here. These are 

lis te d  in order of increasing bond energies and along with each is 

lis te d  its  re la tiv e  O2" reaction rate  determined here. I t  is seen 

that the molecules having values of Dr ^  less than 73 kcal/mole are, 

indeed, the ones which react with unusually high rates. They include 

the highly chlorinated molecules and aT ly lic  or benzyl chlorides,
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Bond dissociation energy and measured re la tiv e  rates of 
reaction with Og" fo r several selected 

chlorinated hydrocarbons

Relative Reaction

T a b le  IV

Compound DEa R - C l Rate with O0- b

CFCl3 68(80) 13

CCl4 73(79),70(81),68(80) 18

(J)CH2Cl 69(82) 5.5

CH2=CH-CH2Cl 70(80) 2.6

CHCl3 71.4(83),73(8^) 3.3

CH2CT2 74(81) 1.2

(CH3) 3Cd 78(84) 0.53

CH3CHClCH3 81(84) 1.3

CH3CH2CH2Cl 81.5(84) 1.2

CH3CH2Cl 81(79) 1.8

CH3Cl 83(79),81(80) 1.0

CH2=CHCl 84(79) 0.0050

m -Cl -(J)-Cl 87(83) 0.75

O-Cl-(J)-Cl 87(83) 0.18

-Cl 95(82) 0.0017

aBond dissociation energy of the carbon-chlorine bond.
h These are assumed to be equal to the Relative Oxygen Caused Response 

values lis te d  in Table I I  and apply fo r the condition, bne-atmos- 
phere pressure, SOO0C.

/
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The a lk y l, vinyl and phenyl chlorides have bond dissociation energies 

c le a rly  in excess of 73 kcal/mole and, therefo re , these reactions, i f  

they occur by the same detailed mechanism expressed in Reaction 3, 

would be expected to occur more slowly, i f  a t a l l .  While the rates of 

the vinyl and phenyl chlorides are, as predicted, very much smaller 

than the highly chlorinated molecules, the rates of the a lip h atic  

chlorides are not as slow as might be expected. This observation 

leads one to suspect that neutral products other than those shown in 

Reaction 3 are formed in some cases, and th is  provides an additional 

thermodynamic driving force to the reaction. Several, instances have 

been pointed out where an unexpectedly low response enhancement was 

noted for molecules having no hydrogen atom on the a-carbon. One of 

these, (CH3)gCCl, shown in Table IV , has a lower bond dissociation  

energy than the other a lip h a tic  chlorides, yet its  re la tiv e  rate of 

reaction with O3" is less than that of the other a lip h a tics . Perhaps 

the hydrogen atom on an a-carbon is involved in some type of in te r

mediate complex which fa c ili ta te s  the ultim ate formation o f oxygenated 

neutrals. The formation, fo r example, of the hydroxy radical and a 

ketone or aldehyde as neutrals along with the chloride ion would 

easily  make a ll  of these reactions exothermic.

The thermochemistry of methyl bromide d iffe rs  from the chlorides 

in that the EAgr is 77.7 kcal (78) and thus the exothermicity of its  

analog to Reaction 3 provided by the electron a f f in i ty  difference
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between Br and Og is 67.6 kcal/mole. Assuming that _gr  is 70 

kcal/mole (79) the reaction is ju s t barely endothermic by 2.4 kcal. 

Considering the fac t that th is  reaction is nearly thermal neutral and 

that i t  also has the opportunity for reaction via rearrangement in 

volving a hydrogen atom on the a-carbon9 i t  is perhaps not surprising 

that its  re la tiv e  oxygen caused response, 2 .6 , is s ig n ific a n tly

greater than that of methyl chloride.

E ffect of Hydrogen Cleaning

A potential source o f error in GC analysis with the ECD was
63accidentally discovered while cleaning the Ni ECD with hydrogen as 

recommended by the manufacturer o f the instrument. The hydrogen 

cleaning procedure is as follows. The nitrogen c a rr ie r  flow is 

reduced to about 20 ml min""\ Hydrogen gas flow of about 50 ml min"  ̂

is added to the c a rrie r flow ju s t p rio r to the detector and a fte r  the 

column using the "make-up" gas ports supplied with the instrument.

The detector temperature is increased to 420°C and the hydrogen- 

c a rrie r gas mixture is flowed through the detector fo r a period of 

one-half to several hours. This procedure does, indeed, clean the 

detector very rapidly (where the measured baseline of the ECD is 

taken as a measure of detector c lean liness), as compared to the time 

required for cleaning a contaminated detector using c a rr ie r  gas alone. 

However, fo r a s ig n ifican t period o f time immediately following the 

cleaning procedure, the responses toward oxygen and several
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chlorinated hydrocarbons are s ig n ific a n tly  diminished.

In Figure 17 are shown several chromatograms of the same stan

dard analyzed repeatedly before (A) and a t various times a fte r  (B-H) 

the hydrogen cleaning treatment. In Chromatogram A, three peaks are 

indicated. These are due to oxygen, ethyl chloride and chloroform, 

where th e ir  concentrations are 15, 0.3 and 0.003 parts per m illio n , 

respectively, in nitrogen gas. The detector was re la tiv e ly  clean 

when Chromatogram A was obtained, but to tes t the e ffe c t o f the 

cleaning process, hydrogen cleaning was then performed fo r one-half 

hour. A fter reestablishing the identical conditions of Chromatogram 

A, analyses o f the same standard were then performed a t the various 

times indicated in Figure 17. I t  is seen that the oxygen and chloro

form peaks do not appear a t a ll u n til about 1.5 hours a fte r  cleaning. 

These peaks then grow gradually in in ten s ity , but a fte r  2 hours s t i l l  

have not yet reached th e ir  orig inal values. The ethyl chloride peak 

is also strongly affected by the cleaning process, but its  recovery 

occurs more rap id ly .

Two potential explanations o f these observations have been con

sidered. One is that the hydrogen cleaning procedure activates the 

stainless steel tubing through which the ca rrie r gas passes enroute 

to the ionization region of the ECO. The compounds examined here are 

possibly reduced upon contact with th is  activated surface. Exposure 

to some stainless tubing is unavoidable with th is  instrument, because



T I M E  - >

Figure 17

GC-ECD chromatograms of a gaseous sample containing three components eluding in the order: 
oxygen, ethyl chloride and chloroform. Their concentrations are 15, 0.3 and 0.003 

parts per m illio n , respectively. Chromatogram A was obtained prior to hydrogen 
cleaning. The other chromatograms were obtained a t the following times a fte r  

hydrogen cleaning was stopped: (B) 15, (C) 30, (D) 50, (E) 65,
(F) 85, (G) 105 and (H) 140 minutes. 300°C detector 

temperature, 30°C oven temperature.
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stainless tubing is  an inherent part o f the detector (see reference 

20). In support of th is  in terp re ta tio n , the use of hydrogen-activated 

m etallic  surfaces has been suggested by Lovelock (85) fo r the inten

tional removal of unwanted traces o f oxygen and halocarbons in 

c a rr ie r  gas supplies.

Another possible explanation is  that the suppression of response 

is due to some type o f involvement of small amounts o f hydrogen gas 

in the ion chemistry w ithin the ionization region of the ECD. This 

la t te r  p o s s ib ility , however, has been ruled out by the observation 

th a t.th e  suppression of the responses shown in Figure 17 cannot be 

caused by simply doping the nitrogen c a rr ie r  gas with small amounts 

of hydrogen. The effects of hydrogen cleaning on subsequent analyses, 

therefore , are thought to be due to surface reactions w ithin the 

transfer lin es . .

In order to avoid analysis errors caused by hydrogen cleaning, 

i t  is necessary to wait several hours following cleaning u n til the 

responses of the compounds o f in teres t s ta b ilize  a t maximum value. 

A lte rn a tiv e ly , i t  has been found that the period o f waiting can be 

reduced greatly  by passing oxygen doped c a rr ie r  gas through the 

detector immediately following hydrogen cleaning. In the studies 

previously described, undesirable variations of response following 

hydrogen cleaning were not observed, presumably because the transfer 

lin e  was maintained in a deactivated state by the continuous presence
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of oxygen. An obvious remedy for the detrimental e ffects  of hydrogen 

cleaning under a ll  conditions is the use of non-reactive m aterials for  

the transfer lines w ithin the c e ll .

An e ffe c t s im ilar to that described here has also been reported

(86 ). A 63Ni ECD on a c a p illa ry  GC with H2 ca rrie r gas and N2 makeup 

gas lo st 98% of its  s e n s itiv ity  to heptafluorobutyrated derivatives  

of low molecular weight fa t ty  acids a fte r  the detector was heated at 

400°C overnight. A fter passing He through the system fo r a weekend, 

s e n s itiv ity  was restored to almost the orig inal le v e l. S im ilar 

results were observed fo r several pesticides and some low molecular 

weight halogenated hydrocarbons. These observations also indicate  

that some type of surface phenomenon is responsible fo r the loss o f 

response observed following passage of H2 through a ^3Ni ECD a t high 

temperature (44 ,86).

Non-Linear Responses of Alkyl Chlorides

The constant current ECD has been shown to respond to many 

electron-attaching molecules with a lin e a r range of over four orders 

of magnitude (18 ,20 ,21). Some exceptions to lin e a r ity  have been 

observed for the cases where the sample molecule attaches electrons 

so rapid ly  that its  concentration w ithin the ce ll is a ltered by the 

electron-capture process i t s e l f .  This ty p ic a lly  results in an S- 

shaped ca lib ra tio n  curve (87 ). Sullivan and Burgett (87) in ves ti

gated various electronic phenomena and showed that th is  was not the
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cause of the n o n -lin earity . They also developed a k inetic  mechanism, 

involving the fraction  of sample ionized in the detector, which was 

consistent with th e ir  experimental data fo r coulometric compounds. 

Small concentration coulometric samples are predicted to have a 

sample concentration w ithin the ECD much less than that o rig in a lly  

entering the detector because a s ig n ifican t fraction  of the sample 

has been ionized. Since the ECD measures the sample concentration 

within detector, the measured response w ill not re fle c t  the orig inal 

concentration. For large sample sizes, a much smaller fraction  of 

sample w ill be ionized and the sample concentration w ithin the 

detector w ill be nearly equal to the sample concentration entering . 

the detector. Lovelock and Watson (85) have recently described and 

explained a s im ilar response anomaly fo r the case of CCl3F using 

arguments s im ilar to those of Sullivan and Burgett (87 ). For most 

molecules, however, fo r which the electron attachment rates are not 

u ltra  fa s t, lin ea r responses have come to be expected when using the 

constant current ECD.

While the ECD is used most frequently for polychlorinated mole

cules, to which i t  responds extremely sen s itive ly , the ECD is also 

used for the analysis of many other classes of compounds, such as 

mono- and d ichlorinated hydrocarbons to which i t  may respond three to 

fiv e  orders of magnitude less sen s itive ly . The analysis of methyl 

chloride in a i r ,  fo r example, has been performed using the ECD (59,
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62,88) undoubtedly because of its  lack o f response to p o ten tia lly  

in te rfe rin g  hydrocarbons. For these compounds lin ear responses might 

have been expected since th e ir  electron attachment rates are re la 

t iv e ly  slow. 'In th is  section £he responses of the constant current 

ECD to simple alkyl chlorides are described and shown to be non-linear 

under a ll  of the conditions examined. As pointed out e a r l ie r , in 

addition to providing greater s e n s it iv ity , another potential app li

cation o f oxygen doping is the use of response enhancement values to 

f a c i l i ta te  the id en tific a tio n  of unknown sample components. This 

application o f the ECD, however, requires that the normal response 

as well as the oxygen caused response be well understood.

In Figure 18 are shown the ECD responses measured as peak heights 

in units of kHz (20) to methyl and ethyl chloride in the small sample 

concentration range where the sample size is increased to about 500 

times the detection l im it .  I t  is seen in each case that only a narrow 

range o f approximate lin e a r ity  exists prio r to the onset of curvature 

and a diminished molar response. For more strongly electron capturing 

molecules, the instrument used here has been shown in our laboratory 

and elsewhere (20) to provide lin ear responses up to peak heights 

corresponding to pulse frequencies of 100 kHz. For the molecules 

examined here the range of in i t ia l  l in e a r ity  extends only to consi

derably less than I kHz of frequency increase above the baseline 

frequency of 2 kHz. In Figure 19 the responses to larger sample sizes
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Figure 18

ECD response to standards in the low-concentration range. Units of sample concentration 
are molar ra tio  (parts per m illio n ) of gaseous sample in nitrogen. Detector

temperature 300°C, oven temperature 30°C.
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Sample  C o n c e n t r a t i o n  (ppm)

Figure 19

ECD response to standards throughout a wide range of 
concentration. 300°C detector tempera

tu re , 30°C oven temperature
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of methyl and ethyl chloride are shown. I t  is seen that a wide, 

lin ear plateau of response is observed a fte r  the region of curvature. 

The s e n s itiv ity  of response in th is region is very much less than in 

the small sample region, especially fo r the case of ethyl chloride. 

Figures 20 and 21 show additional alkyl chlorides which exh ib it non

lin ea r response. Vinyl chloride also shows some in i t ia l  curvature 

sim ilar to that of methyl and ethyl chloride in the small sample 

concentration range. However, as shown in Figure 20, the response of 

vinyl chloride is much more lin ea r than that of the other monochloro- 

alkanes. Non-linear responses s im ilar to those in Figure 18-21 have 

also been observed for n -butyl chloride and sec-propyl chloride.

I t  has already been demonstrated !that the response of the ECD to 

mpnochlorinated a lip h a tic  hydrocarbons can be greatly increased by 

the intentional addition of oxygen to the c a rrie r gas. For th is  

reason i t  was in i t ia l l y  suspected that the effects shown in Figures 

18-21 might be due to traces of oxygen frequently present in sources 

of nitrogen c a rr ie r  gas. Considering th is  p o ss ib ility  fo r the moment, 

a t very small sample sizes Reaction 4

Og" + RCl ->• Cl" + neutrals . (4)

may provide the fastest means of sample io n izatio n , as long as the 

sample size is small. I f  Reaction 4 occurs, the negative charge is. 

then irreve rs ib ly  held by C l" , rather than O "̂ which would rapidly  

release the electron. The steady-state electron density of the ECD
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Figure 20

ECD response to additional alkyl chloride standards throughout a wide concentration range. 
Detector temperature and oven temperature are 300°C and 30°C, respectively.
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Figure 21

ECD response to non-typical monochloride standards. Detector temperature 
and oven temperature are 300°C and 30°C, respectively.
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plasma would be thereby reduced, causing a response. At higher sample 

sizes, the steady-state negative ion concentration may be deple

ted by Reaction 4 and the slower electron capture Reaction 5,

e +R C l-*- neutrals + Cl" (5)

must provide any further increase in response as the sample size is  

increased. The observation that the slope of the high-concentration 

plateau fo r methyl chloride in Figure 19 is s ig n ific a n tly  larger than 

that fo r ethyl chloride would be taken to indicate that its  electron 

capture rate is greater. A portion of the difference in these slopes, 

however, w ill also be a ttribu ted  to .a  d ilu tio n  e ffec t of the solute 

in the c a rrie r gas where the larger compound's retention time and 

longitudinal spreading w ithin the column is greater.

Shown in Figure 22 are the BCD. responses of methyl and ethyl 

chloride a t 350°C. The response of both compounds is non-linear and 

very s im ilar to that observed a t SOO0C. I t  might have been expected 

that the ca lib ra tio n  curves would be more lin ear a t the higher 

detector temperature i f  trace oxygen were responsible fo r the in i t ia l  

portion of the ca lib ra tio n  curves, since the formation of C^" and 

hence Reaction 4 would be more disfavored a t 350°C.

Several experiments designed to tes t whether or not the in i t ia l  

portion of the ca lib ra tio n  curves are being determined by the trace 

presence of oxygen were conducted. Oxygen scrubbers reported to 

remove trace oxygen to less than I ppm were added to the c a rr ie r  .



SAMPLE CONCENTRATION (PPM)
Figure 22

ECD response to methyl and ethyl chloride at a detector 
temperature of 350°C. Oven temperature is 30°C.
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system. The normal c a rr ie r  gas was u ltra  high purity  nitrogen 

guaranteed to contain less than 10 ppm oxygen. The addition of the 

oxygen scrubber had only small effects  (less than 10% reduction of 

responses) on the ca lib ra tio n  curves o f Figures 18 and 19. C a li

bration curves were also obtained with oxygen in ten tio n a lly  added to 

the c a rr ie r  gas. These are shown in Figure 23 for methyl chloride 

with 30 ppm oxygen added to the c a rr ie r  gas. I t  is  seen in Figure 23 

that the addition of oxygen does amplify the in i t ia l  portion of the 

calib ra tio n  curves somewhat. However, i f  the in i t ia l  responses for 

the case where no oxygen has been added are assumed to be propor

tional to trace oxygen, Figure 23 would imply that the oxygen con

centration o f the undoped ca rrie r is roughly 100 ppm, much higher 

than is expected of our ca rrie r gas.

I t  is always possible that the oxygen content of a c a rrie r gas

is much higher in the detector than in the purified  c a rr ie r  further
- ' :

upstream, due to leaks in the flow system. This is especially true 

i f  leaks occur a t the column-detector in terface where the system 

pressure is only s lig h tly  above atmospheric pressure. For th is  

reason, another experiment was performed that appears to remove a 

very large fraction  of any trace oxygen entering the detector. 

Following hydrogen cleaning as described previously, the transfer 

lin e  apparently becomes activated and then has the capacity for 

removing oxygen in the c a rr ie r  system. Evidence for th is  e ffe c t is
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Figure 23

ECD response to methyl chloride standards using (A) high purity  
nitrogen c a rr ie r  gas and (B) nitrogen c a rrie r gas doped with 

30 ppm oxygen. Detector temperature 300°C, oven 
temperature 30°C.
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shown in Figure 24, where chromatograms of the same standard cpntain - 

in ethyl chloride in u tility -g ra d e  nitrogen are shown. In the upper 

trace a peak due to oxygen in th is  contaminated nitrogen source, as 

well as one due to added ethyl ch loride, is observed. Following 

treatment of the detector with hydrogen at high temperature, a 

repeated analysis is shown in the lower chromatogram. The peak due 

to Og is now absent. Upon repeated analyses, the oxygen peak begins 

to reappear in about one hour and increases stead ily  u n til the orig in  

nal peak height is reestablished. I t  appears that th is  e ffe c t is 

due to a surface reaction removing trace oxygen probably w ithin the 

transfer lin e . That i t  is not due to a gas-phase reaction involving 

small amounts of hydrogen within the ECD ce ll i t s e l f  was indicated 

by the observation that the suppression of the oxygen peak is not 

caused by doping th e .c a rrie r  gas with small amounts of hydrogen.

The chromatograms in Figure 24 indicate that with the transfer 

lin e  so activated , remaining traces of oxygen in the c a rr ie r  gas 

should be further reduced to a small frac tion  of the concentration 

present in the already purified  c a rr ie r . Thus, analyses performed 

under th is  condition might be assumed to be uncommonly free of oxygen 

contamination. Calibration curves for ethyl chloride obtained before 

and a fte r  hydrogen activation  of the detector transfer lines are 

shown in Figure 25. I t  is  seen that with th is  procedure the magni

tude of the in i t ia l  response region has been reduced, but only to



E
C

D
 

S
ig

na
l

113

ZTK

T

2

A

CHoCH5CI

U L

B

Ti me

Figure 24

Chromatograms of a standard containing 0.68 ppm ethyl chloride in 
nitrogen which is also contaminated with oxygen, (A) prior to 

hydrogen cleaning and (B) immediately following  
hydrogen cleaning of the detector.
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ECD response to ethyl chloride standards (A) prior to 
hydrogen cleaning and (B) immediately following 

hydrogen cleaning of the detector.



about one-half of its  orig inal le v e l. ' I f  oxygen had been the only 

cause of n o n -lin earity , a much greater reduction of response might 

have been antic ipated. I t  appears from th is  te s t, a lso, that some

thing other than trace oxygen is a major cause of the high responses 

toward these compounds a t low concentrations.

At th is  time one can only speculate as to the basis of the 

unusual responses observed fo r the monochi oral kanes. One p o ss ib ility  

is that the c a rrie r gas contains an impurity other than Og which 

causes th is  e ffe c t. Perhaps the p a rtia l removal of th is  unknown 

substance caused the decreased signals observed in Figure 25 

following treatment o f the detector with hydrogen. The use of several 

d iffe re n t sources of c a rr ie r  gas, however, has produced sim ilar  

resu lts . The p o ss ib ility  th a t column bleed provides th is unknown 

impurity was not supported in an experiment where the peak areas of 

several small-concentration samples were found to be independent of 

changes in the temperature of the column. The responses of com

p le te ly  d iffe re n t instruments using various columns, c a rr ie r  gases, 

detectors and signal processing methods were compared using a sample 

containing 1 ,4 -d ich iorobutane in hexane. These results are shown, in 

Table V. Instrument A is the Varian 3700 used for a l l  the experiments 

described above. Instrument B is another Varian 3700 with a sim ilar 

ECO. This instrument is used d a ily  fo r routine environmental, 

analyses in another laboratory on th is  campus. Its  response is also

115
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Table' V

Responses— of various ^ N i ECD gas chromatographs— to
I ,4-dichlorobutane and tetrachloroethylene

R e l a t i v e -
Concentra t ion

. In s t .  A 
kHz

In s t .  B 
kHz

In s t .  C (N0 )

' n " 1
I

I n s t .  C (Ar-CHyi) 
■ ' Io - I  4 

I

I ,4 -d ic h lo ro b u ta n e

I ' 0 .12 ( I ) 0 .0 3 0  ( I ) .0 .065  ( I ) 0 .0 3 6  ( I )

5 0.41 ( 3 . 4 ) 0 .0 8 9  ( 3 . 0 ) 0 .2 0  ( 3 . 1 ) 0 .141 ( 3 . 8 )

50 . 0 ,88 ( 7 . 1 ) 0 .1 8  ( 6 . 0 ) 0 .43  ( 6 . 6 ) 0.21 ( 5 . 8 )

'500 3 .2 (23 ) 0 .8 5  (28 ) 0 .7 0  (1 0 .8 ) 0 .2 8  ( 7 . 8 )

te t ra c h lo ro e th y le n e • ■ .

I 0 .5 6 ( I ) 0 .0 2 4  ( I )

2 .5 1 .20 ( 2 . 2 ) 0 .055  (2 .3 )

1 2 .5 6 .8 ( 1 2 .2 ) .0 .25 (1 0 .2 )

25 14 .8 (26 ) V 0.51 (22)

100 63 .2 (105 ) 2 .1  (90 )

^Responses a re  determined from peak he ights  and have been converted to  
the  fu n c t io n s  in d ic a te d .  The fu n c t io n  ( I 0- I ) / !  is  exp la ined  in  the  
t e x t .  Responses r e l a t i v e  to  t h a t  o f  th e  lowest c o ncen tra t io n  sample, 
in  each case a re  shown in  parentheses.

—Instrum ents A, B and C a re  described in  th e  t e x t .  Ins trum ent C was 
used w ith  n it ro g e n  and argon-10% methane c a r r i e r  gases.

—The co n cen tra t io n s  o f  th e  s m a l le s t  samples o f  1 ,4 -d ic h lo ro b u ta n e  and 
t e t ra c h lo ro e th y le n e  in  the  2 uL o f  hexane in je c te d  were 5 .0  x 10- 10q/uL  
and 1 .3  x 10- 'Zg/uL, r e s p e c t iv e ly .
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derived by the constant current method. Its  ca rrie r gas is nitrogen 

with a Varian oxygen trap . Its  column is glass packed with a 6% QF-I 

+ 4% SE-30 stationary phase. Instrument C is a home-built GC-ECD 

incorporating a ^ N i ionization detector of I cc volume. A 1/16" 

anode pin extends the length of its  cy lin drica l geometry. The signal 

from this instrument was processed as the function (Ig  -  I ) / I  where 

I is the standing current obtained with 50 vo lt pulses of 1.5 ys
O

duration and a period between pulses o f 350 ys, and I is the ECD 

current reamining a t the point of maximum response to the sample.

This function has been shown to provide the greatest range of linear  

response fo r the fixed frequency, pulsed ECD (89). Instrument C 

contained a column packed with SF-96, and both nitrogen and argpn-10% 

methane c a rr ie r  gases were used with oxygen removing traps. I t  is  

seen in Table V that a l l  instruments respond to I ,4-dichlorobutane, 

also, in a pronounced non-Tinear manner. Furthermore, Instrument C 

responds non-1i nearly whether the c a rr ie r  gas is nitrogen or argon- 

methane. To demonstrate that these instruments are, indeed, capable 

of responding I i nearly to more strongly electron-attaching compounds, 

the response of instruments A and C to tetrachloroethylene is also 

shown in Table V.

A highly speculative explanation for the non-linear responses 

observed fo r the chlorocarbons may be worthy of consideration. An 

impurity other than oxygen which might be present in s u ffic ie n t
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quantity to produce these effects is HO*(hydroxy ra d ic a l). The 

quiescent positive ion spectrum of most API mass spectrometers with 

Ni sources is almost always dominated by H3O -(H3O)n ions arising  

from minute traces o f water vapor in the c a rrie r gas. The formation 

route fo r H3O+-(H3O)n as proposed by Siegel and McKeown (63) and 

several others.(37 ,90 ,91) is  as follows:

N3 —— N3 + e (6a)

N2+ + 2N2 — £> N4+ + N2 (6b)

N4+ + H2O — > H2O+ + 2N2 (6c)

I2O+ + H2O H3O+ + HO- . (6d)

This reaction scheme provides a source o f HO- whose steady state con

centration w ill be determined predominantly by the a c t iv ity  of the 

ionization source and the c a rr ie r  gas flow rate in the absence of 

reactive sample (see Equations 29 and 30).

The hydroxyl radical reacts with many gases in the troposphere, 

such as CO, hydrocarbons and chlorinated hydrocarbons which would 

otherwise be in e rt (92 ). Cox e t al_. (62) have shown that photo

chemical oxidation in it ia te d  by hydroxyl radical attack is an impor

tan t tropospheric sink for halogenated hydrocarbons containing an 

abstractable hydrogen. Halocarbons containing no H atoms were 

essentia lly  in e rt to oxidation by OH radicals .
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In an undoped ECD system whose c a rr ie r  gas contains a t least 

10 ppb water, the following reaction sequence might occur:

+ RClH - ^  H2O + -RCl (7a)
k

-RCl + e Cl" + -R (7b)

+ D
P + e ------- > neutrals (7c)

Reaction 7a shows the hydroxyl radical oxidation o f a chlorocarbon 

containing an abstractable H atom known to occur in the troposphere. 

The chlorocarbon free radical formed as a resu lt o f hydroxyl oxidation 

w ill probably undergo electron attachment as shown in Reaction 7b.

This postulated reaction is supported by the results of Aue et a l . 

(93-95) which show that some electron-capture products, presumed to 

be free  rad ica ls , undergo further electron capture themselves.

Reaction 7c has been previously described.

Assuming steady-state conditions, the following rate  equation 

describes the change in HO- concentration:

dnOH. _ S 
dt V " kOHnOHnRClH V nOH (29)

S5 V and the terms of the form are the values previously described. 

For th is  case, ven tila tio n  cannot be ignored as a loss mechanism and 

is included in Equation 29 where F is the ca rrie r gas flow ra te ,

approximately 0.5 ml sec •1

1OH

This expression can be solved fo r n ^ .  

kOHnRClHv + F ^
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A sim ilar treatment for Ng, the to ta l number of electrons in the ECD
I - : ,

yie lds:

S
e kGnRCl• + Rn+

(31)

In s im ilar manner5

1RCl vkOHnOHnRCLH
M e  + F

(32)

I f  the expressions fo r Hqh and Po r l . given in Equations 30 and 32 are1RCI
substituted into the expression fo r Ng given by Equation 31, and i f  

the resulting complicated expression fo r Ng is substituted into the 

formula, f  = KI/Ng, the following expression results:

f kBkOHnRClHv KI Rn+ KI

( kOHnRClHv + F^ keneV + S
(33)

/  is simply KIRn+, thus the response o f a constant current ECD is

f  ~ fn
kek0HnRClHV KI

OHllRClHv + F^ keneV + F^(KnuO
(34)

For the monochlorohydrocarbons, kg w ill probably be less than 5 X 10 

ml s-1 (7 5 ), n_ w ill have a maximum value o f 3.8 X IO8 m L~\ V is 0.3

ml and k n V is much less than F, 0.5 ml s- I
e e 

reduces to:

Thus Equation 34

f - f ,
_  M p H n RCTH 

0 ( kOHn RClHv +  p ^p
(35)

For CHgCl, k^^ = 8.5 X 10™14 ml s-1 and kQHnRClHV i$ much less
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than F only when the sample size is 0.15 ppm or less. I t  is a t about 

th is  concentration that the ca lib ra tio n  curve for CH3Cl in Figure 18 

begins to show more pronounced n o n -lin earity . With [CH3CT] < 0.15 ppm. 

Equation 35 w ill reduce to

„ ,  _ kek0H RClH KI
f  4 --------------p --------- (36)

Equation 36 predicts that the response of an ECD w ill be lin e a rly  

related to the sample concentration when the sample size is very small. 

For a ll  of the alkyl monochlorides studied to date, th is  appears to 

be the case. I f  [CH3Cl] is > 50 ppm, l<QHnRQ i w i l l  be much larger 

than F and Equation 35 should reduce to:

f  ~ fn
k KI e (37)

0 F

Equation 37 predicts that the response of a constant current ECD w ill 

be nearly constant fo r large samples o f the alkyl monochlorides. This 

appears to be the case for CH3CH3C l, CH3CH3CH3Cl and CH3CHClCH3CH3 .

The ECD response to CH3Cl does not approach a constant value. With 

large samples, the steady state HO- concentration is probably depleted 

and d irec t electron capture is the lik e ly  basis of the continued 

response to CH3C l. Thus, the electron capture rate o f CH3Cl is much 

greater than that o f the other monochlorides.

Equation 36 predicts that the response of a small sample of 

CH3Cl or some other alkyl monochloride w ill be inversely proportional
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to the square of the flow ra te . Because th is  speculative mechanism 

was developed well a fte r  the experimental work concerned with this  

section of the thesis was completed, no attempt was made to study the 

e ffec t of flow rate  on the response of small samples of the alkyl 

monochlorides. Thus, no additional experimental evidence, supporting 

or refu ting th is  highly speculative mechanism other than that 

mentioned, has been obtained.

In Figure 26 is shown the ca lib ra tio n  curve fo r methyl chloride 

obtained with 2.0 ppth oxygen added to the c a rrie r gas. In comparing 

th is  with the ca lib ra tio n  curve fo r CHgCl obtained under normal 

conditions shown in Figure 18, the use of the Og doped c a rr ie r  is 

c le a rly  recommended. Not only is the detector response to a given 

quantity of sample much greater with the oxygen doped c a rr ie r , but 

also a lin ea r ca lib ra tio n  curve is obtained which passes through the 

orig in  and, as has been shown previously, extends the fu l l  lin ear 

dynamic range (to 100 kHz) expected fo r th is  instrument.

In the use of oxygen doping for the determination o f response 

enhancements, however, caution is necessary because of the non

lin e a r ity  of the normal response shown in Figure 18. The response 

enhancement measurements fo r methyl chloride w ill be reasonably 

constant only in the concentration range 0 .0 -0 .I ppm, where the 

calib ra tio n  curve in Figure 18 is reasonably constant. With higher 

concentrations of methyl chloride, the measured response enhancement
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CHoCI C o n ce n tra tio n  (ppm)
Figure 26

ECD response to methyl chloride samples using nitrogen c a rr ie r  gas doped with 
2.0  parts per thousand oxygen. Detector temperature 300°C.
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caused by oxygen doping w ill increase continuously with increased 

sample s ize . In the use o f response enhancement measurements for 

compound id e n tific a tio n  i t  is therefore recommended that the range . 

of lin ea r response of the instrument to each sample component be 

established under the normal oxygen-free c a rr ie r  gas condition, and 

that response enhancement values then be used only fo r sample sizes 

within th is range.

E ffect of Oxygen on the Response of Polycyclic Aromatic Hydrocarbons

Because of the carcinogenic properties of certain  polycyclic 

aromatic hydrocarbons (PAHs), the analysis of th is  class of compounds 

in the environment has received a great deal of attention in recent 

years. Very early in the development o f the electron capture 

detector (ECD) fo r gas chromatographic (GC) detection, i t  was noted 

that PAHs produce responses with th is  detector which are strong 

re la tiv e  to non-aromatic hydrocarbons (96 ,97 ). In the analysis of 

atmospheric p articu la tes , the ECD has been shown to provide useful 

complimentary information regarding the presence of PAHs when paired 

with simultaneous flame ionization detection, FID (98 ,99).

In the f i r s t  investigation of the effects of oxygen in ten tiona lly  

added to the c a rr ie r  gas of a GC-ECD system (39 ), Grimsrud and 

Stebbins noted that the ECD response to certain  compounds, one being 

anthracene, was s ig n ific a n tly  increased with added oxygen. In a 

manner s im ilar to that described fo r the chlorinated hydrocarbons, the
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effects  of oxygen doping upon the ECD response to many polycyclic  

aromatic hydrocarbons were investigated.

Oxygen was mixed with the c a rr ie r  gas by one of two d iffe re n t  

methods. For the f i r s t ,  oxygen was mixed into a 5 I stainless  

reservoir which is part of the c a rr ie r  flow system. With th is  

approach, described in greater d eta il previously, oxygen is present 

in the c a rr ie r  p rio r to the in jec to r or column. Because o f the ease 

with which the oxygen concentration can be re lia b ly  controlled and 

varied with th is  approach, i t  was used fo r most analyses. Oxygen was 

also added as a make-up gas a fte r  the column ju s t p rio r to the detector 

by combining the c a rr ie r  flow a t th is point with about 4 mL min™1 of 

nitrogen containing 2% oxygen. The results obtained fo r each PAH were 

found to be independent of the choice o f method fo r introducing 

oxygen.

Most of the measurements reported here were obtained a t a 

detector temperature of 250°C. The high temperatures availab le  to the 

63Ni ionization source were tested (300°C and 350°C) in th is study, 

but the results were unsatisfactory fo r purposes o f analysis. Repro

d u c ib ility  and s e n s it iv ity , both with and without added oxygen, were 

much less favorable than a t 250°C. The responses to some of the 

PAHs, in fa c t, are observed to be inverted. The choice of 250°C was 

made somewhat a r b it r a r i ly  so as to maintain a detector temperature 

SO0C above the maximum column temperature. However, a t 400°C, the
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normal response of a ll  o f the PAHs tested was greater than a t any 

other temperature. Figure 27 shows the undoped ECD response to a 

1.5 X IC f2 g/1 sample of anthracene a t detector temperatures of 250°C 

and 400°C. I t  is read ily  apparent that the ECD response o f anthra

cene a t 400°C is about ten times better than that a t 250°C. This 

observation is inconsistent with the resonance electron capture 

mechanism generally associated with PAHs and probably indicates that 

some other mechanism besides resonance capture is responsible for the 

large response observed a t 400°C.

The retention time of each substance was determined using a 

flame ionization detector prior to its  ECD analysis. In comparing the 

detection lim its  obtainable by the ECD (undoped) with those of the 

FID9 i t  was found that 1,2-benzanthracene responded about twice as 

well in the ECD as in the FID. Anthracene produced s im ilar signal-to -  

noise responses for a given sample in the two detectors, while pyrene 

is about two times less sensitive in the ECD than in the FID., The 

re la tiv e  ECD responses of phenanthrene and tetracene, respectively, 

are about 0.05 and 50 times that obtained with the FID.

Figure 28 shows the repeated GC-ECD analysis of a prepared 

standard containing 20 ng per in jection  o f 1,2-benzanthracene where 

the Og content of the c a rr ie r  gas is increased with each analysis.

The f i r s t  peak, corresponding to 1,2-benzanthracene, increases in 

magnitude continuously with O2 addition. Two other peaks are very
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Figure 27

Response of the undoped ECD to 0.0105 g/1 anthracene a t (a ) 250°C 
and (b) 400°C. In jec to r temperature and oven temperature are 

170°C and 140°C, respectively.
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180 ppm
no O2 7 ppm

Figure 28

Response of ECD to 20 ng 1,2-benzanthracene samples with various 
amounts of oxygen added to the c a rr ie r  gas. The second and th ird  

peaks observed in each analysis are due to im purities.
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prominent in the f i r s t  chromatogram, but do not increase s ig n ifican tly  

with oxygen addition , and in the la te r  chromatograms are nearly lost 

in the attenuation increase and increased baseline noise. These two 

peaks are thought to re fle c t  the presence of contaminants in the 

sample, possibly oxygenated aromatic molecules, which have ECD 

response coeffic ien ts  much higher than those of the PAHs. Their 

responses are not increased as s ig n ific a n tly  by O2 addition (see 

the case of anthraquinone, fo r example, reference 39).

Figure 29 shows the e ffec t o f added oxygen on the ECD response 

of anthracene. Chromatogram a is  the normal (undoped) response to a 

7 X IO"3 g/1 anthracene standard. Chromatogram b is the response to 

the same standard obtained by adding 1.5 ppth oxygen to the ca rrie r  

gas. The greatly  enhanced impurity which eluted a fte r  anthracene was 

not present in s u ffic ie n t quantity to be detectable with a compu

terized  GC-mass spectrometer system located elsewhere on th is  campus. 

I t  is improbably that the impurity was formed in the in jection  port 

because varying the in jec to r temperature did not a ffe c t its  response. 

The same was true fo r the im purities present in the 1,2-benzanthra

cene sample shown in Figure 28 and discussed previously.

Experiments s im ilar to that shown in Figure 28 were performed 

fo r fiv e  PAHs a t a detector temperature of 250°C. The results are 

shown in Figure 30 where the oxygen caused response enhancement minus 

1.0 (so that a ll curves pass through the o rig in ) is plotted against
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Figure 29

Effect of oxygen on the response of the ECD to a 7.8 X IO"3 g/1 
sample of anthracene, (a) normal ECD conditions, (b) 1.5 o/oo 

oxygen in the c a rr ie r  gas. Detector temperature is 250°C. 
In jecto r and oven temperatures are 193°C and 140°C,

respectively.
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a n th r a c e n e1 ,2 -b e n z a n th ra c e n e

p y re n e

p h e n a n th re n e

Oxygen C o ncen tra tion  (ppth)

Figure 30

Response enhancements for each PAH as a function of oxygen 
concentration in the c a rr ie r  gas.
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oxygen concentration. The response enhancement values were determined 

from the ra tio  o f peak heights with and without oxygen. I t  is seen 

in Figure 30 that anthracene, pyrene and 1 ,2-benzanthracene exhib it 

large response increases with added oxygen. The responses of te tra -  

cene and phenanthrene increase only s lig h tly .

The use of higher detector temperatures does not seem to o ffe r  

any advantages for PAH analysis. The ECD response was weakened by 

increased temperature as expected fo r a resonance capture electron  

attachment process (97 ). I t  was observed that a t detector tempera

tures in excess of 300°C, reverse responses occur fo r some PAHs.

(This is discussed further fo r the case o f anthracene, below.) The 

magnitude of the oxygen caused response is  also observed to be lower 

a t higher detector temperatures. This was expected, since the 

instantaneous Og" concentration is lowered by increasing the gas 

temperature.

To iso la te  the reason why response enhancements do or do not 

occur in each instance in Figure 30, i t  is necessary to consider 

in d iv id u a lly  the re la tiv e  EC responses (R^c) and the re la tiv e  O2" 

caused responses (Rq^) in each case. The la t te r  value can be 

obtained from the measured response enhancements (RE) and R ^  using 

the re lationship Rq  ̂ = Rec(RE -  I ) .  Values for Rec, RE (a t 2 ppth 

0g), and Rq  ̂ shown in Table VI are normalized with respect to the



Table VI

133

Electron capture detector responses, response enhancements, 
re la tiv e  rates of reaction with Op" and calculated  

Hiickel parameters fo r fiv e  PAHs

p #
kEC REb \ a E d- t LUMO L-a

phenanthrene I 4 .6 I 0.608 2.308

anthracene 40 62 680 0.418 2.018

pyrene 20 185. 1000 0.448 2.198

1,2-benzanthracene 130 165 5900 0.458 2.058

tetracene 4000 7.4 7100 . 0.298 1.938

aNormal ECD molar responses re la tiv e  to phenanthrene a t 250°C.
^Response increase caused by the presence of 2.0 parts per thousand 

oxygen in the c a rr ie r  gas.
cRate o f oxygen caused reaction re la tiv e  to case of phenanthrene.
^Calculated energy o f lowest unoccupied molecular o rb ita l.
^Calculated resonance energy lo st by removal of a specific  carbon 

atom from the ir-electron system.
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respective phenanthrene values. Upon inspection of the fiv e  compounds 

lis te d  in Table V I, the basis of measured RE values o f Figure 30 can 

be better appreciated. For example, while phenanthrene has a low R ^ ,  

its  Rq  ̂ is also the lowest and its  RE is only 4 .6 . The reason fo r the 

re la tiv e ly  low RE value fo r tetracene of 7 .4 , on the other hand, is  

due e n tire ly  to its  normally high R ^  as its  Rg  ̂ value is the highest 

of those observed. Large response enhancements are observed for 

anthracene, pyrene and 1 ,2-benzanthracene because th e ir  normal EC 

responses are low re la tiv e  to that o f tetracene, while th e ir  reactiv ity  

towards O2" is quite high.

S. H. Kim, a postdoctoral fe llow  in the lab of Dr. Eric Grimsrud, 

has measured the negative ions which are thought to accompany the 

electron capture reactions of the PAHs using the specialized API mass 

spectrometer previously described. In Figure 31 (46) Ts shown Dr. . 

Kim's analysis o f anthracene with th is  instrumentation using a source 

temperature of 280°C. Both the pulsed-ECD function of the ion.source 

and the single-ion monitor function of the mass spectrometer are 

shown as a function o f the amount of oxygen added to the nitrogen 

c a rrie r  gas. The paired ECD and mass spectral traces were obtained 

in separate rather than simultaneous determinations. This is  neces

sary because with pulses applied to the c e ll for the ECD function, the 

negative ions formed within the ce ll cannot under certain  conditions 

be observed by the mass spectrometer. This e ffe c t , which re lates to



ECD n°  02 n0 °2 30 pPm °2  150 Ppm O2 6 0 0  ppm O2 2 4 0 0  ppm O2
current

neg. i on
current m/e=193 

with
I pulse off

T i m e

Figure 31

Repeated analyses of a 20 ng sample of anthracene using a specialized ECD/APIMS detector 
for various concentrations of oxygen added to the c a rrie r gas. Along with the ECD 

response, the in ten sity  of e ith er the M + H positive ion or the M + O - H 
negative ion has been monitored. Source temperature is 280°C.
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the fundamental physics of the ECD9 is described in deta il elsewhere 

(64 ). To observe the negative ion chemistry independent o f th is  

complication, the source must be pu lse-free.

With no Og added, the ECD trace in Figure 31 indicates a reverse 

peak a t 280°C as anthracene elutes from the column. Reverse peaks 

such as these have frequently been observed for the PAHs a t elevated 

temperatures in purified  nitrogen c a rr ie r  gas. At temperatures of 

250°C, normal EC responses are observed. In Figure 31 a temperature 

of 280°C was chosen to il lu s tra te  th is  reversal and to suggest its  

cause. With no O2 added, the positive ion signal a t m/e = 179 (the 

M + I peak fo r anthracene) has also been monitored. As th is  anthra

cene sample (10 ng) passes through the source, the positive ion mass 

spectral signal a t m/e = 179 reaches a saturation level indicating, 

that a l l  positive ions w ithin the ECD are converted to ions of this  

type. I t  is reasonable to expect that such a pronounced a lte ra tio n  

of positive ion character w ill  a ffe c t to some degree the electron  

density by a s lig h t a lte ra tio n  o f the ra te  of positive ion-electron  

recombination (63 ,64). Thus, a s lig h t increase in electron density 

is possibly caused by th is  e ffec t which masks any electron attachment 

reaction which may also be occurring. The second chromatogram showing 

the "no CL," condition, again while monitoring the negative ion a t m/e 

= 193 (M + 0 -  H), indicates that some electron attachment to anthra

cene has, indeed, occurred, even though the ECD response does not
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re fle c t  i t .  As oxygen is  added to the c a rr ie r , a normal and increased 

ECD response to anthracene is  observed. Meanwhile, the most intense 

negative ion observed a t m/e = 193 also increases with added Og. The 

magnitude of the negative ion signal a t m/e = 193 remains re la tiv e ly  

small in a ll  cases. A larger negative ion signal might have been 

expected based on comparisons with other electron attaching molecules 

studied (35) and the EC response they cause. I t  is suspected that a 

s ig n ifican t portion o f the PAH negative charge carriers  do not survive 

transport through the API aperture and transmission to the ion detec

to r . I t  seems lik e ly  th a t these ions are of the M~ type which detach 

th e ir  re la t iv e ly  weakly held electron during the o r if ic e  sampling or 

transmission period. Horning et al_. (36) have also described 

d if f ic u lt ie s  in detecting negative ions o f a PAH by APIMS.

Dr. Kim measured the negative ion mass spectrum of each of the 

fiv e  PAHs shown in label V I. For each, the most intense negative 

ions observed are due to e ith er the M + 0 -  H or the M + 20 -  2jH 

species. Small and variable signals fo r the M~ species are also seen. 

With the exception of tetracene, the M + 0 -  H ion was in greater 

abundance than the M + 20 -  2H ion. Because of the above suspicions 

concerning the lack o f detection o f species of the Ni" type, i t  is. not 

known a t th is  time i f  the oxygenated negative ions are the most impor

tant ion products accompanying oxygen doping. I t  therefore remains 

conceivable that ECD enhancement to PAHs occurs p a r t ia lly  by charge
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exchange from C^" to form M~.

Theoretically  calculated values for the energy o f the lowest un

occupied molecular o rb ita l ,  ElUMOs are a^so lis te d  in Table V I. These 

values (derived from simple Huckel theory) have been calculated by 

Coulson and Stre itw ieser fo r numerous polycyclic aromatic hydrocarbons 

(100). The magnitude of might be expected.to be related inverse

Iy  to the re la tiv e  ease with which electron attachment occurs, since 

i t  is into th is  molecular o rb ita l th a t the captured electron goes. I t  

is seen that a rough inverse correlation  between E ^ q and the respec

tiv e  value does indeed e x is t. Tetracene has the lowest E ^ q 

value and.the largest Rec value while the opposite is true of phenan- 

threne. The other three cases are intermediate with respect to Rec 

and Eli^ q . Within th is  group of three the correlation appears to 

f a i l .  However, th is  may be due to the presence of trace oxygen in 

the c a rr ie r  gas which assists the "normal" EC response to 1 ,2-benzan

thracene more than i t  does that of anthracene and pyrene. Also, as 

described above, the observed ECD response a t 250°C is undoubtedly 

complicated to some extent by positive ion e ffe c ts .

Another th eo re tic a lly  calculated value, I " ,  is lis te d  in Table 

VI fo r the fiv e  compounds shown. This value, which has also 

been calculated from simple Huckel theory and is availab le  fo r  

numerous PAHs (100), is  the amount of resonance energy lo s t by each 

molecule when one of its  carbon atoms is removed from the to ta l
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resonance system. This value might be expected to provide an estimate 

of the re la tiv e  ease with which nucleophilic attack by O2" on some 

s ite  in the molecule might occur, as shown in Reaction 8.

Following the formation o f the intermediate [M + O2] " ,  negative ion 

species such as M", M + 0 -  H or M + 20 -  2H observed in the mass 

spectral studies could be formed. The rate of the overall reactions 

might be lim ited by the rate of Reaction 8 , fo r which the value of L" 

contributes to the activation  energy.

Inspection o f Table VI indicates that within each group of 3-ring

and 4-ring PAHs an inverse correlation of L" with the measured value

of Rn exists fo r each case. And again, tetracene is predicted to be 
U2

the most reactive and phenanthrene the least reactive. I t  appears 

from the above comparisons of measurements and simple theory that the 

BCD signals observed with and without oxygen are consistent with the 

re la tiv e  re a c tiv itie s  of the electron and O2" which might have been 

expected fo r each molecule. Inversely, the values of ElumQ and L~, 

which are read ily  availab le  (100) or easily  calculated for PAHs, may 

provide a useful guide to the behavior of a ll  PAHs in the BCD, with
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and without O2 doping.

In ,the  development o f these methods fo r the trace analysis of 

PAHs, i t  has become apparent that the proper choice of the GC column 

and the minimization of column bleed w ill be even more c r it ic a l than 

in normal ECD analysis. Unfortunately, the O2 enhancement process can 

enhance the instrument's s e n s itiv ity  to column bleed molecules as well 

as to the analyte of in te re s t. Therefore, in order to maintain the 

ECD baseline as low as possible (determined id ea lly  by the electron- 

O2 equ ilib rium ), i t  w ill be desirable to determine which stationary  

phases and column technologies produce the least amount o f 02~-reactive 

im purities a t the required oven temperatures.

These in i t ia l  observations prompted further study of the ECD 

behavior o f additional PAHs. In order to characterize the response 

of many compounds in a short period o f tim e, measurements were made 

under normal undoped conditions and only a t one oxygen concentration, 

2.0 parts per thousand (V /V ). The oxygen doping measurements were 

usually done in duplicate and average values are reported in Table 

V II .  Generally, response enhancements were reproducible to within  

25% a t the high oven temperatures necessary to chromatograph the PAHs. 

The retention times fo r a ll  of the PAHs were verified , with the FID 

and are given in Appendix 3. Table V II presents the results obtained 

fo r a l l  the PAHs studied to date. Normal ECD sens itiv ites  and 

response enhancements were determined as previously described.
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Table V II

Electron Capture Detector Responses, Response Enhancements 
and Relative Rates of Reaction with CL" 

for A ll PAHs

Name

pnenanthrene

anthracene

Structure

mm

REC* %
4.6 1.0

680

2-methyl anthracene

9-methyl anthracene

1- chloroanthracene

2- chloroanthracene

9-chloroanthracene 

9-chIorophenanthrene 

tetracene

mmi
Cjl3

m m

mmmi
©60

80

45

2900

3500

2600

4300

4000

85

130

4.7

8.9

50

1.7

7.4

1900

1600

3000

7700

34,000

850

7100

tr1phenylene 1-5 3.0 0.8

chrysene

pyrene

benzanthracene

2-methyl benzanthracene 

7-methyl benzanthracene

140 500

1000

5900

6700

14,000
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Name

12-methyl benzanthracene 

6,8-dimethyl benzanthracene

7,I2-d1methy1benzanthracene

perylene

Structure

benzo(e)pyrene

benzo(a)pyrene

1,2,3,4-dibenzanthracene

1.2.5.6- d1benzanthracene

7,8-benzoqu1no11ne

5.6- benzoqulnolIne 

acridine 

xanthene

dlbenzofuran

carbazole

dlbenzothlophene

MrM

@ 9 ©

REC* RE* R0;— 2

190 150 8100

230 140 8700

8500 8.9 19,000

1000 15 3900

150 400 16,000

2300 29 18,000

500 190 26,000

640 67 12,000

12 50 160

10 70 190

1100 33 9800

14 130 500

1.6 175 77

110 200 6100

0.9 15 3.5

♦Explained in Table VI
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Relative oxygen caused responses were calculated in the manner 

previously described. To fa c i l i ta te  the discussion of isomeric 

differences, the PAHs are grouped accordingly in Table V I I .

The major purpose of any chromatographic system is the resolution 

of mixtures of compounds into less complex mixtures or into pure com

pounds. In addition to th is  function, the chromatographic system can 

provide retention data which may be used as complimentary information 

for the positive id e n tific a tio n  of the resolved mixture components.

One of the major problems in PAH analysis procedures is incomplete or 

inadequate resolution of structural and positional isomers. This is 

a d i f f ic u lt  problem even with sophisticated ca p illa ry  GC-mass spectro

meter systems because the electron impact spectra of isomeric PAHs 

are essentia lly  indistinguishable (101,102). Thus any detection  

system which fa c ili ta te s  isomer id e n tific a tio n  of PAHs w ill be a 

welcome addition to the arsenal of analysis techniques presently 

availab le  to the analytical chemist.

In a simple molecule lik e  anthracene there are essentia lly  only 

three positions for a single substituent. These positions with th e ir  

corresponding L~ values are: ? 233

2.013

O
,4 ^ 2 .4 2 3
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I f  nucleophilic attack by Og" occurs in the manner shown by Reaction

8 , putting a methyl group or some other substituent on the anthracene

ring might e ffe c tiv e ly  block or possibly impede the O -̂  catalyzed

enhancement process. Thus, a methyl group a t position 9, the position

most susceptible to O2" a ttack , might impede the enhancement process

more than putting a methyl group a t e ith er position I or 2. However,

i f  the substituent functions as a leaving group, its  presence might

ac tua lly  fa c i l i ta te  O2" attack. In th is  regard, putting a leaving

group substituent a t position 9 might more easily  allow formation of

the proposed tran s itio n  state of Reaction 8. Therefore, 9-chloro-

anthracene might be expected to have somewhat larger Rq  ̂ and RE values

than the other chloroanthracenes.

The Rn and RE values for 9-chloroanthracene in Table V II are,
2

as was expected, much greater than those for I -chioroanthracene and

2-chloroanthracene. The presence of chlorine on the anthracene ring

should greatly  improve the normal ECD s e n s itiv ity . This is what is

observed. R ^  for each of the three isomers of chioroanthracene is

> 60 Rĝ  fo r anthracene. Position 9 on phenanthrene is the favored

s ite  fo r O2" attack and putting a chlorine atom there should read ily

be reflected  in a much larger Rn value fo r 9-chlorophenanthrene than
u2

that fo r phenanthrene. This is indeed the case, as Rn fo r 9-chloro-
U2

phenanthrene is 850 times that of phenanthrene. Adding chlorine 

atoms to anthracene and phenanthrene greatly  increases th e ir
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retention times. At an oven temperature of 155°C, there is  only 30 

seconds' d ifference between the shortest and longest retention times 

(about 450 seconds) of the chlorine-containing PAHs. Thus, i t  would 

be very d i f f ic u l t  to id en tify  these compounds with an ECD based on . 

retention times alone. Response enhancements would, be good q u a lita 

t iv e  indicators o f compound id en tity  fo r these compounds because the 

respective enhancements of 50, 8 .9 , 4.7 and I .7 are s ig n ific a n tly  

d iffe re n t.

The results presented in Table VIT fo r the two isomers of methyl-  

anthracene indicate that adding a methyl group to anthracene f a c i l i 

tates Og" attack on the molecule. This being the case, i t  is some

what surprising that Rn fo r 2-methyl anthracene, 1900, is larger thanU2 .
Rn fo r 9-methyl anthracene, 1600. The measured response enhancements

are 85 and 130 for 2-methyl anthracene and 9-methyl anthracene,

respectively , and are s u ffic ie n tly  d iffe re n t such that they could

probably be used fo r structure delineation.

Triphenylene and chrysene have E ^ q values of 0 .6 8 8 'and 0.528

(100). Their L“ values are 2.38 and 2.25 (100). Thus, t r i phenylene

should have a poor normal ECD s e n s itiv ity  and its  Rn value should be
2

much less than that of pyrene. Chrysene should have a normal ECD

s e n s itiv ity  somewhat less than that o f pyrene or anthracene, and its

Rn value should be less than that of pyrene.. These predictions are 
u2

based on the ELUMq and V values given in Table VI which were
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previously discussed. Triphenylene and chrysene have normal ECD sen

s it iv i t ie s  of 1.5 and 13. Their re la tiv e  oxygen catalyzed responses 

are 0.8 and 500, respectively. Also included in Table V II are the 

previously discussed results obtained fo r tetracene, pyrene and benzan

thracene. As predicted, the measured values of R ^ , 13, and Rq , 500, 

fo r chrysene are less than those of pyrene, 20 and 1000, respectively. 

The measured R^q and Rg values for t r i phenylene, 1.5 and 0 .8 , are in 

deed much smaller than those of pyrene. For th is series of structural

isomers, an excellent correlation exists between the measured Rn 
• ■ ■ -  ■ u2 

values and the theoretical L~ energies such that the predictive

sequence of increasing reaction rate  with Og" matches exactly that

determined experimentally.

The response enhancements of pyrene, benzanthracene and chrysene 

are a ll  la rge , whereas that for t r i phenylene is the smallest observed 

of a ll  the compounds studied. Even with highly e ff ic ie n t  cap illa ry  

columns i t  is almost impossible to get s u ffic ie n t separation of t r i -  

phenylene and chrysene (99,103,104) to allow positive id en tific a tio n  

of the specific  isomer. The response enhancements of these two isomers 

are so s trik in g ly  d iffe re n t (RE = 140 fo r chrysene and 3 fo r t r i -  

phenylene) that oxygen doping could read ily  be g a in fu lly  applied to 

th e ir  analysis and id e n tific a tio n .

The methylated benzanthracenes show considerable variations of 

response with regard to d irec t electron attachment and nucleophilic



147

attack by O2" a t various sites on the molecule. 2-methyl benzanthra

cene and 12-methyl benzanthracene have normal ECD s e n s itiv itie s  s lig h tly

larger than those of benzanthracene. Their Rn values are also only
u2

s lig h tly  larger than those of benzanthracene and for th is  reason 

th e ir  response enhancements values are nearly equal to those of benzan

thracene. The same is true for 6,8-dimethyl benzanthracene. 7-methyl-  

benzanthracene has an value about four times that of benzanthra

cene, whereas its  re a c tiv ity  towards O2" is about twice that of 

benzanthracene. This combination produces an enhancement about h a lf

th a t of benzanthracene. 7,12-benzanthracene has a large Rn value
2 .

while possessing a very large normal ECD s e n s itiv ity . The small 

 ̂ enhancement observed fo r i t  re flec ts  its  very large normal response.

I t  is  in teresting  to note that positions 7 and 12 on benzanthracene 

are those predicted to be most reactive from the L~ values of benzan

thracene and do indeed seem to be the most reactive s ite s . This was 

not the case fo r the methyl anthracenes.

Benzo(e )pyrene has a very large re a c tiv ity  towards O2" ( R q  = 

13,300) while possessing an average normal s e n s itiv ity . For this  

reason, i t  has the largest response enhancement measured, 400. On 

the other hand, benzo(a)pyrene has both a large normal response and

a large Rn value and fo r i t  a modest response enhancement, 29, is u2
observed. 1,2,5,6-dibenzanthracene also has a large Rn value but

2 .

has a modest normal s e n s itiv ity . For th is  reason, i t  has a re la tiv e ly
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large enhancement9 67. I ,2 ,3 ,4-dibenzanthracene had one of the very

largest Rn values observed while also possessing a modest normal u2
s e n s itiv ity  whose combination produces one of the largest response

enhancements observed, 190. Perylene had only a modest Rn valueU2
while having re la tiv e ly  high s e n s itiv ity . For th is reason, its  en

hancement was re la tiv e ly  low, 15.

Benzo(e)pyrene and benzo(a)pyrene are d i f f ic u lt  to separate (103) 

and would be prime candidates fo r positive id e n tific a tio n  using th is  

enhancement technique since th e ir  response enhancements are so very 

d iffe re n t. An even more formidable chromatographic task is the 

satisfactory resolution of the two d ibenzanthracene isomers (102-104). 

Because th e ir  response enhancements d if fe r  g rea tly , these isomers 

should be resolvable using th is  enhancement technique.

The remaining compounds in Table V II were investigated to deter

mine i f  the enhancement process works fo r heterocyclic systems. With 

the exception of d ibenzothiophene, the response enhancements were 

greater than 30 for a ll  heteroatom containing compounds. Because 

dibenzothiophene has such a poor normal s e n s itiv ity , i t  was expected 

to show a very large enhancement. Since its  re a c tiv ity  towards O2" is  

also sm all, its  enhancement cannot be large. Dibenzofuran also has a 

poor normal ECD s e n s itiv ity  but possesses s u ffic ie n t reac tiv ity  toward 

O2" to produce a large response enhancement. Carbazole and acridine 

have s im ilar high re a c tiv ity  towards O2" but have very d iffe re n t
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normal s e n s it iv it ie s . T h u s ,th e ir enhancements d if fe r  appreciably. As 

with dibenzofuran, xanthene also contains.an oxygen atom but i t  has. much 

greater re a c tiv ity  towards Og" and much better normal s e n s itiv ity  than 

dibenzofuran. This y ie lds a response enhancement s im ilar in value to 

that of dibenzofuran. The benzoquinolines have very s im ilar low 

normal s e n s itiv itie s  and s im ilar modest C -̂  re a c tiv ity  such that th e ir  

enhancements are also s im ilar.

Of the th ir ty  compounds examined, only nine fa ile d  to have 

response enhancements > 30. For 12 compounds the response enhancements 

were nearly 100 or la rg er. Thus, in addition to being useful as a 

q u a lita tiv e  indicator of compound id e n tity , an oxygen doped ECD is 

also a means of increasing the s e n s itiv ity  to normally poorly respon

ding compounds. Adding a given amount of oxygen a t higher oven 

temperatures greatly  increases the baseline frequency and baseline 

noise in a manner much d iffe re n t than th a t a t low temperature, minimal 

column bleed conditions. Detector contamination is much more 

prevalent a t higher oven temperatures. Therefore i t  is  hard to 

predict how much gain in s e n s itiv ity  can be achieved fo r a given . 

amount of response enhancement.

No attempt was made to quantify noise and determine re la tiv e  

s ig n a l-to -n o ise ra tio s , e tce te ra , fo r the PAHs because the major 

in ten t of th is  part of the study was the determination of the 

fe a s ib il i ty  o f using the oxygen enhancement technique fo r isomer
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elucidation. In th is  regard, the results were very encouragin and 

the paired analysis of samples with clean and oxygen doped c a rrie r  

gas should provide q u a lita tiv e  information about compound id e n tity .



SUMMARY

This study has shown how oxygen induced response enhancements in 

the ECD analysis of chlorinated hydrocarbons w ill vary with the chemi

cal structure o f the molecule. From these measurements combined with 

the practical consideration o f the e ffects  oxygen w ill have on the 

baseline frequency and noise, procedures for improved analyses of many 

of these chlorocarbons can be designed. Generally, the monochlorinated 

a lip h a tic  hydrcarbons and the d ichlorinated hydrocarbons in which the 

chlorine atoms are separated by two or more carbon atoms have very 

large.oxygen induced response enhancements. While the enhancement 

enjoyed by vinyl chloride is somewhat lower than that o f the a liphatics , 

i t  is s t i l l  large and as such may be even more useful fo r its  analysis 

in industria l atmospheres because its  normal ECD s e n s itiv ity  is 

extremely low. Unfortunately, fo r the sake of improved detection 

l im its , only small enhancements are caused fo r chlorobenzenes.

The resu lts of th is  study suggest that oxygen induced response 

enhancements might be useful as q u a lita tiv e  indicators fo r compound 

id e n tific a tio n  in a modified ECD procedure where clean and oxygen 

doped c a rr ie r  gases are used in paired analyses. I t  has been shown 

that the enhancement value is a sensitive function of compound type.

The reproduc ib ility  of enhancement measurements has been found here 

to be ± 10% using a given tank of u ltra  pure nitrogen into which 

oxygen is added. The residual variations in these measurements are 

undoubtedly due mainly to the method of oxygen introduction which was
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designed fo r f le x ib i l i ty - ,  not fo r maximum precision. A specially  

prepared tank o f oxygen doped c a rr ie r  gas would probably allow the 

determination o f response enhancement values with a re la tiv e  precision 

of a few percent. In using chromatographic columns which might be 

damaged by oxygen9 oxygen could be added to the chromatographic 

e fflu e n t as a makeup gas ju s t p rio r to the detector. The measured 

response enhancement fo r monochloroalkanes w ill be l ik e ly  to vary from 

one analytical system to another. This variation  w ill be due mainly 

to changes in the normal ECD response of these compounds which appears 

to depend s ig n ific a n tly  on the level o f trace im purities in the pure 

c a rrie r  gas.

A quantita tive  model which successfully describes how the 

constant current, oxygen doped ECD responds to samples has been 

presented. The mechanism proposed fo r oxygen's effects  suggests that 

the values of oxygen caused response derived from these measurements 

can be used to describe the re la tiv e  rates of reaction o f O2" with 

each of the halocarbons lis te d . A thermodynamic consideration of the 

reactions o f O2" suggests that fo r the compounds which undergo large 

response enhancements, oxygenated neutral products are probably formed 

along with the chloride ion. Furthermore, the data suggest that the 

presence of a hydrogen atom on the a-carbon greatly assists the 

formation o f these oxygenated neutrals.

This study further demonstrates th a t the electron capture detector



is not lim ited to uses where d irec t electron capture reactions, only, 

provide the basis of a response, but can be made usefu l, a lso , fo r  

applications where an ion-molecule reaction provides the basis of 

response. I t  seems reasonable to expect that other schemes for  

coupling electron attachment-detachment e q u ilib ria  to the ion-molecule 

reactions o f ionic reagents other than O2" and 0" may be found in the 

fu ture . These developments may provide the ECD with additional sets 

of response characteristics fo r chemical analysis, and also w ill add 

to a better understanding of analysis error in normal uses of the ECD 

where compounds such as these may be un intentionally  present.

A potential source o f error in GC-ECD analyses which occurs 

following hydrogen cleaning of a ^ N i ECD has been id en tifie d  and 

shown to produce s ig n ific a n tly  diminished responses toward oxygen, and 

several chlorinated hydrocarbons. C alibration curves fo r the response 

o f a constant current electron capture detector with a 63Ni ionization  

c e ll to methyl and ethyl chloride and several other alkyl monochlorides 

are reported to be non-linear. The molar response to low concentration 

samples is  shown to be very much greater than that to high concentra

tion samples. Oxygen contamination of the c a rr ie r  gas was investigated 

as a lik e ly  cause of the low concentration, increased responses, but 

th is  p o ss ib ility  was not supported by the experiments reported here. 

Another possible cause is discussed. Superior ca lib ra tion  curves for 

alkyl monochlorides are obtained by the use of in ten tio n a lly  oxygen

153
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doped c a rr ie r  gas.

A constant current electron capture detector (ECD) has been used 

to study the effects  of oxygen added in ten tio n a lly  to the ca rrie r gas 

on the response of the instrument to th ir ty  selected polycyclic  

aromatic hydrocarbons (PAHs). At a detector temperature of 250°C the 

responses of anthracene, pyrene and 1 ,2-benzanthracene are increased 

very su b stan tia lly , while those of phenanthrene and tetracene are 

only s lig h tly  increased. The basis of these observations is  discussed 

and mass spectrometry measurements of the negative ions formed in an 

ECD as a resu lt of Og doping are reported. I t  is suggested that the 

structure dependent, oxygen caused response enhancements observed 

for PAH molecules might assist in the id en tific a tio n  of these in th e ir  

analysis by gas chromatography (GC). The effects of oxygen on the 

response of some 25 additional PAHs are also discussed. Several 

instances are pointed out where oxygen addition might be g a in fu lly  

applied to the problems of isomer e lucidation. Simple Htickel 

molecular o rb ita l theory has been shown to be useful fo r predicting  

the re a c tiv ity  of the PAHs in the ECD, with and without added oxygen.
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Response Enhancements Caused by 
the Addition o f Oxygen

A p p e n d ix  I

Detector Oxygen Concentration, ppth
Temperature

0C
no
Oo 0.5 1.0 1.5 2.0 2.5 3.5

CH3Cl

350 1.0 12 24 36 51 66 108
300 1.0 21 45 74 113 154 240
250 1.5 26 66 126 230

CH2Cl2

350 7.0 2.9 5.2 7.9 10.9 13.7

300 4.1 6.9 13 22 32 44

250 2.9 15 37 71 108 145

CHCl3

350 353 1.09 1.13 1.28 1.42 1.53

300 518 1.16 1.30 1.53 1.71 2.1 3.2

250 618 1.49 2.55 3.87 4.79 7.73

CCl4

350 11,400 1.01 1.05 1.09 1.15 1.20 1.25

300 10,500 1.03 1.07 1.13 1.20 1.35 1.6

250 9,100 1.09 1.23 1.61 1.90 2.35 3.6

CH3CH2Cl

350 1.4 13 25 39 53 70 130
300 1.5 23 . 53 . 97 135 190

250 2.1 30 81 162 255
( c o n t in u e d )
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A p p e n d ix  I  ( c o n t in u e d )

Detector
Temperature

0C

■ 
Io

c 0;5

Oxygen Concentration, ppth 

1.0 1.5 2.0 2.5 3.5

Cl2CHCH3

350 3.5 6.8 15 24 33 44 57
300 3.4 13 25 40 56 75 128
250 4.1 15 38 75 133 . 215

ClCH2CH2Cl

350 5.2 5.5 10 16 22 28 43

300 5.1 12 26 45 69 95 151

250 4.6 21 53 101 161 250

CH3CH2CH2Cl

350 1.2 P
O 23 36 48 65 97

300 1.3 19 41 70 107 151 248

250 2.0 26 66 132 208

CH3CHClCH3

350 1.2 12 22 34 . 47 63 94

300 1.4 18 38 66 102 141 220

250 2i0  . 24 63 125 195

CICHpCHpCH9CI

350 . 5.1 7.6 14 21 34 45 73

300 3.6 11 25 48 81. 137

250. 3.2 17 42 82 147 219

CH1CHpCH9CHpCI •

350 1.4 8.2 15 22 29 36 55
( c o n t in u e d )
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A p p e n d ix  I  ( c o n t in u e d )

D e t e c to r  O xygen C o n c e n t r a t io n ,  p p th
Temperature

0C

O
 

C 
C

 O

0.5 1.0 1.5 2.0 2.5 3.5

CH3CH2CH2CH2Cl

300

(continued)

1.6 17 33 53 78 105 179
250 2.3 19 42 86 145 . . 210

CH3CHClCH2CH3

350 2.3 6.4 12 16 25 31 42
300 2.2 14 28 45 65 86 146

250 3.5 18 43 79 132 195

(CH3) 3Cd . 

350 1.8 5.2 8.4 12. 15 18 22

300 1.3 . 11 21 33 47 61 100
250 1.7 14 32 58 95 140 227

ClCH2CH2CH2CH2
350

Cl
2.9 12 22 30 53 72 118

300 3.2 14 30 57 93 176

250 3.4 17 42 . 85 151 236

CH2=CHCl

350 .013 8.0 15 21 29 37 56

• 300 .0083 15 31 . 49 69 91 142

250
N

.0089 18 39 70 107 150 253

CH2=CCl2

350 52 IiOO 1.00 1.00 . 1.02 1.04 1.08

300 29 1.00 1.03 1.07 1.13 1.19 1.34
( c o n t in u e d )
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A p p e n d ix  I  ( c o n t in u e d )

D e t e c to r  O xygen C o n c e n t r a t io n ,  p p th
Temperature

0C
no
O0 0.5 1.0 1.5 2.0 2.5 3.5

CHg=CClg (continued)

250 16 1.02 1.10 ' 1.44 1.78 2.3 3.5

transClCH=CHCl

350 8.3 1.10 1.24 1.41 . 1.59 1.76 2.1

300 3.7 . 1.50 2.2 3.0 3.9 4.8 6.6
250 1.7 3.5 7; 0 11 . 17 25 ' 41

CisClCH=CHCl

C
O S 4.9 1.20 1.43 1,7 2.0 2.3 3.0

300 2.3 1.8 2.9 4.1 . 5,5 7.1 10.2
250 . 1.2 3.7 7.8 13 20 30 52

ClCH=CClg
• :

350 910 1.00 1.03 1.08 1.11 1.16 1.23
' 300 610 , 1 .03 1.14 1.30 1.42 1,60 • 1.9

250 ■ 390 1.18 1.60. 2.2 2.9 3.9 6.4

ClgC=CClg

350 4,725 1.00 1.00 1.00 1.02 . 1.05 1.10

.300 3,750 1.00 1.01 1.09 1.16 1.23 1.39
250. 3,045 1.01 1.13 1.44 1.8 2.2 3.3

cich=chch3

350 .0056 8.8 16 24 33 41 63
300 .0031 19 39 64 91 1.19: ' 198

250 .0036 23 55 102 161 231 366
( c o n t in u e d )
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A p p e n d ix  I  ( c o n t in u e d )

D e t e c to r  O xygen C o n c e n t r a t io n ,  p p th
Temperature

°C
no
O2 0.5 KO 1.5 2.0 2.5 3.5

Cl2C=CHCH3

350 , 14 1 .00 1.00 1.00 1.01 1 .03 1 .05

300 7.5 1.00 1.00 1 .00 1.03 1.06 1.17

250 3.7 1.00 1.00 1.09 1.25 1.52 1.97

CH2=CClCH3

350 .21 1.02 1.04 1.07 1.11 1.25 1.7

300 .19 1.06 1.21 1.51 1.88 2.4 3.6

250 .18 1.08 1.47 2.1 3.0 4.2 7.5

CH2=CHCH2Cl (3 .0 )

350 . 6.3 5.2 9.5 15 20 26 40

300 4.9 11 24 42 61 83 . 141

250 5.7 19 47 92 153 214 295

transClCHnCH=CHCH2C1

350 580 1.26 1.69 2.4

300 500 1.80 2.9 4.1

250 380 3.1 8.5 13

(J)-CH2Cl

350 97 2.32 . 4 .5 7.0

300 67 5.11 10.3 24

250 42 14 44 87

(J)-Cl

350 .16 1.34 1.84 2.4
(continued)
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A p p e n d ix  I  ( c o n t in u e d )

Detector
Temperature

0C
no
Ov

Oxygen. Concentration, ppth 

0,5 1.0 1.5 2.0 2.5 3.0

(J)-Cl (continued)

300 .068 2.3 3.7 5.3
250 .029 6.0 14.7 17.6

Ortho-CT-(J)-Cl
350 . 77 1.15 1.26 1.40
300 43 1.25 1.52 1.81

250 20 1.73 3.9 6.62

metaCl-(J)-Cl

350 103 1.13 1.39 1.51
300 60 1.52 2.4 3.7

250 29 3.4 10.2 22

paraCl -(J)-Cl

350 47 1.09 1.25 1.36

300 , . 26 1.27 2.0 2.7

250 10.6 3.4 8.8 13

CFCl3

350 5,850 1.01 1.03 1.08

300 5,210 ■ 1.12 1.28 1.6

250 4,450 1.37 2.2 3.6

CF2Cl2

' 350 361 1.02 1.10 1.21

300 253 1.19 1.52 2.0
( c o n t in u e d )
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A p p e n d ix . I  ( c o n t in u e d )

Detector
Temperature.

°C
no
0o

Oxygen Concentration, ppth 

0.5 1.0 1.5 2.0 2.5 3.5

CFgClg (continued) (3 .0 )

250 174 1.7 3.4 6.6

CF3Cl

350' 12.8 1.00 1.00 1.00 1.00 1.00 1.09
300 . 9.3 1 .00 1.04 1.20 1.33 1.43 1.9
250 6.9 1.05 1.46 2.05 2.7 3.9 7.0

CHFgCl

350 .67 15 28 . . 44 62 81

300 1.35 1V 33 58 90 137

250 2.0 .18 48 105 . 190

CH3Br

350 39 1.80 2.7 3.8 5.0 . 6.2

300 24 3.4 6.0 9.1 13.3 16 28

250 18 7.6 18 36 55 76
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Retention Times of the Halogenated Hydrocarbons

A p p e n d ix  2

SF 96 Column 
Retention Time

Column 
Temperat

Compound ..., seconds ___ 0C

CH3Cl 54 28

CH2Cl2 170 .26

CHCl3 330 26

CCl4 510 26

CH3CH2Cl 82 26

Cl2CHCH3 136 45

ClCH2CH2Cl 192 55
250 45

CH3CH2CH2Cl 183 28

CH3CHClCH3 122 28

ClCH2CH2CH2Cl 271 60

CH3CH2CH2CH2Cl 395 29

CH3CHClCH2CH3 270 . 29

(CH3) 3CCl 165 28

ClCH2CH2CH2CH2Cl 620 60

CH2=CHCl 57 31

CH2=CCl2 126 . . 31

transClCH=CHCl 185 28

CisClCH=CHCl 285 . . . - . 2 8  .
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A p p e n d ix  2 (C o n t in u e d )

Compound

SF 96 Column 
Retention Time 

seconds

Column
Temperature

0C

ClCH=CCl2 630 28

Cl2C=CCl2 600 temperature 
program of 

Figure 13

cich=chch3 ■ 103 40

Cl2C=CHCH3 278 40

CH2=CHCH2Cl 184 26

CH2=CClCH3 99 32

CH3Br 78 26

CF3C1 47 32

CF2Cl2 44 32

CHF2Cl . 41 31

CFCl3 99 . 32

transClCHoCH=CHCHoCl 609 75

<j)-Cl 300

OV-17 Column

75

P-Cl-(I)-Cl 109 55

O - C l - ^ r C l 131 55

m-Cl -<j>-Cl 131 55

O-CH2Cl 89 65
(continued)
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A p p e n d ix  2 ( c o n t in u e d )

Compound

QV-I 7 Column 
Retention Time 

seconds

Column 
temperature 

• 0C

CICh2CH2CH2CI 54 33

ClCH2CH2CH2CH2Gl 180 30
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Retention Times of the Polycyclic Aromatic Hydrocarbons

A p p e n d ix  3

Compound
Oven Temperature 

°C
Retention Time, 

seconds

anthracene 140 290

phenanthrene 140 270

2-methyl anthracene 140 490

9-methyl anthracene 140 660

I -c h ioroanthracene 155 460

2-ch loroanthracene 155 470

9-chloroanthracene 155 450

9-ch lorophenanthrene 155 440

tetracene 180 836

t r i phenylene 180 790

chrysene 180 760

pyrene 160 590

benzanthracene 180 720

2-methyl benzanthracene 190 690

7-methyl benzanthracene 190 930

12-methyl benzanthracene 190 . 1020

6 ,8-dimethyl benzanthracene 180 1600

7,12-dimethyl benzanthracene 205 780

perylene 205 1120
(continued)



174

Appendix 3 (continued) 

Compound
Oven Temperature 

°C
Retention Time, 

seconds

benzo(e)pyrene 205 970

benzo(a)pyrene 205 1010

1 ,2 ,3 ,4-dibenzanthracene 205 2610

I ,2 ,5 ,6-dibenzanthracene 205 2540

dibenzofuran 140 90

debenzothiophene 140 240

carbazole 140 510

acridine 140 400

xanthene 140 160

5,6-benzoquinoline 140 430

7 ,8-benzoquinoline 140 310
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