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Abstract:
Photodetachment (PD) of electrons from negative ions in a pulsed electron capture detector (ECD) is
described. Sensitive responses to halogenated hydrocarbons that produce I-, Br-, or Cl- upon electron
capture can be produced by passing a chopped light beam through the ECD and amplifying the
modulated component of the signal. The photodetachment-modulated (PDM) ECD can be made to
respond selectively and sensitively to iodine-containing hydrocarbons alone or to iodine- and
bromine-containing hydrocarbons in the presence of chlorinated hydrocarbons. This capability is
shown to be useful in the trace analysis of a complex mixture of halogenated hydrocarbons by gas
chromatography. The PD spectra of Cl-, Br-, and I-and the absolute PD cross-section for I" at 365 nm
are reported and are in excellent agreement with previous measurements by other methods.

Low resolution, electron PD spectra of the molecular radical anions of nitrobenzene and 30 other
nitroaromatic hydrocarbons bearing methyl, fluoro, chloro, bromo, and cyano substituents are reported
for the first time. Absolute PD cross-sections over the spectral range 300 to 1200 nm have been
obtained. These molecules undergo PD by two mechanisms, Direct PD and Resonance PD. Through
measurements of Direct PD, the minimum photon energy necessary to cause PD has been determined
for each anion and compared with adiabatic electron affinities determined previously by gas phase
electron transfer equilibria. Resonance PD spectra for many anions is compared to UV-Vis absorption
spectra previously measured in gamma-irradiated frozen glasses. Through Resonance PD, peak
maxima of high absolute cross-section are observed. Where the PD cross-section is small compared to
the absorption cross-section at peak maxima, low quantum efficiency for Resonance PD is thought to
result from poor Franck-Condon overlap.

By measuring the decrease in the PD response to azulene with increasing temperature, an electron
autodetachment rate has been determined and is found to be consistent with previous results obtained in
a pulsed high pressure mass spectrometer. The PDM-ECD has also been shown to be useful in
determining the branching ratios of EC for CBrCl3 and CCl4. Results also show that the neutral
radicals, CC13 and CBrCl2 . can undergo EC at low temperatures, but at higher temperatures are
destroyed by well reactions 
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ABSTRACT

Photodetachment (PD) of electrons from negative ions 
in a pulsed electron capture detector (ECD) is described. 
Sensitive responses to halogenated hydrocarbons that 
produce I", Br", or Cl- upon electron capture can be 
produced by passing a chopped light beam through the ECD 
and amplifying the modulated component of the signal. The 
photodetachment-modulated (PDM) ECD can be made to respond 
selectively and sensitively to . iodine-containing hydrocarbons alone or to iodine- and bromine-containing 
hydrocarbons in the presence of chlorinated hydrocarbons. This capability is shown to be useful in the trace 
analysis of a complex mixture of halogenated hydrocarbons 
by gas chromatography. The PD spectra of Cl", Br", and I" 
and the absolute PD cross-section for I" at 365 nm are 
reported and are in excellent agreement with previous measurements by other methods.

Low resolution, electron PD spectra of the molecular 
radical anions of nitrobenzene and 30 other nitroaromatic hydrocarbons bearing methyl, fluoro, chloro, bromo, and 
cyano substituents are reported for the first time. 
Absolute PD cross-sections over the spectral range 300 to 
1200 nm have been obtained. These molecules undergo PD by 
two mechanisms. Direct PD and Resonance PD. Through
measurements of Direct PD, the minimum photon energy 
necessary to cause PD has been determined for each anion 
and compared with adiabatic electron affinities determined 
previously by gas phase electron transfer equilibria. 
Resonance PD spectra for many anions is compared to UV-Vis 
absorption spectra previously measured in gamma-irradiated 
frozen glasses. Through Resonance PD, peak maxima of high 
absolute cross-section are observed. Where the PD cross- 
section is small compared to the absorption cross-section 
at peak maxima, low quantum efficiency for Resonance PD is thought to result from poor Franck-Condon overlap.

By measuring the decrease in the PD response to 
azulene with increasing temperature, an electron 
autodetachment rate has been determined and is found to be 
consistent with previous results obtained in a pulsed high 
pressure mass spectrometer. The PDM-ECD has also been 
shown to be useful in determining the branching ratios of 
EC for CBrCl3 and CCl4. Results also show that the 
neutral radicals, CCl and CBrCl2, can undergo EC at low 
temperatures, but at higher temperatures are destroyed by wall reactions.



INTRODUCTION

Since its introduction in the 1950's, the electron 
capture detector (ECD) has been the most common gas 
chromatographic (GC) detector for the determination of 
environmental samples. This is due to the fact that the 
gas-phase electron attachment rates for many molecules of 
environmental interest are very fast while the attachment 
rates for many hydrocarbons, a large but uninteresting 
portion of most environmental samples, are relatively 
slow. The ECD can then provide a sensitive and selective 
detection technique requiring a minimum of sample clean
up or preparation. For example, detection and 
measurement of atmospheric halocarbons in relatively 
clean air has been accomplished by GC-ECD by injections 
of whole air samples (1-3). More complicated samples 
containing tens or hundreds of hydrocarbons with 
significant electron capture coefficients can create more 
of a detection problem. The inherent selectivity of the 
ECD may not be enough to provide accurate identification 
of the compounds present. In such cases, a more 
selective or intelligent detection system must be used, 
such as mass spectrometry.
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Recently, the versatility of the ECD for a wide 

variety of analyses has been greatly improved by what may 
collectively be called the chemically sensitized (CS) 
ECD. By the intentional addition of oxygen (4,~ 5) or
nitrous oxide (6) to the carrier gas, the ECD can respond 
to classes of compounds which do not capture electrons 
rapidly under normal conditions. The intentional 
addition of ethyl chloride to the carrier gas has been 
shown to enhance the ECD response to compounds of low 
electron affinities, such as anthracene (7) . Although 
the CS-ECD improves the sensitivity to some classes of 
compounds, it is not yet. known whether chemical 
sensitization will assist in the analysis of complex 
samples. What is needed for complex, samples is an 
induced perturbation of the ECD signal, which, when 
detected and amplified, provides an additional element of 
specificity towards sample components of interest. One 
means of creating a perturbation of this type is the 
introduction of light-induced photodetachment (PD) , 
Reaction I, into the ECD. Ideally, this electron

M~ + hv ------- > M + e (I)

capture-photodetachment detector would respond only to 
those compounds which I) rapidly capture thermalized 
electrons, and 2) form negative ions which will readily 
undergo photodetachment at a selected wavelength.
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Electron photodetachment from atomic and polyatomic 

anions has proven to be a useful means of studying 
thermochemical and spectroscopic properties of negative 
ions and their photoproducts (8-12). The photodetachment 
spectra of numerous atomic (13-18) and polyatomic (19-26) 
negative ions have previously been reported. The PD 
process is a transition from a bound electron in the 
anion to a free continuum electron and the neutral. The 
minimum energy required to induce PD is equal to the 
electron affinity (EA) of the neutral. Hence, PD has 
been extensively used for the measurement of gas phase 
electron affinities (27). Since electron affinities 
seldom exceed 4 eV, visible and near-UV light sources can 
be used to induce PD. The PD spectra of polyatomic
negative ions has also been shown to provide information 
concerning the excited states of the negative ions and 
the neutral products.

Photodetachment spectra are often broad and 
relatively featureless. For atomic negative ions, such 
as the halides shown in Figure I, the increase in cross- 
section, a, with photon energy is very abrupt in the 
region of the EA-determined threshold. The most 
significant difference between the PD spectra of I", Br-, 
and Cl- shown in Figure I is the differing onsets of PD 
corresponding to the EA of each halide ion.
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360 320 280
w avelength ( n m )

Figure I. Photodetachment spectra and cross-sections of 
iodide, bromide, and chloride negative ions 
(reproduced from references 13 and 14). Also 
shown are the emission spectra of a Xe (dashed 
line) and a Hg/Xe (dotted line) arc lamp.



5
The PD spectra of polyatomic anions tend to exhibit 

a gradual increase in a with increasing photon energy in 
the threshold region. This gradual increase is expected 
due to the added complexities associated with the 
numerous vibronic and rotational states that are 
accessible to the polyatomic anion and the neutral 
product. Also, differences in the geometries of the 
negative ion and the neutral ( Franck-Condon overlap) can 
greatly complicate the PD spectra of polyatomic anions.

In the previously mentioned studies of PD, 
measurements were generally made by one of two 
approaches. For most studies involving atomic anions, 
measurements were made utilizing shock tubes. For 
example, Mandl (13, 14) introduced cesium halides into
nitrogen gas and subjected • the gas sample to shock 
heating, causing the cesium halide to ablate and 
dissociate, forming positive ions and negative halide 
ions. This method produces very high ion densities, on 
the order of IO16 ions/cm3. Ultraviolet light produced
by a Xe flash lamp is introduced into the shock tube 
containing the ions and the absorption of light measured. 
The absorption is due to PD of the negative halide ions; 
so the magnitude of the absorption is proportional to the 
PD cross-section of the anion.

For polyatomic anions, the most common approach has 
been that involving the ion cyclotron resonance mass
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spectrometer (ICR-MS) in conjunction with a light source 
(8, 11) . This technique involves the measurement of the 
diminution by light of mass spectrometrically generated 
ion beams. Although the ICR-MS is well-suited to the 
study of PD due to its ability to generate a variety of 
mass-identified negative ions and then to trap and study 
them for relatively long periods of time, there are 
certain inherent limitations. First, the internal energy 
of the negative ions produced in an ICR cavity is 
generally not under tight experimental control, which can 
complicate the interpretation of PD spectra (8, 11). The 
negative ions are typically formed by energetic chemical 
means and the excess internal energy imparted to the 
product ions is not efficiently removed by collisions in 
the IO"8 to IO"5 Torr environment of the ICR cavity . (28- 
30) . This is especially severe when an anion is formed 
by resonance electron capture, Reaction 2, from a 
molecule, M, of high electron affinity. Since the EA of

e + M ------> M"* (2)

molecules which readily lead to negative ions can be 
quite high, occasionally exceeding 3eV, the internal 
energy imparted to the molecular anion, M~* by Reaction 
2 will be correspondingly high.

A second problem can arise in ICR-MS photodetachment 
studies if the natural lifetime of the initially-formed
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excited anion, M"*, is too short against autodetachment, 
the reverse of Reaction 2. For example, Christophorou 
(31) has shown that the lifetimes of the molecular 
negative ions of nitrobenzene and substituted 
nitrobenzehes formed by capture of low-energy electrons 
are on the order of tens of microseconds. Since 
stabilizing collisions can occur in an ICR cavity no 
faster than about one per millisecond, the natural 
lifetimes of these initially-formed negative ions may not 
be sufficiently long as to allow their PD spectra to be 
reliably measured. Perhaps for this reason, the PD 
spectra of only a few molecular radical anions have been 
reported by the ICR method. If the lifetime is 
sufficiently long, a PD spectrum may be obtained. An 
example is the study of the resonance electron capture 
product of SF6. For this anion, a PD experiment was 
reported by the ICR-MS (32) and appears to have been made 
possible by the existence of one of several excited 
states of SF6"* which has an unusually long lifetime 
against autodetachment (31, 33-35) . Most of the PD
measurements of polyatomic negative ions reported by the 
ICR-MS method have been, performed on negative ions formed 
by. dissociative electron capture reactions or by ion- 
molecule reactions in which an even electron anion is 
irreversibly formed.
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In 1983, Dovichi and Keller (36) described the use 

of an ECD for the measurement of the PD spectrum of NO2" 
at atmospheric pressure. In that experiment, a line- 
tunable argon-ion laser producing up to 3W of continuous 
power in the selected wavelengths was used in conjunction 
with a direct current (DC) ECD. With this instrument, 
PD-modulated (PDM) ECD responses to NO2" were observed. 
Although the PDM signals were weak, they were 
sufficiently strong as to provide a PD spectrum of NO2" 
that was consistent with the known PD spectrum. In that 
study, the low PDM-ECD sensitivity can be partially 
attributed to the small PD cross-section for NO2" at the 
wavelengths used; at 488 nm, O = 4xl0“19 cm2. (26) . Also, 
low sensitivity may have resulted from the use of a DC- 
ECD. The basic operational principles of a DC-ECD are 
not well understood (37). In particular, the location 
and lifetimes of negative ions within a DC-ECD are 
unknown.

With a pulsed ECD, it is possible to describe more 
clearly the dynamics occurring within the ionization 
volume. Several details of this description point to 
potential advantages of the pulsed ECD over the DC-ECD 
for its application to PD. For example, it is known 
that the lifetimes of the negative ions formed within a 
pulsed ECD are relatively long and these ions will be 
concentrated in a predictable location within the
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ionization volume by a positive ion-space charge field 
(38, 39) . If a cylindrical ionization cell is used, the 
negative ions formed will be contained along its central 
axis (39) . If a light beam is then passed through this 
same region of the cell, the interaction of negative ions 
and photons will be maximized. Since most of the 
important ECD processes which effect the measured 
electron current can be modeled with a reasonable level 
of accuracy, a relatively detailed understanding of the 
quantitative response of the PDM-pulsed ECD should be 
possible. Using these models, it may be possible to 
determine absolute, as well as relative, PD cross- 
sections for negative ions formed in the ECD.

There are also inherent advantages to using the PDM- 
pulsed ECD specifically for the PD studies of molecular 
anions. In particular, the molecular anions of 
nitroaromatic hydrocarbons are readily formed in an ECD 
by electron capture. Reaction 2. These excited state 
molecular anions are then rapidly quenched by collisions 
with the atmospheric pressure buffer gas, B, as shown in 
Reaction 3. This process overwhelms autodetachment, the

B
M'* ------ M" (3)

reverse of reaction 2. Also, at atmospheric pressure, 
Reaction 3 is sufficiently effective in removing excess 
internal energy from the negative ions that the ions are
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almost certainly in thermal equilibrium with the buffer 
gas. This should greatly simplify the interpretation of 
PD spectra and allow meaningful comparisons between PDM- 
pulsed ECD results and those of previous studies of the 
thermodynamic and spectroscopic properties of the 
corresponding ground state anions.
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THEORY

With a thorough understanding of the processes 
occurring within the ECD, it should be possible to 
predict and understand the qualitative and quantitative 
responses to various molecules. The model to be 
discussed here is the same as models for the pulsed ECD 
described elsewhere (38, 40) with the addition of the 
photodetachment reaction. The important reactions 
occurring within the ECD which should adequately explain 
and determine the magnitude of the electron population 
between pulses are shown as Reactions 4-8.

A
N2 ------ > + + (D (4)

Rqe + + I-----> neutrals (5)
ke

e + MX — -- ---> X" + M (6a)
k

e + M ---- ----> M" (6b)
R„

X- + P+ -- X—-----> neutrals (7)
k,X" + hv — -- — > X + e (8)

The ion chemistry occurring within the ECD is
initiated by continuous beta radiation emitted by a 63Ni-
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on-Pt foil which forms the cylindrical walls of the cell 
(38) . The secondary electrons created by this radiation 
are rapidly thermal!zed in the atmospheric pressure 
buffer gas and are contained within the central region of 
the reaction volume by a positive ion space-charge field 
(38, 39) . The rate coefficient, Ji, for this process is 
found by measuring the maximum standing current obtained 
at a very rapid pulse frequency in the absence of sample 
(41) . In the ECD used in this study, Ji = 1.87 x IO10 ion 
pairs s 1. A measure of the average electron density 
existing within the cell is continuously provided by the 
fixed-frequency, pulsed method of ECD operation (38) in 
which all free electrons. are periodically collected at 
the anode by a positive voltage pulse.

Reaction 5 is the recombination of electrons with 
positive ions. For a given detector, the product of the 
rate coefficient, Rq, and the positive ion density, n+, 
can be determined from measurements of standing current 
as a function of pulse frequency (41). For this detector 
at IOO0C, R n =  300 sec"1.

When a molecule of high electron affinity enters the 
cell, some of the electrons will be captured to form 
stable negative . ions. Reaction 6a represents
dissociative electron capture, which, in this study, 
leads to the formation of I", Br", or Cl". Resonance 
electron capture is represented by Reaction 6b. In this
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case, which is actually the sum of Reactions 2 and 3, 
stable molecular ions are formed. (In the following 
discussion of the kinetic fate of the negative ions, X" 
will be used as the negative ion representation. 
However, the molecular ion M" has the same fate. Later, 
when the spectra of the ions are addressed, distinctions 
will be made as to exact identity.) Both Reactions 6a 
and 6b will decrease the average electron population 
within the cell. The first order rate of electron loss 
by either Reaction 6a or 6b will be given by the product, 
k n . The negative ions formed will also be contained 
within the central region of the ECD by the positive ion 
space charge and will not be lost by non-chemical means 
such as wall neutralization or ventilation out of the 
cell.

In the absence of light, all negative ions will be 
lost by recombination with positive ions, represented by 
Reaction 7. The pseudo-first-order rate coefficient, 
Rx_n+, will be of major importance in predicting the 
magnitude of PD perturbations of the ECD response since 
Reaction 7 and Reaction 8 will compete directly for the 
available negative ions, X". If destruction of X" occurs 
by Reaction 7, only neutrals are formed, and the loss of 
an electron from the system caused by Reaction 6 will be 
measured by the electrometer. If, however, X“ is 
destroyed by Reaction 8, an electron is regenerated and
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the electron capture event is not detected by the 
electrometer.

The rate coefficient, .Rx_n+, for Reaction 7 cannot 
be measured directly by an ECD. An estimate of its 
magnitude can be made, however, based on the measurement 
of Ren+ from Reaction 5. Prior studies of atmospheric 
pressure ionization in a 63Ni source have shown an 
increase in total positive ion density whenever the 
source is altered from an electron-dominated to a 
negative ion-dominated system by the introduction of a 
high concentration of an electron capturing substance (5, 
42) . The magnitude of this increase in total positive 
ion signal has been, between 50 and 100%. This effect 
appears to be independent of the electron capturing 
substance used. Since the density of positive ions 
within a field-free atmospheric pressure ion source is 
thought to be determined by recombination reactions, the 
above observations should reflect the relative magnitudes 
of Rq and Rx_. More precisely, the total positive ion 
densities should be inversely proportional to the square 
root of the recombination coefficients involved (38, 42) . 
These observations then lead to the following estimate: 
Rx_ is expected to be one-half to one-fourth as large as 
Re. This is consistent with other data. At atmospheric 
pressure, ion-ion recombination coefficients tend to a 
constant value of about I x IO"6 cm3 s"1 (43) . Positive
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ion-electron recombination coefficients can exceed this 
value if the positive ions are cluster ions. The 
electron recombination coefficients of the cluster ions, 
H+(H2O)2 and H+(H2O)3, are 2 x IO"6 and 4 x IO"6 cm3 s"1, 
respectively (44, 45). Cluster ions of the type H+(H2O)n 
are commonly observed in atmospheric pressure ion sources 
(46), and the two cluster ions indicated, where n=2 and 
n=3, are the ones expected in relatively dry carrier gas. 
The following assessment now seems reasonable: when a
small amount of MX enters the ECD, the small population 
of X" which is created will recombine with positive ions 
at a rate described by R n^ = 1/3 R n . Since R n  in 
this ECD is 300 s"1, a reasonable approximation is that 
Rx_n+ = 100 ± 50 s'1.

The rate coefficient for Reaction 8 is given by khv 
= a<E>, where CT is the PD cross section and O is the light 
flux. If a negative ion, such as I" shown in Figure I, 
has a = 2 x IO"17 cm2 and is irradiated with 1.0 W cm"2 
of 380 nm light (0 = 2.0 x 10"18 photons cm"2 s"1) , then 
khv = 40 s"1. Comparing this. khv value to Rx_n+ = 100 s"
1, it is clear that reaction 8 can compete effectively 
with Reaction 7. In this particular case, almost one- 
third of the negative ions, X", will be photodetached by 
the light. This large a perturbation of the ECD 
processes should be easily measurable.
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The expected response perturbations when PD is 

introduced into the ECD are shown in Figure 2 and are 
plotted as a function of the magnitude of khv. Although 
the magnitudes of the values shown are relatively

9®r the lower portion of the range should be readily 
achievable for favorable systems. Four types of ECD 
responses are shown in Figure 2, all of which can be 
measured with the instrumentation to be described in the 
Experimental Section. is the normal ECD response
expected with no light present. 5lL is the response
expected when a beam of light is continuously passed 
through the ECD. SlMf is the PD-modulated component of 
the ECD response expected when a chopped light beam 
passes through the cell. In the calculation of 5l ' itM r
is assumed that the dynamic processes occurring within 
the ECD are on a . very fast time scale compared to the 
chopping frequency. The actual PD-modulated response, 
8im ' is not identical to the predicted Si ' . This issue 
will be addressed later. From Figure 2, it is seen that
Sltl' = 8in-8il ’ 8il/c is the ECD response expected when 
a chopped light beam is passed through the cell. Si 
is equal to the average of 5lN and 5lL, and closely 
approximates SlN when khv is small. All of the predicted 
responses were calculated with a personal computer by 
numeric integration of the processes described in 
Reactions 4-8 using the previously stated rate
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Figure 2. Theoretically predicted effects of photo
detachment and its associated rate 
coefficient, khv, on the 5l , 5l ,
5lM, responses of the pulsed ECu. 
from a model including Reactions 4-8 for which 
the following rate coefficients were used: 
ii = I. SVx IO1 ion pairs s'1, R n  = 300 s'1,
P n =  i n n  O -1 LiTh i I Ir n  — ” I+Jin ____ I

5il/c' and Calculated

100 s' and aR x-n + = 1^O s'x. While kenmx pulse frequency of 2 kHz are used, predictions 
of relative responses are independent of the 
magnitudes chosen for these parameters.
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coefficients. A description of the program, along with a 
flow-chart and listing, are provided in Appendix A. 
Although values of k n ^  = 100 s'1 and a pulse frequency 
of 2KHz were used in these calculations, the' results are 
independent of these parameters. Boundary conditions 
used in these calculations are that the population of 
©!©ctrons grows during each period between electron- 
removing pulses from zero to some positive value, and 
that the population of negative ions is the same at the 
beginning and end of each pulse period. In these 
calculations, the choice of sample size has no effect on 
the relative responses indicated in Figure 2 as long as 
sample size is kept small, so that no Si responses 
greater than 10% of the standing current occur. Within 
this low-sample range, all responses are predicted to be 
proportional to sample concentration.

Figure 2 predicts that over most of the range of k3 hv
values shown, PD should induce very significant and 
easily measurable perturbations of ECD responses. The 
magnitude of the modulated response, Sly' , can easily be 
made 10% as great as the normal ECD response, Sljj. At 
higher khv values, the predicted response curve for 8lM' 
becomes less steep and additional increases in light 
intensity have smaller effects.

In curve A of Figure 3, the ratio of the predicted 
8lM' and 5lL/c responses are plotted as a function of
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Figure 3. Predicted relationship between the ratio of 
the 5lM, and 5lL/c responses and k . Rate 
coefficients used are those listed in Figure 
2 except the values chosen for the negative 
ion recombination coefficient, R n , are (A) 100, (B) 50, and (C) 150 s'1. +
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khv. The ratio of these two responses is of special 
interest since it can be obtained simultaneously in an 
experiment utilizing a chopped light beam. These two 
responses should also provide a more accurate measure of 
the processes occurring within the ECD than a comparison 
of ECD responses with light continuously on or off since 
bulk heating of the source gas by the intense light (36) 
can be minimized in a chopped-light experiment. From 
Figure 3, the ratio of 5lM' to 5lL/c is predicted to be a 
sensitive function of the rate coefficient, khv, for 
Reaction 8. The ratio may provide a means of determining 
khv and also a if 0 can be accurately measured. The 
accuracy of the method for determining khv is dependent 
upon the accuracy of the value for Rx_n+. As described 
earlier, a value of Rx_n+ = 100 + 50 s"1 seems
reasonable. In Figure 3, curves B and C represent the 
predicted ratios for Rx_n+ = 50 and 150 s"1,
respectively.
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EXPERIMENTAL

The experimental setup is shown in Figure 4. The 
ECD was homebuilt from stainless steel. The ionization 
chamber is cylindrical, with a length of 2.0 cm and a 
diameter of 1.2 cm, creating a volume of 2.3 cm3. A 
63Ni-On-Pt foil (New England Nuclear) of 9 mCi activity 
forms the cylindrical walls of the cell. The anode is a 
stainless steel pin 1/16 in. in diameter entering the 
cell from one side through a Teflon plug, and protruding 
3 mm into the ionization volume. The ends of the 
cylindrical cell are formed by fused silica windows which

pen I pen 2

r e c o rd e r

anode

e le c t ro m e te r lo c k  in

chopper

a rc  la m p

gas
c h ro m a to g r a p h m o n o ch ro m a to r

Figure 4. Apparatus used for PD-pulsed ECD measurements.
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are sealed with Teflon washers. The cell is heated to 
2OO0C by two cartridge heaters with thermocouple- 
feedback control. Samples are introduced into the ECD by 
a gas chromatograph (Varian Model 3700) using one of two 
combinations of columns and injection methods. For the 
halocarbons, a 10-ft x 1/8 in. stainless steel column 
packed with 10% SF-96 on chromosorb W was used. The
halocarbons were introduced as gaseous samples using a 
5.0 cm3 gas sampling loop (Carle Model 8030). For the 
nitroaromatics, a wide-bore 3-meter capillary column 
(Hewlett-Packard, 50% phenylmethyI silicone stationary 
phase) was used in conjunction with a heated direct on- 
column injection port. The effluent of the wide-bore 
column was mixed with an excess flow of detector make-up 
gas so that the total gas flow rate was approximately 40 
cm3 min-1. In all cases, the carrier gas and make-up gas 
were either nitrogen or 10% methane in argon (both from 
Matheson) and were first passed through water-and oxygen- 
removing traps (Altech). In order to prevent oxygen from 
entering the system, a positive pressure of about 100 
Torr above atmospheric pressure (630 Torr in Bozeman) was 
maintained in the ECD by placement of a flow restrictor 
at the detector gas outlet port. The chromatographic 
retention times of all compounds studied were known 
either from previous studies using the same compounds and 
columns (47) or by parallel analysis of the samples by
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GC-MS., The chromatographic data for all compounds used 
are provided in Appendix B .

The halocarbons were obtained in pure form from 
commercial suppliers. Mixtures of these in nitrogen gas 
were prepared by successive dilution into gas-tight glass 
vessels with final storage in a 4.5 L glass carboy. This 
car^oy was pressurized slightly with nitrogen gas, 
allowing numerous aliquots to be transferred by 50 cm3 
syringe to the GC sampling loop. The reproducibility of 
sample delivery is very high (less than 5% variation). 
The nitroaromatics, quinones, perfluorocarbons, and
azulene were also obtained from commercial suppliers and 
needed no further purification since they were introduced 
into the ECD with chromatographic separation, from 
impurities, including isomers of the same compound. 
These aromatic compounds were diluted in either benzene 
or toluene to an appropriate concentration. Typically, 
about 0.5 ng of the compound of interest were injected 
onto the column. Injection sizes were adjusted so as to 
maintain relatively constant normal (5lL/c) ECD 
responses.

All optical components were attached to an optical 
rail or bench (Edmund Scientific). The optical
components consisted of a 1000 W arc lamp (Photon 
Technology International [PTI], Model A5000), a water 
filled IR filter (PTI), a mechanical light beam chopper
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(PTI, Model 4000), and a single grating monochromator 
(PTIf Model 01-002), the f/ value being matched to that 
of the arc lamp. The arc lamp has an elliptical 
reflector of f/4, which focuses most of the emitted light 
into a circular image approximately I cm in diameter 
about 43 cm from the front of the lamp housing. The lamp 
can produce up to 105 W of light power with either the Xe 
or Hg/Xe lamp. With the Xe lamp, the emission spectrum 
is relatively evenly spread over the visible and near-UV 
wavelengths. The Hg/Xe lamp provides greater
concentrations of light within certain spectral regions. 
The emission spectra of both lamps are shown in Figure I 
(page 4). Two different monochromator gratings were 
used. For the wavelength region of 250-600 nm, a grating 
with 1200 lines/mm and an optimum wavelength of 400 nm 
was used. For the spectral region of 600-1200 nm, a 
grating with 600 lines/mm and an optimum wavelength of 
1000 nm was used. The entrance and exit slits of the 
monochromator were generally set to a width of 5 mm to 
ensure high light throughput. As a result of these slit 
widths, the bandwidth of the monochromator was 20 nm for 
the 1200 lines/mm grating (for X = 250-600 nm), and 40 nm 
for the 600 lines/mm grating (for X = 600-1200 nm). The 
five-sector disc supplied with the chopper was replaced 
by a home-built two-sector disc, for which the width of 
each sector exceeds the size of the light image defined
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by either the entrance window of the ECD or. the entrance 
slit of the monochromator by about a factor of 5. This 
creates an on-off nature of the chopped light beam which 
closely resembles a square wave with a 50/50 duty cycle.

The signal processing components include the ECD 
pulser and electrometer (home-built), lock-in amplifier 
(Princeton Applied Research, Model 5207), two-pen 
recorder, and light chopper. The basic design of the 
pulser and electrometer has been described by Grimsrud 
and Knighton (48) . Minor modifications were necessary, 
primarily in RC time constants. The circuit diagram is 
shown in Figure 5. The pulser is of the fixed-frequency 
type and was generally set to a frequency of 2 kHz. With 
Ar/CH4 carrier gas, a pulse width of 2 |i.s was used to 
collect the electrons. In nitrogen carrier gas, the 
electrons are less mobile and a pulse width of 10 |is was 
necessary to collect all of the electrons. The resulting 
current signal undergoes standard processing (48) by the 
electrometer circuit and is sent to pen I of the recorder 
and also to the lock-in amplifier. In the lock-in 
amplifier, the electrometer signal is mixed with the 
square-wave reference signal from the chopper and sent to 
pen 2 of the recorder. In a chopped-beam experiment, pen
1 provides a measure of 5 lL/c, which, as described in 
Theory, is closely related to a normal ECD response. Pen
2 simultaneously provides a 8lM response, which is the
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Figure 5. Circuit diagram for the pulser and electrometer used for the PDM-ECD
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actual PD-modulated ECD response and is closely related
to the 5lMf response described in Theory. The
relationship between 5l„M and 5lM' is determined by ECD
dynamics and the phase--angle offset of the lock-in
amplifier. The other two.responses discussed in Theory, 
8lN and SlL, can be provided by pen I when the chopper is 
not used and the light source is either continuously off 
or on, respectively.

The measurement of relative light flux was obtained 
by placing one of two instruments immediately behind the 
exit slit of the monochromator, the place usually 
occupied by the ECD. For the wavelength range of 250-600 
nm, a quantum counter (49) was used. This device is 
based on the absorption of light by a highly concentrated 
solution of rhodamine B dye in combination with a 
photodiode detector. The counter provides a response of 
constant quantum efficiency to all light in the UV and 
visible regions with wavelengths shorter than 600 nm. 
For the wavelength region of 600-1200 nm, relative light
power was measured with a volume absorbing disc
calorimeter (Scientech, Inc., Model 38-0101) . These
power measurements were then converted to values of
relative light flux (/, photons per second per unit 
area) . A plot of relative photon flux thereby obtained 
from the Xe lamp over the spectral range used (300-1200 
nm) is shown in Figure 6. The variations of flux with
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Figure 6. Relative magnitude of light flux (photons per 
second per unit area) and minimum detectable 
PD cross-section throughout the spectral range 
of PD measurements with the Xe lamp. The 
discontinuity at 600 nm is due to a change in the grating at this wavelength.

wavelength are due to a combination of factors including 
the spectral emission of the Xe lamp, the monochromator 
throughput, the change of gratings which occurs at 600 
nm, and the use of various cut-off filters which ensure 
the absence of unwanted light of higher order 
wavelengths. Also shown in Figure 6 is the minimum
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absolute cross-section detectable over the entire 
spectral range (300-1200 nm) , which is inversely related 
to light intensity.

The measurement of absolute light flux was done with 
a chemical actinometer (PTI). A fused silica cuvette 
containing a solution of the cis and trans isomers of 
azobenzene in methanol was placed behind the exit slit of 
the monochromator. Both entrance and exit slits were set 
to a height of 1.0 cm and a width of 0.5 cm. After
exposure of this solution to a selected light flux for a 
specific period of time, the absolute magnitude of the 
light beam flux (photons s-1 cm-2) was calculated, based 
on the change in absorption of the solution. The 
absorption measurements were made with a Varian 6345 TJV- 
Vis double beam spectrophotometer. This measurement 
technique has been described in detail by Zimmerman, 
Chow, and Paik (50).

In order to simplify the interpretation of the ECD 
data when obtaining the PD spectrum of a compound, two 
main conditions were always maintained: I) the sample
size was adjusted so as not to cause more than a 30% 
change in total standing current, and 2) the light was 
never intense enough to photodetach more than 20% of the 
negative ions of interest. To obtain a full PD spectrum 
of a compound, repeated GC injections were made while 
varying the wavelength of light selected. A measure of
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the relative PD cross-section, rel a, at each wavelength 
was obtained from . the combination of the PDM-ECD 
measurements with that of relative light flux, /, shown 
in Figure 7, in accordance with Equation 9. This

rel a = Sly / <SlL/c x f) (9)

treatment of the measured responses, Sly and 5lL/c, with 
the relative photon flux is thought to be proportional to 
the PD cross-section. The absolute cross-section for 
each ion at each wavelength is then determined by 
comparing the relative a value to the known absolute 
cross-section for I". The absolute cross-section for I" 
was obtained by knowing the absolute, light flux and the 
measured responses. This procedure will be described in 
detail in Results and Discussion. The measured value for 
the absolute PD cross-section for I" was in excellent 
agreement with the current literature value (13) . When 
the spectra of the halide ions were measured, methyl 
iodide was included in the sample for cross-section 
calibration, while for the aromatic molecular anions, 1- 
iodooctane was included in the sample.

In order to identify the negative ions produced by 
electron capture, the electron capture mass spectra of 
all compounds were determined in separate experiments 
using an atmospheric pressure ionization mass
spectrometer (APIMS). This instrument is also home-built
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(38) and includes a 63Ni-based ion source where 
conditions can be made essentially identical, to those 
existing within the PDM-ECD. These measurements were 
carried out with capillary GC introduction to the APIMS 
ion source, which was maintained at the same temperature 
as the ECD (usually 200°C) .
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RESULTS AND DISCUSSION

The Results and Discussion chapter is divided into 
ten parts. The first two parts deal with the development 
and characterization of the experimental system. The 
third part describes the determination of the PD spectra 
and measurements of absolute cross-sections for the 
halide anions. Part four deals with the application of 
the PDM-ECD system for chemical analysis. Parts five 
through seven describe the PD spectra of molecular 
anions, particularly the nitroaromatic anions, and 
addresses the interpretation of their spectra. Parts 
eight and nine describe the application of the PDM-ECD to 
kinetic studies, measuring an electron autodetachment 
rate for azulene and the EC chemistry of CBrCl3, 
respectively. Part ten is a short section discussing the 
location of negative ions in the ECD.

General Characterization of the PDM-ECD

Characterization of PD Response
Perturbations 1

The compounds chosen for study in this initial phase 
of the project were various halogenated hydrocarbons 
which are known to produce I", Br", or Cl" upon electron 
capture. These anions are commonly produced in ECD
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analyses, so the results would be applicable to 
environmental sampling. Also, the photodetachment
spectra of the halides have been previously reported in 
the literature (13-15, 17) , allowing the comparison of
the experimental results with theoretically predicted 
responses.

In order to characterize the PD perturbation of the 
responses for the halide anions, initial measurements 
were made using the full light emission of the Xe lamp. 
Figure 7 shows a series of chromatograms taken with the 
full lamp emission, where no monochromator or filters 
were used. The chromatogram in column A was obtained 
with the Xe lamp set at approximately 40% power. This 
power setting was chosen since, without any filtering or 
wavelength selecting device in the light beam, higher 
power settings tended to create more heating and 
electronic noise problems. The compounds present in the 
chromatograms of column A are CF2Br2, CHgI, CHClg, and 
CCl4 which produce Br-, I", Cl-, and Cl-, respectively, 
upon electron capture (40). The first (top) chromatogram 
in column A was obtained with the light off and provides 
the normal ECD response, 5lN. The sample sizes chosen 
create normal responses which do not exceed approximately 
10% of the ECD standing current (about 3.5 nA) .

The second chromatogram in column A was obtained 
with the light beam continuously passed through the ECD.
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Figure 7. Chromatograms obtained from analysis using the 
four different response functions possible 
using light in the ECD. Chromatograms in 
column A were obtained with the full emission 
of a Xe lamp (40 % power); those in column B 
with the full emission from a Hg/Xe lamp (40 % 
power). The response functions shown were 
obtained with: (I) light off, (2) light alwayson, (3) and a chopped (43 Hz) light beam.
(4) Obtained simultaneously with response 3 by 
amplification of the modulated ECD signal.
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The ECD response to CH3I is reduced to a magnitude 0.45 
as great as the light off response, 5lN. The responses 
to CF2Br2 and CCl4 are also reduced to magnitudes 0.67 
and 0.85, respectively, as great as their 5l responses. 
These effects are consistent with Figure I (page 4) which 
shows the PD cross-section for I", Br", and Cl™, as well 
as the emission spectra of the Xe and Hg/Xe lamps. The 
cross-section data is reproduced from papers by Mandl 
(13, 14). The figure indicates that the rates of PD with 
the Xe lamp should be greatest for I™, less for Br-, and 
smallest for Cl™. As was shown in Figure 3, PD effects 
as large as those observed in Figure 7 could be expected 
for ions with large cross-sections irradiated with 
intense light. In the §IL response measurements, it was 
estimated that between 2 and 4 W of light between 250 and 
400 nm were passing through the ECD. From Figure I, it 
is clear that the a values for the three halides listed 
are large in this wavelength region. Therefore, the 
observed effects are in good qualitative agreement with 
expected responses, and the differences between the 5lN
and 8lL responses can be attributed primarily to PD.

The magnitudes of the 5lL and 5lN responses to CHCl3 
require additional explanation. For CHCl3, the ECD 
response has been increased by a factor of 1.35 by the 
same light flux which decreased the responses to the 
other three halocarbons. This increased response is
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thought to be caused by an increase in temperature of the 
ECD gas when the high intensity light is used.. The 
electron capture coefficient for CHCl3 is much smaller 
and more temperature dependent than for the other 
compounds present (40). With the light on, then, the 
increased rate of Reaction 6, electron capture, for CHCl3 
exceeds the rate of PD of Cl", Reaction 8. It will be 
shown later that this heating effect is minimized or 
eliminated when the light beam is chopped. This unwanted 
response characteristic for CHCl3 raises the question as 
to what effects the continuous light exposure might also 
have on other compounds and their responses. As was also 
concluded by Dovichi and Keller (36), use of a light beam 
chopper and lock-in amplifier is generally a superior 
method for measuring PD in the ECD.

The third and fourth chromatograms in column A of 
Figure 7 were obtained simultaneously while the light 
beam was chopped at a frequency of 43 Hz. The 5 lL/c- 

responses, the third chromatogram, were obtained directly 
from the electrometer, and are clearly intermediate in 
magnitude between the 8lN and 5lL responses as predicted 
in Theory. The magnitude of the 5 lL/c responses to all
compounds was found to be independent of chopping 
frequency.

The fourth chromatogram in column A of Figure 7 is 
the PD-modulated response, 8lM, obtained from the lock-in
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ainplifiei-. This chromatogram reveals several important
aspects of the modulated experiment. First, this 
chromatogram shows that, in fact, PDM-ECD responses can 
be measured with good signal-to-noise characteristics by 
the lock-in amplifier. Also, the PD-modulated response 
to CHCl3 is of the same sign as the other compounds even 
though its SIl response was greater than 5lN. A 
comparison of the CHCl3 and CCl4 responses in the third 
and fourth chromatograms in column A will, in fact, 
indicate that their 8lM/8lL/c ratios are nearly 
identical. This indicates that the previously discussed 
thermal effect for CHCl3 is not important when the light 
is chopped, and that the PD of Cl" is dominating the Si 
responses for both CHCl3 and CCl4.

A comparison of the relative magnitudes of the PD- 
modulated responses for the Cl", Br", and I" generating 
molecules is made in Figure 8. Here, a series of 
analyses was made on the sample mixture at various 
levels of light intensity from the Xe lamp. In the
figure, the ratios of the 5lM to 5lL/c responses observed 
for CH3I, CF2Br2, and CCl4 are shown as a function of the 
measured relative light intensity. The ratio of 
responses is a very useful means of characterizing PD 
responses, since the ratio is independent of sample 
concentration (as long as the normal ECD response does 
not exceed approximately 30% of the total ECD standing
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( r e l a t i v e )

Figure 8. Ratio of 5 lM/ 5 l L/ responses to (A) CH3I,
(B) CF2Br2, and (C) CHCL3 observed with use of 
various relative intensities of light emitted by the Xe arc lamp, without use of a 
monochromator or filters. Solid lines are 
predictions of relative response ratios based 
on the overlap integrals of the PD cross- 
sections and the Xe lamp emission spectrum shown in Figure I.
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current). Figure 8 indicates that these response ratios 
are directly proportional to light intensity and, with 
all intensities of light used, have nearly the following 
relative average values: 1.0 for CH3I, 0.45 for CF3Br2,
and 0.23 for CCl4. The solid lines in Figure 8 are 
predictions of relative responses and have been obtained 
from the relative overlap integrals of the PD cross- 
sections for I", Br", and Cl- and the relative emission 
spectrum for the Xe lamp, both of which are shown in 
Figure I., The relative magnitudes of the overlap
integrals are 1.00 for I", 0.39 for Br", and 0.21 for 
Cr. Line A in Figure 8 was arbitrarily set to best fit 
the CH3I data. The excellent agreement between the solid 
lines and the data points for CF3Br3 and CHCl3 in Figure 
8 provides strong evidence that the interpretation of the 
modulated signals is valid and consistent.

In column B of Figure 7, the corresponding
chromatograms, without CCl4, have been obtained using the 
Hg/Xe lamp, again at about 40% power. This lamp should 
provide a greater fraction of its total power in the 250- 
400 nm range than does the Xe lamp, and larger PD 
responses are, in fact, observed. In comparing the 
relative PD-modulated responses in the last two 
chromatograms in columns A and B in Figure 7, it is seen 
that the 5lM responses to the Br" and Cl" producing 
molecules have increased somewhat more by the change to
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the Hg/Xe lamp than the modulated response to CH3I. This 
can again be explained in terms of the overlap integrals 
of the cross-sections and the Hg/Xe emission spectrum 
shown in Figure I. The relative overlap integrals are 
I.00, 0.51, and 0.32 for I , Br , and Cl , respectively. 
These ratios predict slightly higher responses for Cl- 
and Br- relative to that of I" than did the corresponding 
overlap integrals for the Xe lamps (1.00, 0.39, 0.21)
discussed previously.

Effect of Chopping Frequency 
on PDM-ECD Responses

Figure 9 shows that the magnitude of the 5lM 
responses observed for all compounds is dependent upon 
the frequency of the light beam chopper. Figure 9 also 
shows that the phase angle offset (automatically selected 
by the lock-in amplifier in Order to maximize the 
modulated output signal) is also dependent upon the 
chopping frequency. At slow chopping frequencies, 13-20 
Hz, the 5lM responses are largest and the phase angle 
offset is nearly zero degrees. As the chopping frequency 
is increased, the magnitude of the 5lM response decreases 
and the optimum phase angle changes from O0 to -90°. The 
dependencies of the 5lM response and the phase angle are 
independent of sample size, light intensity, and ECD 
pulsing frequency.
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Figure 9. Observed 5l / response ratios and phase
angle offsets in r.ne chromatographic analysis 
of CH3I, CHCl3, and CCl4 as a function of chopper frequency.
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Figure IOf which shows the two waveforms sent to 

the lock-in amplifier, will be useful in explaining the 
frequency dependence of the responses. The square wave 
is the signal received from the chopper, and the other 
waveform is that received from the ECD electrometer. The 
four cases shown represent progressively faster chopping 
frequencies. If the chopping frequency is slow with 
respect to the time required for the ECD to establish the 
light-on and light-off steady-state conditions, the 
signal waveform received from the ECD electrometer will 
closely resemble a square wave, shown as case A in Figure 
10. If the frequency of chopping is made more rapid, the 
chemical dynamics of the ECD will continuously lag behind 
the light pulses by an increasing margin, as shown in 
case B, until the situation shown as case C is reached, 
where the dynamics of the ECD are moderateley slow on the 
time scale established by the light beam chopper and the 
signal waveform becomes triangular. Any further increase 
in chopping frequency continues to produce a triangular 
waveform, but of smaller amplitude, shown as case D . 
Also illustrated in Figure 10 is the phase angle that 
would be automatically selected by the lock-in amplifier 
in order to maximize the modulated output signal. This 
phase angle is expected to vary from 0° to -90' as 
chopping is changed from a slow to a fast frequency. The 
magnitude of the lock-in amplifier output expected for



43
each case shown in Figure 10 is qualitatively indicated 
by the shaded areas under the signal waveforms. As was 
experimentally observed in Figure 9, a decrease in the 
modulated response is predicted with increased chopping 
frequency.
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Figure 10. Simulations of the two waveforms sent to the 
lock-in amplifier and the phase angle offset 
selected by the lock-in amplifier in order to 
provide a maximized output signal. For the 
four cases shown, the frequency of the true 
square wave, which is received from the light 
beam chopper, increases continuously in the 
order A, B, C, D . The other waveform shown 
is that received from the electrometer and 
assumes a shape determined by the dynamics of 
the ECD and the frequency of the chopper. 
These simulations are used to explain the 
observed variations of the phase angle off
sets and 8lM responses with changes in chopping frequency.
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The relationship between 8lM, the phase angle, and 
the. chopping frequency is quantitatively analogous to 
that expected when a square wave is passed through a low- 
pass electronic filter (51) . The fractional attenuation 
of the 5lM signal, ct, which is observed with higher 
chopping frequencies, f, will be given by Equation 9, 
where t is the time constant for the rate of change

■a = (1+(27ift)2r* (9) •

of the chemical system within the ECD. Also, the phase 
angle, 0, will be given by Equation 10. Fitting either 
of these equations to the data in Figure 9 yields the

Tan 0 = 1 /  2TCft (IO)

result that t = 3.5 ms (for example, with f = 45 Hz, 
Figure 9 indicates that 0 = 45”, and Tan 45” = 1  / 27Ct (45 
Hz) leads to t = 3.5 ms) . Since the magnitude of t is 
independent of sample size and light intensity, the 
chemical process which provides the rate-limiting step 
does not appear to be Reaction 6, 7, or 8. Computer
simulations suggest that the rate limiting process is 
Reaction 5, the electron-ion recombination reaction. As 
stated in Theory, measurements by an independent method 
have shown that the first order rate constant for 
Reaction 5 is Rgn+ = 300 s-1. The time constant
associated with electron loss by Reaction 5 is,
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therefore, 3.3 ms and is essentially identical to the 
value of t indicated by the data in Figure 9. This 
evidence strongly suggests that Reaction 5 is the.process 
which determines the response.dependencies observed with 
chopping frequency.

With this information from Figures 9 and 10, it is 
now possible to extract 5lM' , the form of the PDM-ECD 
response developed in Theory, from the chopped beam 
experiments. The attenuation of the observed PD- 
modulated response with increased chopping frequency is 
one of two factors which must be considered. The second 
factor is that the lock-in amplifier provides a direct 
current (DC) output equal to the root mean square (rms) 
power of the signal waveform. The SlM' response, 
however, as it was defined in Theory, is the peak-to-peak 
difference in the PD-modulated signal. Therefore, a 
factor of 0.5 (51) must also be included in the
conversion of 5lM to 5lM' . The full equation which then 
applies to the measurements is shown as Equation 11,

09 H S Il 0.5 a x 5l 'M = 0.5 (1+ (2jcft) 2) x Six' (H)

where t = 3.5 ms. The absolute magnitudes of the
various Si responses shown in Figure 7 can now be more.
completely understood. For example, a SlM measurement of 
0.020 nA was obtained for CF2Br2 in column A of Figure 7 
with a chopping frequency of 43 Hz, while the difference
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in the 8lN and SlL responses was 0.060 nA. According to 
the predictions shown in Figure 2 r Sxm' should be equal 
to the difference between SlN and 5lL. At this chopping 
frequency (43 Hz), the equation given above provides the 
following relationship between the observed and predicted 
responses: §IM = 0.36 x 5lM' . Thus, 5lM' = 0.020 nA/0.36 
= 0.056 nA is obtained for CF2Br2. This calculation is 
now in satisfactory agreement with the measured Si -5lN L
difference of 0.060 nA. Any remaining discrepancy may be 
attributable to heating effects in the SlL experiments.

Measurement of PD Spectra of the Halide Anions
If the PDM-ECD is responding to only PD of the 

negative ions formed by electron capture, the PDM-ECD 
measurements should be in agreement with the known PD 
spectra of these negative ions determined by more 
established techniques. With a monochromator and 
selected 20 nm bandwidths of light emitted by the Xe 
lamp, the PDM-ECD responses to CF3Br2, CH3I, and CHCl3 
shown in Figure 11 were obtained. With the monochromator 
set to 330 nm, PD-modulated responses for all three 
compounds are observed. With 365 nm light, the modulated 
response to CHCl3 is eliminated. With 395 nm light, only 
a response to CH3I is observed. At 425 nm, no modulated 
responses to any of the three compounds are observed. 
This is in qualitative agreement with literature
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Figure 11. 5lL/c and 5lM responses simultaneously
observed in the repeated analysis of a sample 
containing CF2Br , CH3If and CHCl3. Along 
with the Xe arc lamp, a monochromator has 
been used and set to (A) 330 nm, (B) 365 nm, 
(C) 395 nm, (D) 425 nm.
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photodetachment cross-sections shown in Figure I.

PD measurements were also obtained over a range of 
selected wavelengths along with measurements of relative 
light flux obtained with a quantum counter. In Figure 12 
this data has been plotted in a form which is expected to 
be proportional to the photodetachment cross-sections at 
each wavelength. A comparison of the PD spectra thereby 
obtained for I", Br", and Cl" in Figure 12 with those of 
Mandl (8, 9) shown in Figure I indicates a high level of 
agreement. The major difference is that the onsets for 
PD obtained by the PDM-ECD method are not as sharp as 
those of Mandl (8, 9) , which is undoubtedly due to the
use of a relatively broad bandpass of light in the PDM- 
ECD experiments.

Measurement of an Absolute PD 
Cross-section for Iodide

By combining measurements of absolute light flux 
with PDM-ECD measurements, it should be possible to 
obtain absolute PD cross-sections for any negative ion of 
interest. A determination of this type was done for I". 
With the Xe lamp set at three different power levels and 
the monochromator set to 365 nm, nine determinations of 
the absolute cross-section for I" were made. The
magnitude of the light flux was measured by a chemical 
actinometer, as described in Experimental. The PDM-ECD 
response to CH3I along with the 5lL/,c response was then
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Figure 12. Measured PD spectra of (A) iodide, (B) 
bromide, and (C) chloride. Si and 5l 
response ratios observed for CH3I, CF5Br , 
and CHCl and measured relative light flux,
<I>, are plotted in a functional form that is 
expected to be proportional to the PD cross- sections at each wavelength.
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measured three times at each power setting of the arc 
lamp using a chopping frequency of 43 Hz. As described 
previously, a value for Sly' is obtained from the raw 5lM 
responses shown for each case by division by 0.36, the 
appropriate correction factor for f = 43 Hz. The rate 
coefficient for PD, khv, is then calculated from Equation 
12. This equation describes the relationship between the

V  (S'1) - 185 X (SlaVSlwc) (12)

predicted response ratios and khv over the initial linear 
portion of curve A in Figure 3, where the response ratios 
are less than about 0.2 (185 is the slope of the linear
portion). The PD cross-section is then obtained for each 
individual measurement using Equation 13.

0 = khv/0 (13)

The nine determinations for the PD cross-section for 
I" at 365 nm, shown in Table I, are in excellent 
agreement with each other. The average of the values is 
a = 2.2 x IO"17 cm2 with a standard deviation of 0.2 x
IO-17 cm2. The greatest source of uncertainty is thought

\to lie not with the experimental measurements / but in 
the conversion of the response ratios, ^Im'/§IL/C, to a 
value for khv* As discussed in Theory, the estimated
uncertainty of this conversion is thought to be about 
±50%. Therefore, the determination of a for I" and its
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Expt #
Lamp
Power
(Watts)

,Photons.
4> 1------- 1

cm2 (PA)
C

SIm
(PA)

a
SIm '
(PA) SImV

Sir./ =
e

k^tsec"1) f
Ct(cm)2

I 1000 5.7 x IO1"7 300 7.5 18.8 0.062 11.5 2. OxlO-1"7
2 303 6.8 17.0 ■ 0.056 10.4 I.SxlO-1"7
3 308 6.5 16.3 0.053 9.8 1.7X1011"7
4 800 3.0 x IO1"7 318 4.5 11.3 0.035 6.5 2.2X10-1"7
5 310 4.5 11.3 0.036 6.1 2.2X10-1"7
6 290 4.0 10.0 0.035 6.5 2.2x10-^
7 640 2.2 x IO1"7 310 3.2 8.0 0.026 4.8 2.2X10-1"7
8 320 .3.0. 7.5 0.023 4.3 2.0x10-.1"7
9 301 3,0 7.5 0.025 4.6 2.IxlO-1"7

I CJave -• 2.03 x IO-3-'7
st.dev. = 0.20 x IO-1"7

^Xenon arc lamp used with monochromator set to 365 nm.
^Absolute light intensity measured by chemical actinometer. Average of seven measurements at each lamp 
power setting. Uncertainty of measurements is ±20% at 90% confidence level.
0PDM-ECD response measured with chopping frequency of 43 Hz.
“Calculated from the measured 6IM response by: 6IM ' = 6IM/0.40.
“Calculated from: XllvIsec""1) = 185 (SIm VSIlzc)
^Calculated from: a = XhvZ^

UiH

Table I. Determination of the absolute photodetachment 
cross-section for iodide by PDM-ECD 
measurements at 365 nm.
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associated uncertainty is O = 2.2 ± 1.0 x 10“17 cm2. 
This result is in good agreement with the results of 
Mandl (13) , shown in Figure I, who reported a value of 
1.9 ± 0.5 x IQ"17 cm2 for I- at 365 nm. This successful 
measurement of an absolute PD cross-section by the PDM- 
ECD is additional strong support for the validity of the 
model described in Theory.

Application of the PDM-ECD to Chemical Analysis

Use of PDM-ECD Responses for Chemical Analysis
From the results described in previous sections, and 

particularly from those shown in Figure 11, it appears 
that the PDM-ECD should be useful for 'increasing the 
response specificity of the ECD. For the mixture of 
halocarbqns analyzed in Figure 11, it was shown that a 
detector which responds only to I", to I" and Br-, to I", 
Br-, and Cl-, or to none of these can be created simply 
by adjusting a monochromator dial. Furthermore, any of 
these detection modes can be obtained simultaneously with 
the 5lL/c response function, which closely resembles the 
normal ECD detection mode. The magnitudes of both the 
5lM and 5lL/c responses to the compounds studied here 
have been found to vary linearly with sample 
concentration (with a zero intercept) throughout the 
normal linear range of the pulsed ECD.



In the Introduction, the need for additional degrees 
of response specificity in the analysis by the ECD of 
complex mixtures was: described. Figure 13 provides an 
illustration of how the PDM-ECD can add some specificity 
to analysis. The sample analyzed contains a mixture of 
®l©ven halocarbons, some of which are coeluting compounds 
^®hing the quantitative determination of ■ four of the 
compounds impossible by normal ECD detection with this 
cOlumn* In order to obtain the lower chromatogram in 
Figure 13, the intense emission at 365 nm of the Hg/Xe 
lamp (see Figure.I) operated at full power was selected. 
To further increase the light intensity within the cell, 
an aluminum mirror was placed behind the exit window of 
the ECD. At 365 hm, no PDM responses to the compounds 
which 'undergo electron capture to produce Cl- are 
expected, while strong responses to 1“ and Br" producing 
compounds are. Furthermore, from Figure 12, the expected 
^lV 5lIVc response ratios for the iodides should be about 
3 times greater than for the bromides, and this is, in 
fact, observed in Figure 13.

The lower chromatogram in Figure 13 is much simpler, 
since responses only to the iodides and bromides are 
provided, and no detectable PDM responses to the 
chlorides are observed. Along with standard calibration 
procedures, the lower chromatogram provides a means of 
independently determining the amounts of CF3Br2 and

53
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Figure 13. Chromatographic analysis of a mixture of 11 
halogenated hydrocarbons with simultaneous 
detection by the 5lL/c and 5lM modes of the 
PDM-pulsed ECD. The top chromatogram 
provides responses to all compounds present, 
while the lower chromatogram provides 
responses only to the bromides and iodides. 
365 nm light from a Hg/Xe arc lamp is used. 
The concentrations of the halocarbons, in the 
order shown in the upper chromatogram, are:
1.3, 2.0, 0.6, 25, 8.5, 10, 19, 2.4, 900,3.3, and 15 ppb in nitrogen.
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present, compounds which coelute with CFCl3 and 

CHCl3, respectively. Quantitative analysis of the
two chlorine-containing compounds is then

possible by subtraction of the bromide and iodide
contributions from the Sl^c responses. The
contributions of CF3Br3 and C2H5I to the mixed 81VC
peaks can be deduced from either their calibrated §IL/C
responses or by their calibrated 5lM responses along with 
knowledge of the 5lM/5lL/c response ratios expected for 
the bromides and iodides. these ratios are easily 
determined under a given set of conditions and are 
available from the responses of the other bromides and 
iodides shown in Figure 13 which elute as single
component peaks.

The cases of CH2ClI and CBrCl3 in Figure 13 warrant
special attention since it is conceivable that both I"
and Cl-, for the first molecule, and Br" and Cl-, for the 
second, could have been produced from their EC reactions. 
From the §IM/§IL/C ratios it can be deduced that only I- 
in the first case, and mainly Br for the second, are 
produced. For CH2ClI, the response ratio is 0.135, while 
that for CH3I, which can produce only I-, is nearly
identical, 0.131. For CCl3Br, the response ratio is
0.033, while for CF3Br2, which produces only Br-, the 
ratio is 0.037 under identical experimental conditions. 
This suggests that mainly Br" and possibly a small amount
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of Cl" are produced in EC by CCl3Br under these 
experimental conditions. This is consistent with mass 
spectral measurements of the EC reactions of CCl3Br in 
which a Br" to Cl" abundance ratio of about 4 to I was 
observed (52). Howeverr the apparent branching ratio was 
found to vary somewhat under different experimental 
conditions. The EC branching ratio of CCl3Br and also 
possible secondary EC reactions observed for the EC 
products of CCl3Br will be addressed in greater detail in 
a later section.

Detection Limits of 
the PDM-ECD

As with any method for trace analysis, it' is 
important to determine the detection limits which might 
be attained. While the PDM-ECD system has not yet been 
perfected with respect to optimal signal-to-noise 
responses, the currently attainable detection limit will 
be described. Figure 14 shows the signal-to-noise 
characteristics, and therefore the detection limits, for 
the same electrometer used under normal ECD conditions 
and also for the PDM-ECD experiment. The 5 cm3 nitrogen 
samples contained 70 pptr CH3I, 4.5 ppb CHCl3, and 300 
pptr CCl4. The top chromatogram was obtained by the 
conventional ECD mode with the lamp off, and the second 
and third chromatograms were obtained simultaneously with 
a Hg/Xe. chopped light beam of 365 nm. With the same
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Figure 14. Two repeated analyses of a 5 cm3 nitrogen gas 
sample containing 70 pptr CH I, 4.5 ppb 
CHCl3, and 300 pptr CCl4. For the first 
analysis, the normal 5lN mode of pulsed ECD 
detection was used with the arc lamp turned 
off. In the second analysis, the lower two 
chromatograms were simultaneously obtained by the Sl1/ and Si modes of PDM-ECD detection 
with 365 nm light from the Hg/Xe arc lamp.
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electrometer, the signal-to-noise ratio of the^ response 
to. CH3I obtained in the PDM mode is about the same as 
that obtained in the normal ECD mode. In both casesf a 
detection limit of about 10 parts per.trillion, or 0.2 
picograms of CH3I in the 5 cm3 nitrogen sample, is 
estimated from these chromatograms. For both cases, 
r*ois© levels can undoubtedly be lowered with more 
sophisticated electrometer circuitry. With simple low- 
pass filters, the §IN and 5lL̂ c signal-to-noise responses 
shown in Figure 14 were improved by about a factor of 3, 
while the 5lM response was not significantly improved, 
which is not unexpected since the lock-in amplifier 
already provides significant noise reduction for the PDM- 
ECD response. It is. also noteworthy that the 5lM 
response in Figure 14 could be further improved with a 
more powerful light source. In summary, it appears that 
the detection limits achievable by the PD-modulated mode 
of the ECD for a favorable system, such as that 
demonstrated here for I", can be made comparable to those 
achieved by the normal ECD, and, therefore, can be made 
competitive with the most sensitive methods available for 
trace organic analysis.

Sensitivity of the PDM-ECD to 
CH3I in the Presence of Excess CClj

As part of the sensitivity determination of the PDM- 
ECD to iodide, an experiment was devised to measure PD of
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1“ in the presence of an excess of Cl". In. order to do 
this, an exponential diluter was added to the carrier gas 
line, and enough CCl4 was injected into the diluter that 
initially the ECD signal was fully saturated, ie., the 
standing current went to zero due to the formation of Cl" 
by EC by CCl4. As the CCl4 concentration in the diluter, 
and hence the Cl" concentration in the ECD, was decreased 
at an exponential rate, the standing current increased 
accordingly. After enough time had elapsed that the 
standing current became measurable, injections of 600 
PPtr CHgI were made at 6-9 minute intervals and the 
resulting responses measured.

The results of the experiment are shown in Figure 
15, where the relative PD response is plotted against the 
standing current. Also shown is the normal relative PD 
response for the same injection with no CCl4 present. 
From the results shown in Figure 15, two things are 
evident. First, the reduction in the standing current 
due to the presence of CCl4 does significantly reduce the 
measured PD response. Secondly, although the responses 
are reduced, the PDM-ECD is sensitive enough to I" that 
CHgI can easily be detected at low concentration with a 
standing current as low as about I nA, reflecting a 
background concentration of CCl4 at least two orders of 
magnitude greater than that of CHgI.
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Figure 15. The relative PDM-ECD response (5 l / 8 l L/c) to 
repeated 5 cm3 gas injections of 600 pptr 
CH I (circles) in a background matrix of 
CCl4 which was added into the carrier gas through an exponential dilution volume.
The excess CCl caused the standing current 
to decrease. At a standing current of I nA, 
CCl4 is still in excess of CH3I by at least 
two orders of magnitude. The normal PDM-ECD 
response to the CH3I sample without CCl4 
present is also shown (square).
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PDM-ECD Study of Nitroaromatic Anions 

PD Spectra of the Anions
As was discussed in the Introduction, PD from 

polyatomic anions has been a useful means of studying 
thermochemical and spectroscopic properties of negative 
ions and their photoproducts. In particular, gas phase 
electron affinities and information on the excited states 
of negative ions have been obtainable through PD studies.

In this section, the PD spectra of 31 nitroaromatic 
hydrocarbons will be shown and discussed. These spectra 
were all obtained at 200 °C by the PDM-ECD method under 
the conditions described in Experimental.

In order to verify the identity of the negative ions 
formed by EC in the BCD, the APIMS of the compounds were 
obtained as described in Experimental. With only two 
exceptions, EC produced a prominent M- molecular ion and 
no other fragment ions of intensity greater than 0.I 
relative abundance. For o-bromonitrobenzene, the Br" ion 
was approximately ten times greater in intensity than the 
molecular ion. This will also be apparent in its PD 
spectrum to be discussed later. For m-bromohitrobenzene, 
the Br" ion was 0.3 times as intense as the molecular 
ion. The APIMS measurements also showed the tendency of

U
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p-chloronitrobenzene and p-bromonitrobenzene to form 
ions of the type (M + 0 - Cl)" and (M + 0 - Br)-, 
respectively, if oxygen in the carrier gas was not 
reduced to the lowest possible concentration (53). This 
phenoxy-type ion formation under ECD conditions will be 
discussed in more detail in a later section.

Nitrobenzene is representative of the compounds used, 
in this phase of the study. An analysis of a sample 
containing 400 picograms of nitrobenzene repeated several 
times at different wavelengths is shown in Figure 16. 
The magnitude of the 5lN response is about 1.0 nA for 
each case (total standing current is 4. OnA) . In the 
first case in Figure 16, 525 nm light, creates a strong
5Im response, reflecting a large PD cross-section at this 
wavelength. While in the remaining six analyses the PDM- 
ECD responses are not large, . they are important since 
they reveal the first detectable onset of PD, Xfch, and 
may bear information on the electron affinity (EA) of the 
molecule. The Xfch determination is difficult because the 
onset of PD in the threshold region is very weak and 
gradual. Nevertheless, the absence of a Pb response in 
Figure 16 with 1075 nm and longer wavelengths relative to 
the responses observed with 1050 nm and shorter 
wavelengths is distinctly observable above the baseline 
noise. For nitrobenzene and 30 other nitroaromatics, 
measurements like these were taken over the wavelength
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Figure 16. Repeated gas chromatographic analyses by the 
PDM-ECD of a sample containing 400 picograms of nitrobenzene using the various 
monochromator settings shown. The two 
responses simultaneously obtained are the 
normal ECD response, Sljvc, and the PDM 
response, Sly. The series of long-wavelength 
analyses shown illustrate the determination 
of the first detectable PD onset which occurs 
at Xfch = 1050 nm for the nitrobenzene anion.
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range of 300-1200 nm at 25 nm intervals.
The spectrum of nitrobenzene is again representative 

of the other nitroaromatics used in this study, and is 
shown in Figure 17. The. spectrum bears two general
characteristics which have previously been reported in 
other PD studies (54, 55) . These two characteristics
are: I) a gradual and continuous increase in the PD
cross-section with increasingly shorter wavelengths and 
(2) the superimposition on this curve of peaks and 
maxima. The PD mechanisms which have previously been 
associated with these two characteristics are Direct 
Photodetachment and Resonance Photodetachment, 
respectively. A symbolic representation is shown in 
Figure 18 and will provide the basis for much of the
discussions to follow.

The PD spectra for the other nitroaromatics studied 
are shown in Figures 19-21 and will be addressed at 
appropriate points in the discussion. For all spectra, 
the cross-sections measured in the wavelength region of 
initial PD onset out to 1200 nm are also indicated with 
xlO amplification by the circled data points. The 
threshold wavelength, Xth, at which PD is first observed 
for each case is also indicated in Table 2 along with the 
energy, Efch, of individual photons of that wavelength. 
The uncertainty in Xth is estimated to be ± 20 nm and is 
determined primarily by the monochromator bandpass.
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Figure 17. Electron photodetachment spectrum of the 
molecular anion of nitrobenzene measured 
by the PDM-ECD at 200’C. Absolute PD 
cross-sections have been determined by 
comparisons with the PD measurements of I" at 
365 nm. Measurements have been taken at 
25 nm intervals between 300 and 1200 nm. The 
effective bandwidth of the monochromator is 
20 nm for the wavelength settings below 
600 nm and 40 nm for settings above 600 nm. 
The solid line shown is a computer-generated 
smooth curve passing through the data points.
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internuclear
distance

Figure 18. A simple model for the electron
photodetachment of nitroaromatic anions. 
Direct PD is represented by process I in 
which absorption of a photon by M leads 
directly to the neutral molecule and a free 
electron. Resonance PD is represented by the 
combination of processes 2 and 4 in which 
absorption of a photon promotes M to an 
excited electronic state of the negative ion 
followed either by autodetachment of M"*, process 4, or by relaxation of M~*, process 
3. The EA of M is the energy difference 
between the M and M species in their ground 
electronic, vibrational, and rotational 
states. The stable structure of the negative 
ion is shown to be slightly different and 
somewhat more constrained than that of the neutral molecule.
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Figure 19. Electron photodetachment spectra observed for 
twelve substituted nitrobenzenes and 
dinitrobenzenes by the PDM-ECD at 200*C.
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■g^G-T>Ĝ (S<y-Ir> G G G^ -IiC G.?

I G'G G ̂ G G^i-G

W A V E L E N G T H  (nm)

Figure 20. Electron photodetachment spectra observed for 
twelve substituted nitrobenzenes and 
dinitrobenzenes by the PDM-ECD at 200 *C.
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Figure 21. Electron photodetachment spectra observed for 
six substituted nitroaromatic and 
dinitroaromatic hydrocarbons by the PDM-ECD at 200 *C.
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Table 2. Photodetachment thresholds of nitroaromatic anions.

PDM-ECDb_____ ____ PHPMSeAnion K hAimi Eth_(eV^ EAleVTr- Asu (eu)9
17) NB 1050 1.18 1.01 -1.0
19A) O-MNB 1000 1.24 0.92 -1.6
19B) Itl-MNB 1050 1.18 0.99
19C) p-MNB 1125 1.10 0.95
19D) O-FNB 1000 1.24 1.07
19E) m-FNB 1000 1.24 1.23 -1.7
19F) p-FNB 1075 1.15 1.12
19G) O-ClNB 925 1.34 1.14 -1.6
19H) m-rCINB 900 1.38 1.28
191) p-ClNB 975 1.27 1.26 -2.0
19K) m-BrNB 875 1.42 1.32
19L) p-BrNB 925 1.34 1.29
20A) O-CNNB 625 1.98 1.61
20B) , m-CNNB 700 1.77 1.56
20C) p-CNNB 700 1.77 1.72 -2.7
20D) O-DNB 700 1.77 1.65
20E) m-DNB 750 1.65 1.65
20F) p-DNB 400 3.10 2.00 -4.5
20G) 3,5-DMNB 1025 1.21
20H) 2,6-DMNB 475 2.61
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Table 2. (continued)

PDM--ECDb PHPMSeAnion EAleVTc Asu (eu) 9
201) ■3,4-DNTL 700 1.77
20 J) 2,3-DNTL 700 1.77
20K) 2,4-DNTL 775 1.60.
20L) 2,6-DNTL 800 1.55
21A) m-TFMNB 825 1.50 1.41 -2.5
21B) I-NNAP 1000 1.24 1.23 -0.9
21C) 2-NNAP 1000 1.24 1.18
2 ID) I,3-DNNAP 625 1.98 1.78
21E) I,5-DNNAP 550 2.25 1.77
21F) 9-NANTH 700 1.77 1.43 -2.9

Abbreviations: NB-nitrobenzene; M-methyl; F-fluoro;
Cl-chioro; Br-bromo; CN-cyano; D-di;
N-nitro; TL-toluene; TF-trifluoro;
NAP- naphthalene; ANTH-anthracene.

a The number listed with each anion indicates the 
figure from which the data was obtained.

b Present work, from Figures 17, 19-21.
c Highest wavelength setting of monochromator at which PD is observed. Uncertainty is ± 20 nm.
d Photon energy corresponding to X . . Uncertainty is ±0.05 eV. h
e Pulsed high pressure mass spectrometry measurements from reference 57.
f , Electron affinity. Uncertainty is ± 0.1 eV.
g Entropy change associated with negative ionization of molecule, M ---> M".



Direct Photodetachment and 
Electron Affinities

Process I in Figure 18 represents the direct photon- 
induced transition of the negative ion, M~, to produce 
the neutral product, M, and a free electron. This
process is generally expected to be operative in the 
threshold region of the PD spectrum with photons of 
energy near that of the adiabatic electron affinity (EA) 
of M. With photons of progressively higher energy, the 
PD cross-section is expected to increase in a manner 
described by the "threshold law" for that system. In
order to determine most accurately the EA of a neutral 
from PD data, ideally the exact threshold law, Od (E) =
f (E-EA) , where E is the photon energy, for that system 
should be known. This knowledge is especially useful if 
the increase in CTd with increasing E is very gradual in 
the region of initial PD, onset. Brauman and
collaborators (8) have developed considerable 
understanding of the shapes of PD threshold curves for 
polyatomic negative ions. They have found that the 
threshold law for several systems is determined primarily 
by the symmetry of the highest occupied molecular orbital 
of the negative ion. They have also shown that
additional factors, such as the existence of a strong 
dipole moment in the neutral, absorption resonances 
related to excited states of the negative ion and the 
neutral, and structural differences between the negative

72
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ion and the neutral can also strongly influence the shape 
and intensity of PD spectra in the threshold region. For 
the nitroardmatic hydrocarbons studied here, it is 
suspected that at least some of these complicating 
factors are operative and would affect any threshold laws 
which might be derived. Since calculations addressing 
these factors have not yet been done for the 
nitroaromatic hydrocarbons, threshold laws cannot be 
effectively used here. Therefore, only the first 
detectable onset of PD, will be used for comparison
with the BA of each molecule, while it is recognized that 
the energy, Efch, associated with this wavelength is not 
necessarily expected to be equal to BA of the molecule.

The M~ ion shown in Figure 18 has been assumed to be 
in its electronic and vibrational ground state while the 
photoproduct, M, may ^be formed in any of a number of 
vibrational and rotational excited states of its 
electronic ground state. If the most stable geometries 
of M~ and M are exactly the same, the first onset of 
photodetachment of M~ would be observed. with photons of 
energy equal to the BA of M. However, if the stable 
geometries of M- and M are significantly different (poor 
Franck-Condon overlap), as suggested in the case 
illustrated in Figure 18, the energy, Efch, of the photons 
at the PD threshold will be greater than BA. For the 
case symbolized in Figure 18, the stable configuration of
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M" is characterized by internuclear distances which are 
shorter, and intramolecular motions which are more 
constrained, than those of the parent molecule. This 
representation has been chosen because Kebarle and 
coworkers (56, 57) have shown that the entropy of
negative ionization, As0 for the process M --- > m~, is
consistently negative for nitrobenzene and for 
substituted nitroaromatic hydrocarbons, in general. They 
suggest that this loss of entropy upon addition of an 
electron to these molecules is due to a stiffening of the 
internal rotation of the NO2 groups due to increased TC 
character in the C-N bond of the anion.

For all of the nitroaromatic hydrocarbons studied 
here, with the exception of o-bromonitrobenzene noted 
previously, the first onset of PD indicated in Figures 
19-21 is thought to be due to the photodetachment of the 
M- species. .These threshold measurements, Xfch and Efch, 
are listed in Table 2, along with values for the 
adiabatic EA and the entropy of negative ionization for 
many of the nitroaromatic hydrocarbons. These
thermochemical properties have recently been determined 
by Kebarle and coworkers (56-58) through observations of 
gas phase electron transfer equilibria by pulsed high 
pressure mass spectrometry (PHPMS). A comparison of the 
Efch values observed here with Kebarlef s EA determinations 
is also provided graphically in Figure 22. The dashed
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Figure 22. PD threshold energies, measured by the 

PDM-ECD, plotted against the adiabatic 
electron affinity (EA) of the corresponding 
nitroaromatic molecules determined from the 
electron transfer reactions by Kebarle and coworkers (56-58). The numbers shown 
indicate the compound and PD spectra in 
Figures 19-21 associated with each data 
point. The dashed line is the line on which all points would lie if Efch = EA for each case.
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line shown in Figure 22 has unity slope and is the line 
on which all points would fall if E fa = BA.

Given the estimated uncertainty indicated with each 
set of energy measurements, many of the comparisons made 
in Figure 22 do lie sufficiently close to the dashed line 
as to indicate that the measurements of Efch for these are 
essentially equal to the corresponding adiabatic EA 
values of Kebarle and coworkers (56-58). Nevertheless, 
approximately one-half of the data set clearly indicates 
that Efch exceeds EA by an amount greater than the 
uncertainty of the two measurements. In view of expected 
geometry differences between the M~ and M species of the 
nitroaromatic hydrocarbons (56, 57), the result that E 
exceeds EA is not unexpected. ' The only result which, 
would not have been consistent with the simple model 
shown in Figure 18 would have been if Efch had been found 
to be less than EA for any of the compounds studied. 
This result would be expected only if the M" ion 
possessed sufficient internal energy so that its higher 
vibrational states were well-populated and photons having 
less energy than the adiabatic EA could cause direct PD. 
As has been previously explained, however, only ions of 
relatively low internal energy will be present in an 
atmospheric pressure ion source.

Correlations might be expected to exist between the 
magnitude of the difference between the Eth and EA values
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discussed above and Kebarle and coworkers (56, 57) AS0 
values for negative ionization, since both of these are 
thought to be related to the magnitude of structural 
differences in the M" and M species. Unfortunately, the 
estimated uncertainty of the AS0 values and the 
differences in Efch and EA values are too large to allow a 
meaningful comparison of this type to be made for many of 
the cases indicated in Table 2 and Figure 22. 
Nevertheless, for a few cases in which the differences 
between Efch and EA are unusually large, comparisons with 
the corresponding As0 values do suggest the existence of 
a direct correlation. For example, the greatest 
departure from the dashed line in Figure 22 is data point 
2OF for p-dinitrobenzene. In strong contrast, data 
points 2 OD and 20E for the ortho- and met a- isomers of 
dinitrobenzene lie very close to the unity slope dashed 
line. As indicated in Table 2, Kebarle and coworkers 
(56, 57) found p-dinitrobenzene to possess the most 
negative AS0 value, -4.5 cal/'K, of the group of 
compounds they studied (unfortunately, the ortho and meta 
isomers of dinitrobenzene were not included in that 
study) . Therefore, both the PDM-ECD and the PHPMS 
experiments indicate that an unusually great geometry 
change accompanies the addition of an electron to p- 
dinitrobenzene.
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The significant structural change which occurs in 

the negative ionization of p-dinitrobenzene may be due to 
the relative importance of resonance form I in Figure 23 
in determining the structure of the molecular anion, 
while the analogous resonance form of the neutral 
molecule would not be expected to be as important in 
influencing its structure.

r  ««1W
0 H C O

I__
_

Figure 23. Possible resonance forms for (I) p-dinitro
benzene and (II) I,5-dinitronaphthalene showing a stiffening of the C-N bonds and 
hindered rotation of the NO groups due to 
the double bond character of the C-N bonds.

In resonance form I, considerable stiffening of both 
C-N bonds and the hindered rotation of both NO2 groups is 
expected due to the double-bond character assumed by 
both C-N bonds. Other reasonable resonance forms can be 
written for this anion in which one or both of the C-N 
bonds have sigma character, however, none of these would 
include a larger number of conjugated double bonds than 
the four shown in resonance form I and, therefore, would • 
not necessarily be favored over form I. By removal of
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one electron from form I, a potential resonance structure 
for neutral p-dinitrobenzerie can be written which also 
has four conjugated double bonds. However, for the 
neutral, competing resonance structures having C-N bonds 
of sigma character can be written in which five 
conjugated double bonds are present. Therefore, the 
greater resonance energy of these competing forms will 
diminish the contribution of form I to the structure of 
neutral p-dinitrobenzene.

The resonance form argument is also consistent with 
the results for other dinitroaromatic hydrocarbons 
studied here. A resonance form of type I, in which both 
C-N bonds assume n character, is not possible for m- 
dinitrobenzene and no anomalously large structure change 
was suggested by its Efch measurement. For o- 
dinitrobenzene, a resonance form analogous to type I 
would not be favored due to steric hindrance and, again, 
Efch for this compound was not found to be significantly 
larger that its BA.

The case of I,5-dinitronaphthalene indicated by data 
point 21E in Figure 22 deviates significantly from the 
unity slope dashed line, suggesting that a significant 
structure change accompanies its negative ionization. 
For the 1,5-dinitronaphthalene anion, resonance form II 
in Figure 23 is possible in which the 7r-resonance system 
is extended over the entire molecule by six conjugated
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double bonds, two of which are the C-N bonds. Competing 
resonance forms having a greater number of double bonds 
cannot be written for this anion. On the other hand, 
the resonance form of type II for the neutral molecule 
will have one fewer double bond than its competing 
resonance structures and is not expected to be as 
important in determining the structure of the neutral. A 
resonance form of type II is not possible for the 1,3- 
dinitronaphthalene anion and, as shown by data point 2ID 
in Figure 22, the departure of its Efch value from the 
unity slope dashed line is much less severe than that of 
the 1,5- isomer, even though the EA values of these two 
isomers are identical.

Another systematic trend, consistently noted in 
Table 2 and in Figure 22, is that the difference between 
t̂h anc* BA for all of the methyl-, fluoro-, chloro-, and 
cyano-substituted nitrobenzenes is always greatest for 
the ortho isomer. This suggests that the magnitude of 
geometry change upon the negative ionization of these 
molecules is greatest for the ortho isomers. 
Unfortunately, this trend in the PD spectra can not 
presently be compared with parallel As0 determinations 
from PHPMS because too few of these have been made to
date.
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Resonance Photodetachment

The peaks and maxima observed in the PD spectra of
the nitroaromatic anions in Figures 19-21 cannot be
attributed to an alternate form of the Direct PD
mechanism in which a transition from M' to an
electronically excited state of M might be envisioned. 
Resonances and peak maxima are not expected to be 
associated with transitions of this type (11, 12). 
Furthermore, electronic excited states of sufficiently 
low energy are not thought to exist for most of the 
neutral nitroaromatic hydrocarbons studied here. For 
example, the peak at 525 nm in the PD spectrum of 
nitrobenzene anion shown in Figure 17 cannot be
attributed to Direct PD of M“ to form an excited 
electronic state of M. The UV-Vis absorption spectrum of 
molecular nitrobenzene contains no absorption in the 
wavelength range greater than 400 nm (59) which indicates 
that no excited states of nitrobenzene exist within 3.0 
eV of its ground state.

As shown in Figure 18, the other mechanism by which 
PD can occur is initiated by process 2> the absorption of 
light by M- to form the electronic excited state, MT*. 
The excited negative ion can then either relax back to 
its ground state by radiative or non-radiative processes, 
shown collectively as process 3, or can undergo 
autodetachment to form the neutral molecule and an
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electron, shown as process 4. Since the energies of 
excited electronic states of negative ions are often 
greater than the EA of the neutrals, this process is 
potentially available to most negative ions. The 
criteria required for this mechanism to lead to intense 
resonances and peaks are that the cross-sections for 
absorption, Oa, must be larger than the cross-sections 
for Direct PD somewhere in the spectral region above Efch, 
and the quantum efficiency for autodetachment, given by 
0 = k4/ (kg + k4) , must be acceptably high.

If the photodetachment peaks in Figures 19-21 are 
due to Resonance PD, the PD spectrum observed for each 
compound should resemble the absorption spectrum of the 
negative ion. Shida and Iwata (60) have provided the 
absorption spectra of numerous nitroaromatic anions which 
were made and contained in t-irradiated glassy solutions 
frozen at 77"K. Some of their results have been plotted 
in Figure 24 (continuous curves) in a form (molar 
absorptivity coefficients have been converted to cross- 
sections, wavenumbers to wavelengths) which facilitates 
their comparison with the corresponding PD spectra 
reported in Figures 19-21. The gas phase PD measurements 
for each anion are also shown (points) in Figure 24.

The absorption spectrum of nitrobenzene anion, shown 
in Figure 24A, bears an obvious and convincing 
resemblance to its PD spectrum. In both spectra, a
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Figure 24. The absorption spectra (continuous curves) of 
the molecular radical anions of several 
nitroaromatic hydrocarbons reported 
previously by Shida and Iwata (60). The 
molecular anions were formed by T-irradiation of glassy solutions frozen at 77 *K. These 
data have been converted to a form which 
facilitates their comparison with the PD 
spectra of the corresponding molecular anions 
which are shown in Figures 19-21 and have 
been replotted here (points).
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large peak is noted at 325 nm and another, in the 500 nm 
region. The latter peak is red-shifted about 50 nm in 
the PD spectrum relative to that of the absorption 
spectrum. Red shifts of this magnitude have been 
observed previously in comparisons of gas phase to 
condensed phase electronic spectra (55) and have been 
attributed to solvation effects which can increase the 
energy of certain electronic transitions by destabilizing 
an excited state relative to the ground state (61). The 
Oa values for absorption at the two peak maxima in Figure 
24A are very large (a a& value of 0.6 H2 corresponds to a 
molar absorptivity of e = 1.6 x IO4 cm-1 M-1) with one 
equal to and the other about twice as great as the two 
corresponding CTd values. Due to the considerable
differences in physical conditions under which the 
absorption and the PD measurements were made,
quantitative deductions as to the relative rates of 
processes 2-4 in Figure 18 in terms of the observed CTa 
and CTd values for nitrobenzene would not be expected to 
be very accurate. Nevertheless, these cross-section 
measurements at the absorbance and PD maxima do clearly 
indicate that process 2 is very efficient for the gas 
phase nitrobenzene anion and that the quantum efficiency, 
0, for PD.is quite high for both of the excited states of 
the negative ion indicated in the spectrum. Using the CTa 
and CTd values without correction for phase and
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temperature differences indicates O = o^/G = 0.5 at 325a a
nm.

Shida and Iwata (60) also measured the absorption 
spectra of the three isomers of methy!nitrobenzene anion 
and found that they differed very little from that shown 
for nitrobenzene anion in Figure 24A. In Figures 19A- 
19C, the PD spectra of the three isomers of 
methy !nitrobenzene are shown and these are quite similar 
to the PD spectrum of nitrobenzene anion. Contrary to 
the absorption spectra reported by Shida and Iwata (60), 
however, the PD cross-section for the ortho isomer in 
Figure 19A is significantly reduced relative to those of 
nitrobenzene and the met a and para isomers of 
methy!nitrobenzene anion. The absorption spectrum of 
2,6-dimethy!nitrobenzene in Figure 24E shows the effect 
on absorption of having two methyl groups.adjacent to the 
nitro group. Only the higher energy absorption maximum
observed at 325 nm is noticeably weakened relative to 
that of the nitrobenzene anion. While the absorption 
maximum at 575 nm has been red-shifted about 100 nm, its 
intensity is undiminished. The PD spectrum of 2,6- 
dimethylnitrobenzene anion shown in Figure 2OH indicates 
that the CTd values are greatly reduced at all peak maxima 
relative to that of nitrobenzene anion. The PD spectrum 
of 3,5-dimethy!nitrobenzene anion, shown in Figure 20G, 
exhibits peak maxima as intense as that of nitrobenzene
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anion. The results indicate that methyl substitution 
adjacent to the nitro group tends to decrease Oj much 
more than it does Oa at the peak maxima. In terms of the 
model for PD illustrated in Figure 18, this result 
suggests that methyl substitution in the ortho position 
has relatively little effect on process 2, but 
substantially decreases the quantum efficiency for 
Resonance PD by decreasing the rate of autodetachment, 
process 4, relative to that of relaxation, process 3. In 
the previous section dealing with Direct PD, it was noted 
that any substitution, including methyl, at the ortho 
position of nitrobenzene was shown to cause to
significantly exceed EA and this was suggested to be 
caused by poor Franck-Condon overlap of the MT and M 
species. Poor Franck-Condon overlap of the M~* and M 
species would also be expected if the M~ and M~* states 
of the anions have very similar structures as implied in 
Figure 18. Therefore, it is reasonable to suggest that 
the lower ad values observed here with methyl
substitution at the ortho position are also caused by 
poor Franck-Condon factors and, for the Resonance PD 
mechanism, this causes the rate of process 4 and the
magnitude of <D to be decreased. That the M" and M~*
species of o-methy!nitrobenzene anion do, in fact, have 
similar structures is supported by the fact that Oa of 
its two absorption maxima (60) are large.
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The matrix absorption spectra of the ortho and meta 

isomers of dinitrobenzene anion, shown in Figures 24B and 
24C, also bear considerable resemblance to the gas phase 
PD spectra of these anions. The ortho isomer, for 
example, has a unique multiplicity of peaks in the short 
wavelength region which is evident also in its PD 
spectrum shown in Figure 20D. For this anion, the broad 
absorption which reaches a maximum at 1000 nm in Figure 
24B is not expected to be seen in the corresponding PD 
spectrum because the excited electronic state of the 
negative ion involved in this transition lies below the 
EA of this molecule and, therefore, it is not capable of 
autodetachment. These low-energy excited electronic 
states are present in other molecules as well. For 
example, the intense absorption peaks shown in Figure 24D 
for p-dinitrobenzene anion at wavelengths longer than 700 
nm are not expected to be seen in the PD spectrum since 
the very high EA of p-dinitrobenzene (2.0 eV) prohibits 
Resonance PD with wavelengths greater than about 600 nm.

In Figure 24D, the absorption spectrum of p- 
dinitrobenzene, it should also be noted that Cd for the 
peak maximum at 350 nm is greatly reduced relative to Ca 
for the absorption peak of this anion at 400 nm. This 
result is consistent with the effects of ortho-methyl 
substitution, discussed previously, in which a decrease 
in Cd at peak maxima was attributed to poor Franck-Condon
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factors. In the section concerning Direct PD, 
particularly poor Franck-Condon factors were indicated 
for p-dinitrobenzene.

The PD spectra of several methyl-substituted 
dinitrobenzenes are also shown in Figure 20. A 
comparison of Figures 20D, 201, and 20 J indicate that 
little change in the PD spectrum of o-dinitrobenzene is 
caused by the addition of a methyl group to either of the 
two possible positions on its ring. On the other hand, a 
comparison of PD spectra 20E, 20K, and 20L indicate a 
progressive decrease in Od of the m-dinitrobenzene isomer 
at the peak maxima as the methyl group is placed first 
adjacent to one and then adjacent to both of the nitro 
groups. This result for methyl-substituted m- 
dinitrobenzene is consistent with the effects of o-methyl 
substitution on the Oj of nitrobenzene anion, discussed 
above. The fact that a much smaller effect on a. isCl

caused by methyl substitution in o-dinitrobenzene anion 
is undoubtedly due to the large degree of steric 
hindrance already caused by adjacent NO2 groups. 
Therefore, the additional steric effect caused, by an 
added methyl group is not as important.

The absorption spectra of I- and 2-nitr©naphthalene 
anions shown in Figures 24F and 27G provide a 
particularly interesting comparison with their PD 
spectra. The absorption spectrum of each of these is
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unique and relatively complex. Nevertheless, their 
essential features are apparent in the PD spectra of 
these two anions shown most clearly in Figures 2IB and 
21C.

Phenoxy-type Ion Formation in the,PDM-ECD
As discussed earlier, APIMS measurements have shown 

the tendency of certain molecules such as o- and p- 
chloronitrobenzene . and p-bromonitrobenzene to form 
phenoxy-type ions, (M + 0 - Cl)" or (M + 0 - Br)', under 
BCD conditions if great care is not taken to minimize 
oxygen levels in the BCD. Oxygen can contaminate the ion 
source through leaks in gas transfer lines or the BCD 
itself, or as an impurity in the carrier gas. For the 
PDM-ECD experiments, leaks were minimized by maintaining a 
positive pressure within the BCD with a flow restrictor on 
the gas outlet port. However, if trace oxygen levels in 
the carrier gas were large enough to form the phenoxy-type 
molecules, there would be some uncertainty as to the 
identity of some of the ions produced in the BCD. In 
order to determine if this was occurring, oxygen was 
intentionally introduced into the carrier gas with an 
exponential dilution volume. By adding a small quantity 
of pure oxygen to the diluter, an oxygen concentration of 
at least 10 ppm was continually supplied to the BCD during 
the course of the experiment. Dzidic, Caroll, Stillwell,
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and Horning (53) have determined that for phenoxy ion 
formation, k = 3 x IO'11 cm3 molecules'1 a-1. For an 
oxygen concentration of 10 ppm (2.5 x IO14 molecules cm" 
3), this produces a pseudo-first order rate constant of 
7500 s"1, much faster than positive ion-negative ion
recombination (100 s"1) or PD (about 10 s™1) , the two
competing reactions.

An experiment was done to compare the PD spectra of 
compounds with and without oxygen added to the system. 
Five compounds were chosen, two of which, o- and p- 
chloronitrobenzene, are known to form phenoxy ions with 
oxygen present, and three of which, iodooctane, m- 
chloronitrobenzene, and p-fluoronitrobenzene, will not 
form phenoxy ions. If the spectra of either o- or p- 
chloronitrobenzene are substantially different under 
conditions favoring phenoxy ion formation (oxygen added) 
compared to normal conditions (no oxygen added), this 
would indicate that under normal conditions, the species 
present are predominantly molecular ions. If, on the 
other hand, the spectra of o- and p-chloronitrobenzene 
remain unchanged, this would indicate that the phenoxy 
ions are formed in the BCD under both conditions. The 
spectra of m-chloronitrobenzene and p-fluoronitrobenzene 
are not expected to change since neither tend to form 
phenoxy-type molecules under these conditions.
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The results are shown in Figure 25 and indicate that 

the PD cross-section for m-chloronitrobenzene is 
unaffected or slightly enhanced by the addition of oxygen. 
This was also observed for p-fluoronitrobenzene (not 
shown) . On the other hand, the PD cross-sections for o- 
and p-chioronitrobenzene are reduced by about 50 percent 
from 300-325 nm and 525-600 nm, and are eliminated 
entirely over the rest of the wavelength range. This 
large change would seem to indicate that with oxygen 
added, o- and p-chloronitrobenzene form different ions, 
presumably phenoxy-type ions, in addition to molecular 
ions under ECD conditions. The PD responses observed for 
these compounds at 300-325 nm . and 525-600 nm, which 
correspond to the peaks observed with no oxygen added, 
probably indicate that some molecular ions are still 
present, of that the new ions also PD at these 
wavelengths.

The PD cross-section of I" was decreased by about 30 
percent by the addition of oxygen. It should be noted, 
however, that the molecular ion cross-sections were 
determined relative to I" and should indicate the absolute 
cross-section. The observed reduction for I- was probably 
due to the reduced standing current resulting from the 
added oxygen. Reduced responses at lower standing 
currents have been observed under other conditions also, 
such as impurities being present in the ECD.
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Figure 25. PD spectra of the three isomers of chloro- 
nitrobenzene. The spectra in column A were 
obtained under normal PDM-ECD conditions. 
The spectra in column B were obtained with 
approximately 10 ppm oxygen included in the nitrogen carrier gas.
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The results seem to indicate that under normal PDM- 

ECD conditions, oxygen is not present in high enough 
concentrations to affect substantially the molecular ion 
population, even of compounds particularly susceptible to 
phenoxy ion formation.

PDM-ECQ Study of Quinone Anions

Quinone and two other members of the quinone 
family, fluoranil (tetrafluoro-1,4-benzoquinone) and 
chloranil (tetrachloro-1,4-benzoquinone), were studied 
with the PDM-ECD. The quinone family has been studied 
extensively elsewhere due x to its importance in some 
biological systems. The quinone, fluoranil, and 
chloranil molecules will rapidly attach electrons in the 
ECD to form radical anions which will undergo PD.

PD Spectra and EA of p-Benzoquinone
The photodetachment spectrum of the p-benzoquinone 

anion is shown in Figure 26. As with all the molecular 
ions previously discussed, peaks are observed in the 
spectrum, which are attributed to resonance PD.

The PD behavior of p-benzoquinone has been studied 
and reported previously. Holroyd (62) obtained a 
spectrum by laser PD in several non-polar liquids. A 
double-pulse conductivity technique was used, where the 
first pulse was an x-ray pulse which liberated electrons
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Figure 26. Spectra of p-benzoquinone. The top spectrum 
is the PD spectrum obtained by Holroyd (62) 
in liquid trans-stilbene using a pulse 
radiolysis technique. The middle spectrum 
is that obtained by the PDM-ECD in nitrogen. 
The bottom is the UV-Vis absorption spectrum 
in aqueous phase obtained by Adams and Michael (63).



95
to react and form benzoquinone anions. The second pulse 
was from a tunable dye laser after a delay period of 10 
to 200 |is. The PD cross-section was obtained from the 
amplitude of the current signal (due to the electrons 
detached from the anion) during the laser pulse. The 
resulting spectrum obtained in trans-stilbene is also 
included in Figure 26.

A comparison of the two spectra indicates that, in 
general, the PD cross-section is somewhat smaller in the 
liquid-phase than in the gas-phase. It is not known if 
this is to be expected since, to my knowledge, there have 
been no published reports comparing the magnitudes of PD 
cross-sections in the two different phases. The same, 
peak shapes or trends seeni to be evident in both spectra 
down to 425 nm, the low wavelength limit for the laser. 
Unfortunately, the liquid phase spectrum is only over a 
small wavelength range making it difficult for useful 
comparisons to be made.

Also shown in Figure 28 is the UV-Vis absorption 
spectrum of benzoquinone obtained by Adams and Michael 
(63> in an aqueous solution. The absorption was 
determined by a pulse-radiolysis experiment similar to 
that done by Holroyd (62) except that absorption, rather 
than PD, was measured. The similarities between the 
absorption and PD spectra are quite evident.
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The Xfch values can be used to calculate an Efch for 

p-benzoquinone. For the PDM-ECD method, Xfch = 537.5 nm, 
and for the liquid phase experiment, Xfch = 535 nm.
Considering the resolution used in the PDM-ECD
experiment, these are identical results. which lead to
Eth = 53.4 kcal/mol. Chowdhury, Heinis, Grimsrud, and
Kebarle (57), using an electron-transfer equilibrium 
technique, reported a value of EA = 44.1 kcal/mol. As 
discussed in the section on the nitroaromatics, this 
difference is not unexpected, due to possible geometry 
differences between the anion and the neutral. Kebarle 
and coworkers (57) do, in fact, report AS0 = -4.0 eu for 
p-benzOquinone, which indicates a relatively large 
geometry difference between the neutral and the anion, 
with the anion being in a more constrained configuration.

Marks, Comita,. and Brauman (64) have also studied 
the PD behavior of p-benzoquinone. Their technique 
produces anions in an ion cyclotron resonance mass 
spectrometer and obtains a PD spectrum by measuring a 
decrease in the ion signal upon laser irradiation. The 
particular study cited (64) dealt with dipole-supported 
states and compared only the PD threshold regions of o- 
and p-benzoquinone. Although an entire spectrum was not 
published, they assign a PD threshold value for p- 
benzoquinone as Xth = 624 nm providing a value of Efch = 
45.8 kcal/mol, virtually identical with the EA value
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determined by Kebarle and coworkers (57) . The fact that 
the ICR method provides a Xfch value 100 nm different from 
the PDM-ECD method may indicate a greater sensitivity for 
the ICR method. Considering the high ion monitoring 
sensitivity for ICR's and the high power of lasers, this 
is not unexpected. The drawback to the ICR method, as 
discussed in the Introduction, is that it is often 
difficult to form ground state anions in the low pressure 
ICR cavity.

PD Spectra and EA of Chloranil and Fluoranil
The other two members of the quinone family studied 

with the PDM-ECD were fluoranil and chloranil. Their PD 
spectra are shown in Figure 27. The two spectra are 
similar except that chloranil shows a peak at 
approximately 320 nm, whereas the cross-section for 
fluoranil continues to increase in the short wavelength 
range of the experiment, and is much larger. Assuming 
that fluoranil has a peak which corresponds to the 320 nm 
peak for chloranil, it has apparently been blue-shifted 
by at least 25 nm, and is much larger. No such shift was 
observed for the fluoronitrobenzenes compared to the 
chloronitrobehzenes shown in Figure 19. This shift may 
be unique to the quinones, or may be due to the presence 
of four halogens on the molecules.
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PD spectra of chloranil and fluoranil at 
150*C obtained with the PDM-ECD.

Figure 27.
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For both f luoranil and chloranil, Xfch = 400 nm,

which corresponds to Efch = 71.5 kcal/mol. Kebarle and 
coworkers (57) report values of EA = 62.3 kcal/mol and 
64.0 kcal/mol, respectively. For both compounds, the 
reported (57) value of AS0 = -3.5 eu indicates a 
relatively large geometry difference between the anions 
and the neutrals, which could account for the difference 
between the Efch and EA determinations.

PDM-ECD Study of Several Perfluorinated Compounds

Although there have been extensive studies on 
electron capture, electron transfer, and EA of some 
per fluorocarbons (57, 58, 65, 66), very little has been
reported on PD of these compounds. The fast electron 
capture rates of these compounds and their relatively low 
EA values (57, 58, 65, 66) would seem to indicate that
they are prime candidates for study in the PDM-ECD.

The electron attachment and detachment for SFg, in 
particular, have been studied extensively (66-71) . SFg 
is known to capture thermal electrons readily in the gas 
phase to form a negative ion. However, SFg has shown an 
energy barrier to electron transfer reactions (66) and no 
observed PD for SFg has been reported in the literature. 
These behaviors are attributed to poor Franck-Condon 
factors for the neutral and the anion (72, 73).
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PD of SF̂

O

• sf6 responds strongly in the ECD, and attempts were 
made to measure the PD spectrum of SFg- in the PDM^ECD. 
The resulting 5lM responses observed were very small at A, 
= 362.5 nm and shorter wavelengths, while no PD was
observed at longer wavelengths. The spectrum is shown in 
' Figure 27. The very small size of the 5lM responses 
produced a high level of uncertainty in the measured 
cross-section, probably oh the order of ± 50%. Due to 
this great uncertainty, the data has been plotted as a 
relative cross-section. The absolute cross-section is 
extremely small, never exceeding 0.03 Â . In a previous 
report by Drzaic and Brauman (72) , no PD was observed in 
the ICR with wavelengths down to about 300 nm. However, 
in an unpublished study by Freiser and Beauchamp (74), a 
monotonically increasing PD cross-section was observed at 
shorter wavelengths (350-220 nm). This is not unlike the 
results obtained with the PDM-ECD.

From the PD data, an Eth = 78.9 kcal/mol can be 
obtained from the Xfch = 362.5 nm value. This is in sharp 
contrast to a reported value of EA = 24.2 kcal/mol
obtained from electron transfer equilibria studies (65). 
However, this very high determination for Eth by the PDM- 
ECD method is consistent with the observed unusual PD
behavior of SF..6
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Figure 28. PD spectrum of SF§ obtained with the
PDM-ECD. A relative cross-section scale has 
been used since the 5lM responses were very 
small, creating a large uncertainty in the 
determinations of the a values, which never exceed 0.03 A2.
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The unexpected PD behavior of SFg can be explained 

by the model discussed previously and represented in 
Figure 18. The very small PD cross-sections and very 
high Xth value would indicate large geometry differences 
between SFg and SFg . Hay (73) has recently reported SCF 
calculations based on an octahedral structure for neutral 
®F6 anc* an assumed octahedral structure for SFg- where 
the bonds are weakened and lengthened; R (SFg) = 1.567 A 
vs Re (SFg ) = 1.710 A. These results predict an
adiabatic EA = 20.8 kcal/mol. However, the vertical PD 
transition requires much higher energy. A representation 
based on Hay's (73) work is shown in Figure 29. The

Figure 29. Calculated potential energy curves of SF
and SFg- as a function of symmetric stretch coordinate from SCF calculations by P.J. Hay (Ref. 73).
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potential energy curves shown are in qualitative 
agreement with the results of Freiser and Beauchamp (74) 
and the PDM-ECD results. Electron transfer reactions 
reported by Grimsrud, Chowdhury, and Kebarle (66) 
indicate a As0 = 11 eu for the SFfi" to SF6 process, which 
clearly indicates a large geometry change upon negative 
ionization. It should also be noted that calculations by 
Drzaic and Brauman (72) more strongly support a structure 
for SFg most closely resembling an ion-molecule
association complex (SF^F) , which would also possess 
Poor Franck-Condon overlap for adiabatic photodetachment. 
This model, however, was based on an EA = 12.5 kcal/mol 
(75) which is quite low compared to results obtained 
experimentally by Kebarle and coworkers (66) and 
calculated by Hay (73).

PD Bpectra of Several Perfluoro- cycloalkanes
To date, no known reports have been made on PD from 

the negative ions of perfluorocycloalkanes. The 
compounds studied were: CgF12. (perfluorocyclohexane) ,
C_F7 14 (perfIuoromethy!cyclohexane), and . C F10 18-

(perfluorodecaliri) . APIMS experiments performed in this 
Isb indicate that the only significant ions formed under 
ECD conditions are the molecular anions. Two peaks were 
observed in the chromatogram of C1qF18, and they were 
assigned to the cis and trans isomers. The PD spectra of

i
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these compounds are shown in Figure 30. As with SFfif the 
PD cross-sections measured by the PDM-ECD for these 
compounds are quite smallf very near the detection limit 
of the technique. The uncertainty of the cross-sections 
is so great that the peaks or resonances observed in the 
spectra may not be real. For C7F14f a Xth = 387.5 nm 
leads to Efch = 73.8 kcal/molf much higher than EA = 24.4 
kcal/mol determined by Kebarle and coworkers (86) by 
electron transfer equilibria in the PHPMS experiment. 
Although the EA values for CfiF12 and CiqF18 are not 
known, it seems reasonable to speculate that they are 
similar to that of C7F14. The large differences between 
Xth determined by the PDM-ECD experiment and EA 
determined by electron transfer experiments (66) can be 
attributed again to poor Franck-Condon factors. Although 
there are no known reports of calculations for the 
perfluorocycloalkanes similar to those reported for SFfi 
(72, 73) , both C7F14- and CfiF12- were found to be 
extremely unreactive to electron transfer (66, 76).

PD of Perfluorobenzene and 
Perfluorotoluene

Both CfiFfi (perfIuorobenzene) and C7F3
(perfluorotoluene). capture electrons rapidly in the ECD 
to form negative ions. Sowada and Holroyd (77) have 
previously reported a PD spectrum for CfiFfi- in nonpolar 

This report showed relatively, large crosssolvents .
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Figure 30. PD spectra of four perfluorocarbons. The 5lM responses were quite small resulting 
in an uncertainty for the PD cross-sections of about ± 50%.
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sections in the wavelength range of 400-630 nm.

Both CgFg and C7Fg were introduced into the PDM-ECD. 
Although both compounds produced strong normal (§1 c) 
responses, only very small SlM responses were observed, 
inconsistent with the results reported by Sowada arid 
Holroyd (77). APIMS measurements done in this lab 
indicated a strong tendency for the compounds to produce 
phenoxy-type ions in the ECD, even with trace oxygen 
levels as low as I ppm. From both the PDM-ECD and APIMS 
results, it was concluded that some phenoxy-type anions 
were present in the ECD rather than the molecular anions. 
Since the identities of the ions formed in the ECD were 
not known, their PD spectra are not shown or discussed.

PDMtECD Study of Azulene

Another molecule of interest is azulene, which, like 
the previously discussed molecules, rapidly attaches 
thermal electrons to form a molecular anion. This 
electron capture process is represented by the forward 
reaction in Equation 12. Unlike the molecules previously

A + e — " . /•* A" (12)

discussed, however, azulene has a relatively low electron 
affinity, approximately 16 kcal/mole (78-80). As a 
result of this low BA, at temperatures exceeding about 
130 * C, autodetachment, the reverse reaction shown in
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Equation 12, can occur.

Autodetachment of an electron from the azulene anion 
has been previously measured and reported by Grimsrud, 
Chowdhury, and Kebarle (78) using a pulsed high pressure 
ionization mass spectrometer (PHPMS). in that
experiment, azulene, along with C7F14 (perfIuoromethyI- 
cyIcohexane), was introduced into an ion source 
containing methane, with a total source pressure of about 
4 Torr. A 2000 V pulse of electrons produced positive 
ions and electrons. These secondary electrons were 
rapidly thermalized by the 4 Torr pressure. The 
resulting -thermalized electrons were captured by azulene 
and C7F14 to form the molecular anions, with the ion 
currents monitored over time. Any autodetachment of 
electrons from azulene was measured as a decrease in its 
ion signal. An excess of C7F14 acted as an electron 
scavenger to prevent the reattachment of electrons to the 
azulene neutral. The increase in the azulene anion loss 
rate with increasing source temperature was considered to 
be due to autodetachment. . The measurement of this loss 
rate was then used to calculate kd, the autodetachment 
rate constant, and BA. The results of the PHPMS 
experiment for kd and EA will be compared to the results 
of the PDM-ECD later in this discussion.
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PD Spectra of Azulene

Upon introduction into an ECD, azulene will rapidly 
capture electrons to form a stable molecular negative 
ion, and will also undergo PD upon irradiation with 
light. PD data for azulene were obtained using the same 
technique as described for the nitroaromatics. The only 
modification was to shorten the. wide-bore capillary 
column to I meter to decrease the retention time at low 
column temperatures. These low column temperatures were 
necessary to maintain at least a 30° C temperature 
differential with the ECD, which was operated at 
temperatures as low as SO0C.

The PD spectrum of azulene at 130°C is shown" in 
Figure. 31. As with other molecular anions studied here, 
there are peaks observed in the spectrum, presumably due 
to resonance PD. There is one large peak with a maximum 
at 440 nm and several much smaller peaks at longer 
wavelengths. Below 350 nm, the PD cross-section 
increases dramatically. It is assumed that these peaks 
are due to the presence of electronic excited states 
which are accessible to the anion upon absorption of a 
photon of a particular wavelength and energy. This 
process was previously discussed in detail in the section 
on resonance PD of the nitroaromatics. As with many of 
the nitroaromatics, the UV-Vis absorption spectrum was 
measured in T-irradiated organic glass at 77 °K by Shida



109

UV-VlS

WAVELENGTH (nml

Figure 31. PD spectrum of azulene at three different
temperatures. The apparent decrease in the 
cross-section at higher temperatures is due 
to autodetachment of the electron from the 
anion. Also shown is the UV-Vis absorption 
spectrum for azulene obtained in a frozen organic glass by Shida (81).
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(81) . Data was taken from the Shida (81) paper and 
converted to the same units and scale as the PD 
measurements. The absorption spectrum for the azulene 
anion is included in Figure 31. The two spectra are 
9nite similar, including the smaller peaks observed in 
the 475-7.50 nm range. A comparison of the magnitudes of 
the cross-sections would seem to indicate that the 
quantum efficiency for the PD process is high, 
approximately 50% if differences in temperature and phase 
are ignored.

As discussed in the section on nitroaromatics, Xfch 
can be used to determine the electron affinity of a 
molecule. However, for azulene, it was not possible to 
do this with the PDM-ECD since the longest wavelength 
available was 1200 nm, where PD was still observed. From 
previously published reports, this was not unexpected. 
Grimsrud, Chowdhury, and Kebarle (78) have measured the 
gas-phase electron affinity to be 15.3 kcal/mol, with 
other researchers (79, 80) reporting similar values.
This corresponds to a wavelength of about 1800 nm, well 
beyond the range available with the Xe lamp.

Measurement of the Autodetachment 
Rate Constant of. Azulene

Figure 31 indicates that the overall shape or 
appearance of the PD spectrum for azulene changes only 
slightly with temperature, ie., at all three
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temperatures, the observed peaks are at virtually the 
same wavelengths. It does appear that for the peak at 
approximately 440 nm, there may be a slight red-shift at 
higher temperatures.

The,major difference between the three spectra shown 
in Figure 31 is the magnitude of the measured PD cross- 
sections, where a decrease in a is observed at higher 
temperatures. The apparent decrease in the PD cross- 
section is attributed to autodetachment of an electron 
from the anion, and is in qualitative agreement with 
expectations based on theory. That is, as the 
temperature increases, autodetachment, kd, will also 
increase. The increased loss mechanism for the anion 
will make PD a smaller proportion of the anion loss and 
the observed PD cross-section will decrease. It should 
also be mentioned that no PD responses were observed at 
200’C. Presumably at this temperature, kd is of 
sufficient magnitude to make PD no longer competitive, at 
least by the PDM-BCD method. PD measurements were 
obtained at temperatures as low as 50* C with only a 
slight increase in the observed PD cross-sections at 
these lower temperatures compared to 130*C.

In the Theory section, it was shown that PD of the 
negative ions present within the BCD competes with other 
loss mechanisms for the negative ions. In the pulsed- 
ECD, the primary loss mechanism is the recombination of
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negative ions and positive ions. This loss rate was 
previously discussed and considered to be 100 ± 50 s"1. 
Reaction 12 shows that autodetachment can provide another 
loss mechanism for negative ions in the BCD. When 
autodetachment occurs, PD must compete with this loss 
mechanism along with recombination, making PD a smaller 
portion of the total loss rate. As discussed previously, 
the magnitude of PD is measured by comparing the SlM and 
SlL/,c responses. The relative PD cross-section is 
calculated by : rel a = SlM/8lL/c. With the occurrence
of autodetachment along with recombination, the measured 
8lM response will be decreased. This, in turn, will 
decrease the measured relative a, or apparent PD cross- 
section, for the molecule. This is called the "apparent" 
PD cross-section since there is no reason to believe that 
the actual PD cross-section changes with temperature. 
Since the 5lM/5lL/c ratio determines the measured PD 
cross-section, a decrease in the ratio will result in a 
decrease of the apparent cross-section. The magnitude of 
this decrease should reflect the magnitude of 
autodetachment, kd. If the negative ion-positive ion 
recombination rate and the PD rate are known, then the 
autodetachment rate constant, kd, for the azulene anion 
can be determined experimentally from the decrease in 
apparent a with increasing temperature. The measurement 
of kd is also a means to determine the BA of a molecule.
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The experimental procedure consisted of measuring 

the change in the apparent PD cross-section at the 440 nm 
peak for azulene. Figure 32 shows the results of this 
experiment. The apparent cross-section is relatively 
constant over the low temperature range of 50° to about 
115°C. At higher temperatures, the measured PD response 
decreases until it is unobservable at 200°C. This would 
seem to indicate that at temperatures up to about 115°C, 
autodetachment is negligible compared to recombination 
and PD. At temperatures higher than 115°C,
autodetachment becomes increasingly larger to the point 
where, at 200°C, recombination and autodetachment 
completely overwhelm PD. These results are qualitatively 
consistent with Grimsrud, Chowdhury, and Kebarle (78) , 
where autodetachment was observed to begin at 
approximately 140°C and became extremely large by 200°C.

To ensure that the observed decrease in the PD 
response of azulene was not due to some experimental or 
instrumental phenomena, or not due to an increase in the 
recombination rate at higher temperatures, the PD cross- 
sections were also measured for both an atomic, and a 
molecular anion. Figure 33 shows the results of this 
experiment. Iodide was produced by EC from iodooctane, 
while the molecular anion of p-fluoronitrobenzene was 
produced by EC by from neutral species. Data were taken 
for iodide at 360 and 370 nm and averaged (the PD cross-
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Figure 32. The apparent PD cross-section of azulene at 
440 nm as a function of temperature. The 
decrease in relative a at higher temperatures is due to autodetachment.
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. The relative PD cross-sections for I" and 
p-fluoronitrobenzene anion as a function 
of temperature. For I , measurements for <j 
were obtained at 360 and 370 nm and averaged. 
For p-fluoronitrobenzene, O was obtained at 525 nm, the long wavelength peak in its spectrum (see Figure 19F).

Figure 33
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section for I in this region is flat, see Figure I), and 
for p-fluoronitrobenzene at A = 525 nm (the longer 
wavelength peak in its spectrum, see Figure 19F) . From 
îcrure 33, it is clear that the relative PD cross- 
sections for both of the anions shown remain constant 
over the temperature range IOO0C to about 185°C. . It is 
expected that the values remain constant since the EA of 
both of these anions is relatively large, exceeding I eV 
(1240 nm) in each case, and therefore autodetachment 
should not occur. The fact that they remain constant 
over the temperature range of 100-185°C seems to indicate 
that there are no systematic or instrumental phenomena 
causing the decrease in the apparent a . observed for 
azulene.

A determination of kd cannot be taken directly from 
Figure 32 but requires more extensive manipulation of the 
data. This involves the use of a computer model which 
simulates the experiment and predicts the magnitudes of 
the measurable responses. A discussion of the computer 
program is found in Appendix A, along with a flow chart 
and listing of the program. The program is designed to 
simulate all of the reactions and processes occurring in 
a pulsed-ECD and predict responses based on these 
processes. The program was written by Dr. Eric Grimsrud 
and is run on an Apple lie personal computer.
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The calculations and predictions in the program are 

based upon Equations 13 and 14 (81) which describe the

dne/dt 
dn /dt

S/V - Ren+ne - kanAne + k^nA_ + k„nA_
k eAn An e " R -n +n A- " k Hv11A- " k d*A-

(13)
(14)

important production and loss mechanisms for electrons 
and analyte anions within a pulsed-ECD. in these 
equations, S represents the positive ion-electron 
production rate of the 63Ni source, V is the volume of 
the cell, RQn+ is the positive ion-electron recombination 
rate coefficient, R_n+ is the positive ion-negative ion
recombination rate coefficient, ka is the electron
attachment (EC) rate coefficient, kd is the
autodetachment rate coefficient, and k,' hv is the PD rate
coefficient.

This program can be used to predict the effect on
the measured responses produced by increases in
autodetachment. Any increase in kd will .create a
corresponding decrease in the calculated Sl11Z^1LZc ratio, 
indicating a decrease in the apparent PD cross-section. 
These simulations have been done with kd values ranging 
from 0 to 1000 s-1. The program showed that the relative 
PD response, or apparent cross-section, depends only upon 
three factors. These are the negative ion-positive ion 
recombination rate, the PD rate, and the autodetachment 
rate. The apparent cross-section is dependent upon these



118
factors in the manner shown in Figure 34. The apparent Cf 
was not dependent upon ka,' Sr RQn+, or ECD pulsing 
frequency.

From the predicted curve shown in Figure 34, values 
for kd can be obtained for the experimental results shown 
in Figure 32. To do this, the apparent <j values in 
Figure 32 were converted to a percent.of the maximum, or 
low temperature, Cf. By using the curve in Figure 34/ the 
corresponding ratio from the x-axis was obtained for each 
apparent cross-section. From this ratio, kd could be
calculated from Equation 15, where Ratio is the ratio 
obtained from the curve in Figure 34 (the other terms 
have been defined previously). Since the relative

kd = (R_n+ + khv) (Ratio - I) (15)

cross-section for azulene remains constant from 50-115° 
C, as shown in Figure 32, it will be assumed that kd=0 
over this temperature range. A value of khv = 10 s" was 
used in the calculations and will be used for the 
remainder of the discussion since this value provides a . 
predicted 5lM/8lL/c ratio (with kd = 0) most similar to 
the low temperature (100 °C) 5lM/5lL/c ratio observed 
experimentally.

The results of the kd determinations are shown in 
Figure 35. As expected, for temperatures above 115°C, 
the value for kd increases rapidly. Also shown in Figure
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Figure 34. Computer predictions of relative a as a
function of kd, where R n  ̂= 100 sec-1 and 
khv = 10 s-1. The curve shown was found 
to be independent of all other parameters.
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Figure 35. Autodetachment rate coefficient, kd,
for azulene as a function of temperature, determined with the PDM-ECD (circles). kd 
values were obtained by combining the data 
from Figures 32 and 34. Also shown (line) 
are the values determined by Grimsrud, 
Chowdhury, and Kebarle (78).
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35 are the results reported by Grimsrud7 Chowdhury7 and 
Kebarle (78), The same qualitative trend is evident in 
both data sets, but the PHPMS results are generally 
greater by about a factor of three. The differences 
could possibly be real and due to the two orders of 
magnitude difference in pressure between the two 
experiments7 or possibly some systematic error in one of 
the experimental techniques.

Figure 36 shows Arrhenius plots of the kd data 
obtained by the PDM-BCD method. From the slope of the 
lines, the experimentally determined BA can be calculated 
by Equation 16. For the left-hand plot, this provides

BA = - (slope)RT (16)

BA = 21.5 kcal/mole, while for the right-hand plot, BA = 
22.8 kcal/mole. Grimsrud, Chowdhury, and Kebarle (78) 
report electron affinities of 14.5 kcal/mole and 15.7 
kcal/mole, respectively, from analogous Arrhenius plots. 
A comparison of the BA results reported here to the PHPMS 
results is consistent with the differences in the kd 
determinations discussed previously. The PHPMS 
experimental kd values had a greater temperature 
dependence than the PDM-iECD results, which leads to the 
lower calculated values of BA for azulene. Again, it is 
not clear if the differences are real and due to the 
different pressures, or if some systematic experimental
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error is producing these differences.

Measurement of the Electron 
Attachment Rate Constant 
of Azulene

Another interesting aspect of the study of azulene 
was to attempt to measure experimentally any temperature 
dependence of the forward rate constant, •kQ.
Christophorou (83, 84) has previously reported that for
azulene, ka = 4 x IO"8 cm3 particle"1 s"1, > and is 
essentially independent of temperature. As stated 
earlier, the computer model has shown that the PDM-ECD 
determination of kd is independent of kQ.

In order to determine any possible temperature 
dependencies of k̂ , it was necessary to know the molar 
response in the ECD of azulene, along with kd, over the 
temperature range of interest. This data was obtained 
with the light off, i. e., no PD occurred. The molar 
response was determined from the peak area and the 
injection size. Peak areas were calculated by
multiplying the measured peak height by the measured peak 
width at one-half the peak height (85) . From this the 
molar response was calculated using Equation 17, where MR 
is the molar response, PW is the peak width at half
height, PH is peak height, and Q is the quantity of

MR = (PW x PH) /Q (17)

sample injected. For ease of calculation, a constant
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sample size was used in this experiment, so the response 
was determined simply by multiplying peak height times 
peak width at half-height. The resulting peak area
represents the relative response. The results of this
experiment are shown in Figure 37. The response remains 
relatively constant up to about 125°C where a continual 
decrease in response is observed with increasing
temperature; Since there was some scatter of the low 
temperature (100-125°C) data points, an average of the 
six relative responses measured in this temperature 
region will be used as the maximum response.

To determine ka at different temperatures, a normal 
ECD response was first calculated by the computer for a 
given sample size and ka = 4 x IO-8 cm3 particle-1 s-1, 
as provided by Christophorou (83, 84) . In this initial
step, both kĥ  and kd were set to zero. In subsequent 
computer runs, the "temperature" was increased by 
adjusting kd to the experimentally determined value. The 
sample size remained constant and khv was always left at 
a value of zero. An increase in kd created a decrease in 
the predicted 5lN (light off) response, as expected. The 
goal was then to adjust the value for ka so as to produce 
in the computer simulation the.same percent decrease in 
the normal response as was observed experimentally. 
Again, "temperature” changes were made in the computer 
simulation by changing kd to the values experimentally
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Figure 37. Relative normal (5lN) ECD response to a 
constant 2 |lg injection of azulene as a 
function of ECD temperature.
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derived and obtained from Figure 35.

The results are shown in Figure 38. Using the 
initial value of ka = 4 x IO"8 cm3 particle"1 s"1
provided by Christophorou (83, 84), it does appear that
ka increases somewhat at higher temperatures. Whether k 
increases by a factor of approximately 2, as indicated in 
Figure 38, is uncertain, due to the complexities of the 
reactions involved.

In concluding this section on azulene, it is clear 
that the PDM-ECD can be useful in the study of 
aut©detachment of electrons from molecular anions. The 
experiment did show a rapid increase in kd with 
increasing temperature, a result expected based on the 
earlier report by Grimsrud, Chowdhury, and Kebarle (78) . 
Although the PHPMS results and those obtained with the 
PDM-ECD differ by approximately a factor of three, they 
are in good qualitative agreement, and further studies 
may reveal the source of the differences. It has also 
been shown that the PDM-ECD has potential for the study 
of other kinetic phenomena, such as electron attachment
rates.
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Figure 38. Determinations of the electron attachment
rate constant, ka, for azulene as a function 
of temperature. The k values were 
determined by using the experimentally 
determined kd values and altering the k 
value in the computer simulation program to 
match the predicted relative 5 l response to 
that found experimentally and shown in Figure 37.
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PDM-ECD Study of the Electron Capture Chemistry of CBrCl—  ■ 3

Previous Studies
In 1979, Grimsrud and Kim (86) reported a study of 

the stoichiometry of the reaction of thermalized 
electrons with CBrCl3 in nitrogen at one atmosphere 
pressure using an atmospheric pressure ionization mass 
spectrometer (APIMS). Over a range of experimental
conditions, which included ion source temperatures from
150 to 300*C, it was shown that Reaction 18a/b alone

^ 7  Br" + CCl3 (18a)
e + CBrCl3

<  =, . CBrCl2 (18b)

was important in determining the total electron capture 
(EC) chemistry of this molecule during its ventilation 
through the ion source. The branching ratio of Reaction 
18a/b was found to be about 4 to I producing about 80% 
Br- and 20% Cl" over the entire temperature range studied 
and was invariant with changes in buffer gas flow rate 
and sample concentration. The predominant neutral formed 
in Reaction 18, CCl3, did not appear to undergo electron 
capture, as shown in Reaction 19, under the variety of 
conditions used in that study. Also, there was _ no

e + CCl3 ------ > Cl" + CCl2 (19)

evidence of electron capture by CBrCl2 . in that study.
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From these observations it was concluded that only one 
electron "would, be consumed for each CBrCl3 molecule 
passed through an ion source of high electron density.

Recently, Adams, Smith, and Herd (87) have described 
additional measurements of the EC chemistry of CBrCl3 and 
the free radicals, CCl3 and CBrCl2, which were made by 
the flowing afterglow/Langmuir probe (FALP) technique in 
a bath gas of I Torr helium at 27 ° C. Their results and 
conclusions differed substantially from those of the 
atmospheric pressure study described above. Adams, 
Smith, and Herd (87) found the branching ratio for 
Reaction 18a/b to be much lower, producing only 45% Br- 
and 55% Cl-. They also found Reaction 19 to proceed with 
a very large rate coefficient, 2.4 x IO-7 cm3 s-1 and 
that the radical, CBrCl2, undergoes EC with a rate 
coefficient of about I x IO-7 cm3 s-1. Since further^)EC 
reactions by CCl2 would be endothermic and therefore 
cannot occur, Adams, Smith, and Herd (87) concluded that 
two electrons are consumed for every molecule of CBrCl3 
introduced to an ion source of high electron density.

In the section concerning PD of the halide ions, it 
was shown that the PDM-ECD can be used to detect I", Br", 
and Cl- selectively. By utilizing its specificity to 
Br , the PDM-ECD should be quite suited to the study of 
the EC branching ratio for CBrCl3 and also monitoring any 
secondary EC reactions. Along with the PDM-ECD data.
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complementary APIMS results will be used as supportive 
evidence for describing the EC chemistry of CBrCl3. It 
was hoped that data from both of these techniques could 
be used to understand the basis of the two important 
differences reported in the two studies described above- 
those concerning the branching ratio of Reaction 18a/b 
and the EC reactivity of the radicals, CCl3 and CBrCl2.

APIMS Measurements
The APIMS work was done by Mr. Douglas Zook in this 

lab. The experimental procedure used in obtaining the 
APIMS data has been described previously (86) , and will 
not be addressed in detail here. The APIMS ion Source is 
equipped with a 63Ni beta emitter producing conditions 
virtually identical to those in the BCD. A mixture of 
argon - 10% methane is passed through the source at a
flow rate of about 60 cm3 min-1. This gas stream also 
serves as the carrier gas of a gas chromatograph (GC) by 
which the samples are introduced to the APIMS. About 10 
cm3 min-1 of the detector gas passes through a 50 |hn 
aperture leading to the vacuum envelope of a quadrupole 
mass filter. For all APIMS reported in this study, the 
quantities of CBrCl3 injected into the GC were . always 
relatively large, 0.01 to I pg per injection, so that the 
concentration of CBrCl3 in the ion source is certain to 
be in great excess of electron density. All samples were 
prepared by the successive dilution of the pure compounds
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into gaseous nitrogen. Ten microliter aliquots of these 
gaseous mixtures were introduced to the injection port of 
the GC by a gas-tight syringe. The intensity of the 
35Cl and 79Br ions were continuously monitored by a 
quadrupole mass filter during the passage of CBrCl 
through the ion source.

In determining the relative abundances of Br" and 
Cl in the ion source by these measurements, it is 
necessary to make corrections for any bias of the method 
described above for Br" versus Cl" detection. This 
correction factor was determined and utilized in all of 
the data processing.

With the APIMS, measurements of the electron capture 
negative ion products for CBrCl3 are readily obtained 
under conditions in which the concentration of CBrCl3 is 
in large excess of the electron concentration. These 
measurements are shown (circles) in Figure 39 over a 
temperature range, of 50 to 2500C. The abundance ratio of 
Br" to Cl" measured under these conditions by APIMS is 
close to 4 to I (80% Br", 20% Cl") at all temperatures. 
Also shown in Figure 39 (squares) are two measurements, 
one at ISO0C and one at 250°C, taken from the earlier 
APIMS study (85) under identical experimental conditions.

When the concentration of CBrCl3 is held in large 
excess over electron density, the steady-state 
concentrations of the radicals, CCl3 and CBrCl2, will be



132

o 40-

100 200 
T e m p e r a tu r e  ( 0C)

Figure 39. The relative abundance of Br" produced by
atmospheric pressure EC reactions of CBrCl3 
observed over a wide range of temperatures3 by two methods using different reaction 
conditions. APIMS measurements from the 
present study (circles) and from reference 86 
(squares) were obtained under conditions 
where the concentration of CBrCl3 was 
maintained at a very high level relative to 
electron density. PDM-ECD measurements (X's) 
were made with much smaller concentrations of 
CBrCl3 so that electron density was held relatively high. For these PDM-ECD 
measurements the detector gas flow rate was 
30 cm3 min-1 and the ECD pulse period was 
0.6 ms.
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very small relative to the concentration of CBrCl3 and 
Reaction 18 should then be the dominant EC reaction 
leading to negative ions. Therefore, the APIMS
measurements shown in Figure 39 should directly indicate 
the branching ratio of Reaction 18a/b. . From these 
measurements, it is concluded that the 18a/b branching 
ratio is about 4 to I and produces approximately 80% Br" 
and 20% Cl" over the entire temperature range of 50 to 
250'C at atmospheric pressure, showing no tendency 
towards decreasing at the lower temperatures. Therefore, 
the significant difference in the Reaction 18a/b 1;
branching ratio between the APIMS" determinations and 
those of Adams, Smith, and Herd (87), who observed 45%
Br" and 55% Cl". in one Torr He at 27°C, appear to be due 
to the differences in pressure used in the two studies, 
and not to differences in temperature..

,'PDM-ECD Measurements
-  ■■ ' . - '  ii

For the PDM-ECD measurements, a gaseous mixture
' - . icontaining small quantities of CCl4, CH2Br3, and CBrCl3 |

(about I ng each per analysis) was introduced by a gas !Ichromatograph, and the §IL/C and 5lM responses were i
simultaneously monitored as described earlier. By !■ ’ I
utilizing light of 365 nm, a 5lM response is observed for

■ , . ■ jcompounds which generate Br" upon electron capture > but-; \ I
;!none is observed for production of Cl". (I" will also

produce a SlM response, but I" is not a possible EC
' I
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product of CBrCl3 and therefore will be ignored for the 
rest of this section.) The ratio of responses, 5lM/5lL/c 
= Rf for a given compound is therefore indicative of the 
identity of the negative ions formed upon EC. For CCl4, 
which forms only Cl" upon EC, no Slj1 response will be 
observed, and R(CCl4) = 0.000. For CH3Br3, which forms 
only Br upon EC, R(CH3Br3) will have a definite value 
under a given set of conditions. (The 8lM/8lL/c response 
ratio is different under different conditions, such as 
pulse period.) The relative amount of Br" produced in 
electron capture by CBrCl3 under a given set of 
conditions is then provided by Equation 20. The
remaining percentage of ions, is equal to %C1". The

%Br™ (CBrCl3) = [ R(CBrCl3) / R(CH3Br3) ] x 100 (20)

absolute uncertainty of these individual %Br"
measurements is estimated to be about ±7%.

Low Temperature Measurements
The PDM-ECD provides a means of observing the 

atmospheric pressure electron capture chemistry of CBrCl3 
under conditions in which the concentration of CBrCl3 is 
not in excess of electron density. Under these 
conditions, EC by the radical species, CCl3 and CBrCl3, 
will be given sufficient time to occur if their rate 
coefficients are as fast as reported by Adams, Smith, and 
Herd (87), and if the radicals are not destroyed by other
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competitive processes. A condition of continuously high 
electron density is assured by limiting the CBrCl3 sample 
sizes to ones which cause only minor losses of the total 
electron current measured by the ECD. PDM-ECD
measurements over the temperature range 32 to 200'C are 
shown (X's) in Figure 39. The relative Br-/Cl~ 
abundances determined by the PDM-ECD at temperatures 
exceeding 150 0C are similar to those which were 
determined by APIMS. With temperatures lower than 150°, 
however, differences in the PDM-ECD and APIMS
measurements are clearly indicated. These differences 
increase continuously at lower temperatures until
relative abundances of about 37% Br" and 63% Cl" are 
observed by the PDM-ECD in the temperature range 30 to 
50 °C.

The most apparent explanation for the low
temperature results is that the neutral products formed 
in Reaction 18a/b do, indeed, undergo fast electron 
capture at the low temperatures and thereby produce an 
increased relative abundance of Cl". Therefore, these 
low temperature results are consistent with the findings 
of Adams, Smith, and Herd (87), who reported a very high 
EC rate coefficient for CCl3 at 27 °C.

Also, the very low %Br~ shown at the lowest 
temperatures in Figure 39 suggests that Reaction 21 is 
important and that this reaction proceeds primarily by
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e +
+ CCl2 

+ . CBrCl

(21a)

(21b)

pathway 21b rather than 21a. If the branching ratio of 
Reaction 18a/b is about 4 to I, as was indicated by the 
APIMS experiments, and if all of the CClg and CBrCl2 
produced by Reaction 18 undergo electron capture by 
Reactions 19 and 21b to produce additional Cl", the 
fraction of Br" produced could be as low as 40%. 
Considering the ±7% uncertainty level of the individual 
%Br" measurements by the PDM-ECD method, this view is 
most consistent with the low temperature PDM-ECD data. 
Additional support for the suggestion that pathway 21b is 
dominant over 21a is provided by the report of Adams, 
Smith, and Herd (87), who also noted that their 
measurements were most consistent with a Reaction 21 in 
which the production of Cl" was favored over that of Br".

Additional measurements by the PDM-ECD at SO0C are 
shown in Figure 40. In these experiments, both the
detector gas flow rate and the frequency of ECD pulsing 
were varied in order to alter the residence time of 
material in the ECD and the average electron density, 
respectively (41, 88). For each of the two flow rates
shown in Figure 40, a first-order rate constant for
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Figure 40. Relative abundance of Br" produced byelectron capture of CBrCl3 at 50 * C observed 
by the PDM-ECD. Detector gas flow rates of 
115 cm3 min"1 (circles) and 16 cm3 min"1 
(squares) have been used and each data set is 
assigned a rate coefficient for ventilation, 
kv = flow rate / ECD volume. For each ECD 
pulse period used, the average electron 
density, n#, is shown on the upper x axis.
The pseudo-first-order rate constant, k n#, 
for EC by CCl is also indicated by the lower 
x-axis where fc = 2.4 x IO"7 cm3 s"1 (from 
reference 87) has been used. The two curves 
shown are predictions of %Br~ based on the 
coefficients for k10, k^g, and k21 given in 
reference 87 and assuming the branching 
ratios for Reactions 18a/b and 21a/b are 4 to 
I and 0 to I, respectively.
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ventilation,. kv, of material through the cell is 
indicated, where kv = F/V (flow rate/ECD volume). The 
inverse of pulsing frequency, pulse period = T , is 
plotted on the lower x-axis. From the ECD standing 
current, IQ, measured at each T̂ , the average electron 
density, nQ, existing within the cell at each Tp has been 
calculated from nQ « 0.5IeTp/V (88) and has been plotted 
on the upper x-axis in Figure 40. The product of nQ and 
the second-order rate constant, kig, for Reaction 19 
provides a conditional pseudo-first-order rate 
coefficient expected for the loss of CCl3 by electron 
capture. This product, kigne, is also indicated on the 
x-axis of Figure 40 where the value for kig at 27 °C 
reported by Adams, Smith, and Herd (87), kig = 2.4 x IO"7 
cm3 s-1, has been used (the values listed on this axis 
coincidentally turned out to express both T and k n in. P 19 e
the units shown) . A comparison of kv with k19ne for a 
given measurement of %Br~ is useful in assessing the 
expected importance of Reaction 19.

The data in Figure 40 reveal that with the low flow 
rate, the relative abundance of Br" is low, about 36% to 
44%. For this flow rate, the ventilation rate constant, 
kv = 0.14 s"1, is similar to or less than the pseudo- 
first-order rate constants for electron attachment to 
CCl3. Therefore, at this flow rate Reaction 19 is 
expected to be important and %Br~ should be significantly
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lower than the 80% level expected from Reaction 18, 
alone. At the fast flow rate in Figure 40, %Br" is 
significantly increased. This is consistent with the 
expectation that kignQ is then less than kv at this flow 
rate and that Reaction 19 should then have a smaller 
effect on the net ion abundance ratio. As the frequency 
of pulsing is made very fast, nQ becomes very small so 
that Reaction 18, alone, is expected to be important at 
the fast flow rate. The measurement at Tp = 0.1 ms, for 
which %Br“ = 77% is observed, is consistent with this 
expectation.

The lines shown in Figure 40 were determined from 
calculations of predicted behavior using the electron 
capture rate coefficients for Reactions 18, 19, and 21
determined by Adams, Smith, and Herd (87) at 27°C (k18 = 
8.2 x IO'8, k19 = 2.4 x IO'7, and k21 = 1.0 x IO"7 cm3 
s'1) and by assuming branching ratios of 4 to I for 
Reaction 18a/b and 0 to I for Reaction 21a/b. These 
calculations assume that the ECD is well-mixed with 
respect to the concentrations of all neutral species and 
that steady-state approximations can be applied. The 
predictions of this model are in very good agreement with 
the data obtained at the fast detector gas flow rate and 
are in acceptable agreement with the data obtained at the
low flow rate.
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High Temperature Measurements

In Figure 39, the PDM-ECD measurements indicated an 
increased %Br at higher temperatures so that with 
temperatures of 150'C and greater, %Br" approached the 
limiting value of about 80%. Additional measurements at 
ISO'C have also been made using the wide range of carrier 
gas flow rates and ECD pulsing frequencies which were 
previously shown in Figure 40. At 150', no significant 
variations in the measured relative abundance of Br- were 
observed with these changes in flow rate and pulse 
frequency. All measurements of %Br~ fell within the 
range, 70 to 80%. In view of the discussions above of the 
APIMS and the low temperature PDM-ECD measurements, it 
appears as though only Reaction '18 is operative or 
important in the high temperature ECD. It will be 
recalled that this was also the conclusion drawn in the 
earlier study of CBrCl3 by APIMS in which ion source 
temperatures of 150 to 300'C were used (86).

For the high temperature results, two potential 
explanations have been considered. One is that the EC 
rate constant for CCl3 decreases sharply with increased 
temperature over the range from 50 to 150'C. Since there 
is little precedence for inverse temperature effects on 
gas phase electron capture reactions (89), this 
possibility is not considered likely and is presently not 
favored. Another possibility is that the radical



141
species f CCl3 and CBrCl2, tend to be destroyed upon 
contact with the ion source walls and that the 
efficiency, x, of this reaction increases with increased 
temperature. The first-order rate coefficient for the 
destruction of a gaseous species on the ion source wall 
will be given by Equation 22, where D is the diffusion

kw = xD/A2 (22)

coefficient and A is the "characteristic length" of the 
reaction volume. It is reasonable to expect that both x 
and D will increase with increased temperature. For the 

■< favorable case where x = 1.0 (a reaction occurs with 
every wall collision) and D = 0.1 cm2 s"1 (a reasonable 
estimate for molecules in argon at I atm pressure and 
200°C (90), and A = 0.2 cm (a reasonable estimate for a 
short cylindrical cell of about 1.0 cm in diameter [91]), 
kw would be equal to about 2.5 s-1. This loss
coefficient is significantly larger than the largest of 
the first-order loss coefficients for Reaction 19 listed 
oh the x-axis of Figure 40. Therefore, if this wall 
reaction is operative with high efficiency, it would 
consume most of the CCl3 and GBrCl2 produced by Reaction 
18 before these radicals could undergo electron capture 
to form additional Cl". The ion ratios then observed 
would be determined mainly by Reaction 18 and would be 
expected to be close to 80% Br" and 20% Cl" under all
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high, temperature conditions of the atmospheric pressure 
ion source.

The explanation involving a wall reaction is also 
consistent with the variation of the normal ECD responses 
for CCl4 and CBrCl37 shown in Figure 41. The normal 
responses for both compounds are relatively constant 
above IOOeC7 but below IOOeC7 responses to both compounds 
increase significantly. The normal response for CCl4 
increases by about a factor of 27 while that for CBrCl3 
by about a factor, of 3. If a secondary EC process such 
as Reaction 19 for CCl3 is operative at lower 
temperatures and is fast, the reaction becomes 
stoichiometric and two electrons are consumed for each 
analyte molecule introduced into the ion source. It is 
then conceivable for the normal response to approximately 
double. This is a satisfactory explanation for CCl47 but 
does not adequately explain the response to CBrCl3.

Since Adams7 Smith7 and Herd (87) report a branching 
ratio of approximately I to I at 27 eC in one Torr 
helium, it appears that the branching ratio is dependent 
on the pressure and possibly the nature of the buffer gas 
in which the EC reaction occurs. It is interesting to 
consider why this branching ratio might be dependent upon 
pressure. If the lifetime of the intermediate species, 
CBrCl3"*, shown in Reaction 23 is approximately equal to 
the time of a molecular vibration, or about IO"13
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TEMP (0C)

Figure 41. Normal (Si ) BCD responses to a repeated 
analysis of a sample containing CCl 
(triangles), CH Br2 (squares) , and CBrCl3 
(circles) as a function of temperature. The 
increase in the responses to CCl4 and CBrCl3 
are attributed to secondary EC reactions 
which occur at low source temperatures.
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CBrCl_ + e --- CBrCl,'«3 3

CCl3 + Br" (23a)

CBrCl2 +. Cl' (23b)

seconds, its branching ratio would not depend on buffer 
gas pressure. If, however, its lifetime is much longer 
than that, it is then conceivable that the excess 
internal energy associated with the first EC step in 
Reaction 23 could be at least partially removed through 
collisions with the buffer gas molecules prior to its 
dissociation through either pathway 23a or 23b. At 
atmospheric pressure an ion will collide with buffer gas 
molecules about IO10 times per second. Since pathway 23a 
is energetically favored over 23b by about 14 kcal/mol 
(86) , the 23a/b branching ratio would be expected to be 
increased by the removal of internal energy from the 
intermediate molecular anion. Therefore, if the lifetime 
of CBrCl3"* is as long as IO"10 second, an increased 
branching ratio for Reaction 23a/b at atmospheric 
pressure could be explained by this mechanism. Under the 
condition of I Torr He, used in the study of Adams, 
Smith, and Herd (87), ions will collide with the buffer 
gas molecules with a frequency of only about IO7 per 
second and the removal of internal energy from the 
intermediate molecular anion in Reaction 23 is much less 
likely. Also, it is known that helium is much less 
effective than argon and methane for the removal of



145
effective than argon and methane for the removal of 
excess energy from vibrationally and rotationally excited 
ions (92) .

Application to Gas Phase Coulometry
Along with the recent report by Adams, Smith, and 

Herd (87), this study provides new insight into a 
specific application of the ECD for analysis, called 
"gas phase coulometry" (GPC) . In GPC, quantitative, 
analyses are attempted through the direct measurement of 
the number of electrons lost in the ECD's response to a 
given compound (41, 93-96). This method requires
detailed knowledge of the overall mechanisms and 
stoichiometries of the EC reactions involved. it is now 
clear that the overall stoichiometries of the reactions 
between electrons and simple halpgenated methanes, such 
as CBrClg and CCl4, are more complex than previously 
known and may be subject to the occurrence of wall 
reactions. For the two compounds just mentioned, the 
overall stoichiometries would now be expected to vary 
between 1.0 and 2.0, depending on the choices of 
temperature, flow rate, cell volume, beta source 
activity, pulse frequency, and possibly wall composition. 
There is no apparent reason^ however, why these 
complicating factors cannot be manipulated and controlled 
so that quantitative accuracy can be achieved in GPC.
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Ion Location Experiment

There have been several reported studies (11-14) 
which have attempted to describe a physical model of the 
ECD and it's processes. Gobby, Grimsrud, and Warden (25) 
have described a model in which space-charge dynamics 
play a crucial role within the ECD. Along with several 
other important features, this model predicts that the 
thermal electrons produced within the ECD between pulses, 
and therefore the . negative ions produced by EC, are 
concentrated in a localized zone in which charge 
neutrality exists (plasma). The size of this plasma 
increases with time between pulses.

For the recessed co-axial geometry of the ECD used 
in the PDM-ECD study, the model predicts that at fast 
pulsing, the analyte anions will be concentrated along 
the central axis within the cylindrical ionization 
volume. As the pulse period is increased, the ion 
population will become less concentrated centrally and 
eventually expand to include the entire ECD volume. By 
taking advantage of the large PD cross-section of I", and 
by employing a narrow beam of light, it was thought 
possible to determine the location of the negative ions 
within the ECD.

The collimating device used to produce the narrow 
beam of light consisted of an aluminum plate with a 1/16
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inch "pin-hole" and a plano-convex lens with a focal 
length of 2.75 inches. Unfortunately, due to the coarse 
nature of the image produced by the arc lamp, the beam of 
light created by the collimator was not small; for 
practical purposes, it had a diameter roughly one-fourth 
that of the ECD cavity. The full, chopped emission of 
the Hg/Xe lamp was used, and during successive injections 
of CHgI, the light beam was aimed at five different 
locations within the ECD. Five different pulse periods 
were also used, ranging from 100 ^s to 3000 |ls. At each 
pulse.period, identical injections were made for each of 
the five light beam locations, providing a total of 25 
measurements. The magnitude of the PD response was 
interpreted as indicative of the relative population of 
ions in a particular region of the ECD.

The results are shown in Figure 42. The numbers are 
relative PD responses indicating the ion population at a 
given location. The largest ion population measured in 
the experiment was in the center of the cell at fast 
pulsing (100 (is pulse period) . At this pulsing 
frequency, there appear to be no other regions with more 
than a small population of ions, with only the top 
location of the ECD showing a measurable number. At the 
longer pulse periods, the ions seem to be more dispersed 
throughout the cell, with all but one of the locations 
within the ECD having measurable populations of ions at
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Figure 42. Relative PD responses to iodide with the 

light focused into the region of the ECD 
represented by the circles. The full, 
chopped emission of a Hg/Xe lamp was used. 
The numbers reflect the relative abundance 
of negative ions at the various locations 
in the ECD at the indicated pulse periods, 
and demonstrate that at fast pulsing 
(100 |ls) , the ions are concentrated in the 
center of the cell, but at slow pulsing 
(3000 (is) , the ions are more dispersed.
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3000 |Lls. It is not known why this one region does not 
seem to contain any ions. These results are in good 
qualitative agreement with predictions based on the model 
described by Gobby, Grimsrud, and Warden (25). However, 
due to the crude nature of the light beam, and the large 
attenuation of the light intensity due to the inefficient 
optics, it would appear difficult or impossible to derive 
precise quantitative conclusions from the experiment. 
The experiment could presumably be improved by utilizing 
the superior focusing properties of laser light and using 
an ion with a larger PD cross-section.
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. SUMMARY

In this study, a new mode of the pulsed BCD has been 
developed in which light is used to induce electron 
photodetachment from negative ions formed by electron 
capture. The PDM-ECD has been shown to provide strong 
responses to halogenated hydrocarbons which produce 
halide ions upon electron capture. With a monochromator, 
the PDM-ECD can be made into an iodide-specific or 
iodide- and bromide-specific detector that does not 
respond to chlorides. It is concluded that the PDM-ECD 
has considerable potential for improving the 
applicability of the ECD to trace analysis due to several 
factors demonstrated here: (I) a powerful element of 
response specificity is added to the considerable 
specificity already provided by the electron capture 
process; (2) any one of several types of PD-caused 
specificity can be selected by choice of light used; (3) 
for favorable systems, the achievable detection limits 
can be competitive with other methods available for trace 
organic analysis; (4) a normal ECD chromatogram can be 
simultaneously obtained with a specific-mode 
chromatogram; (5) the ratio of the two responses 
simultaneously recorded contains information concerning 
the identity of the analyte; (6) the processes



responsible for the PDM-ECD responses are relatively well 
understood, and a good correlation between predicted and 
observed response magnitudes can be expected.

The usefulness of the PDM-ECD method for measuring 
the electron photodetachment spectra of polyatomic 
negative ions has also been demonstrated. Several 
significant advantages have been demonstrated with the 
use of the PDM-ECD for PD measurements. Stable molecular 
radical anions can be easily generated by resonance EC. 
The internal energy of the ions being studied is under 
good experimental control since they are in thermal 
equilibrium with the buffer gas. Absolute PD cross- 
sections are readily determined with the PDM-ECD. 
Although the PD spectra were obtained with a low 
resolution light system, the PDM-ECD should be equally 
applicable to the measurement of high resolution PD 
studies with lasers. The most apparent disadvantage of 
the PDM-ECD is that the identity of the molecular ions 
are not indicated by the instrument and must be 
determined by other means. For. this study, this 
complementary information was provided by an atmospheric 
pressure ionization mass spectrometer.

Both the Direct PD and Resonance PD mechanisms have 
been shown to be operative in the PD spectra of the 
molecular ions and were compared with known adiabatic 
electron affinities of the molecules. This comparison of

151
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spectroscopic and thermodynamic measurements was 
consistent with a simple model of Direct PD for the 
nitroaromatic hydrocarbons and quinones in which the 
structures of some of the anions were, envisioned to be 
different and more constrained than those pf the 
molecules.

A comparison of the gas phase PD spectra measured 
here at 200'C with UV-Vis absorption spectra of several 
of the nitroaromatic anions previously measured in frozen 
glassy matrices at V VK indicate that Resonance PD is 
operative and efficient for many of the nitroaromatic 
anions. This has also been demonstrated for azulene and 
the quinones. Since the peaks and resonances observed 
are initiated by electronic transitions of the molecular 
anions, the PD spectra provide a wealth of information 
concerning the molecular orbitals of the numerous 
molecular anions studied here. The resonance PD 
mechanism accounts for the very, high PD cross-sections 
which were observed. It was concluded that the 
structural differences between the molecule and the anion 
have a strong influence on the facility of the Resonance 
PD mechanism and significantly decrease the magnitude of 
the cross-section at peak maxima whenever poor Franck- 
Condon factors are suspected. This was especially 
thought to be true for SF6 and the perfluorohydrocarbons 
where very small cross-sections were observed.
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The PDM-ECD was also shown to be useful in the study 

of some types of gas-phase kinetics. By measuring the 
decrease of the apparent PD cross-section with increasing 
temperature, it was possible to determine an electron 
auto detachment rate for azulene. The results show that 
at temperatures below about 125°C, autodetachment of an 
electron from the azulene negative ion is insignificant. 
However, as the temperature is increased, the
autodetachment rate increases, decreasing the normal ECD 
and PD responses to azulene. At 200'C/ no PD for azulene 
is observed. The experimental results were shown to be 
in.good qualitative agreement with a previous study.

The results of the PDM-ECD and APIMS study of the EC
chemistry of CBrCl3 have shown that, in atmospheric
pressure buffer gas, the branching ratio of Reaction
18a/b, the EC process for CBrCl3 is about 4 to I,
producing about 80% Br- and 20% Cl", and is relatively
insensitive to changes in temperature over the range 30
to 250°C. The results have also shown that at ambient
temperatures and atmospheric pressure, the radicals CCl3
and CBrCl2 react rapidly with thermalized electrons.
This result is in good agreement with the recent report
by Adams, Smith, and Herd (87) who reported kig = 2.4 x
IO-7 and k„. = I x  IO-7 cm3 s-1 at 27 0C. As in the 21
previous APIMS study (86), however, the PDM-ECD 
measurements reported here again indicate no evidence of
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electron capture by CCl3 and CBrCl2 at high ion source 
temperatures. Since it is now known that these radicals 
do attach electrons rapidly at low temperatures, their EC 
rate coefficients are also expected to be very high at 
high temperatures. It is concluded, therefore, that CCl3 
and CBrCl2 are being removed from the high temperature 
ion sources by a competitive process which is even faster 
than their reactions with electrons. It is suggested 
that this process is a wall reaction which destroys the 
radicals to form species which do not undergo EC.
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APPENDIX A
COMPUTER SIMULATION PROGRAM
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This computer program is designed to simulate all of 

the reactions and processes occurring in a pulsed-ECD and 
predict responses based on these processes. The program 
was written by Dr. Eric Grimsrud and is run on an Apple 
H e  personal computer. Following is a brief description 
of the program and how it works. At the end of this 
appendix is a flow-chart and listing of the program.

In order to accurately simulate the actual processes 
occurring in a pulsed BCD, numerous parameters must be 
specified and entered into the program. These include:

1) the positive ion-electron production rate, Sr of 
the 3Ni source (determined experimentally)

2) the volume of the ECD cavity, V
3) positive ion-electron recombination rate, R^n+
4) positive ion-negative ion recombination rate,

R - n +

5) electron capture (attachmnent) rate coefficient, ka
6) photodetachment rate constant, khv
7) pulse period, Tp
8) population of analyte molecules, nA
9) population of electrons, nQ
10) autodetachment rate constant, kd (used only in the azulene study)
The above parameters, most of which were discussed 

in Theory, are used to determine the reaction rates of 
the ECD processes. The program also has two other 
variables, a time factor, labeled At , setting the
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increments for iterations, and an accuracy factor, 
labeled Wl. In all of these calculations, two boundary 
conditions must be met. First, the sample size, nA, must 
be small enough that 5lL/c never exceeds 30% of the 
standing current. Second, khv must be kept small enough' 
that 5lM never exceeds 10% of SlL/c.

The program operates by using - the initially 
determined rate constants to calculate the rates of the 
important BCD reactions and the populations of electrons 
and analyte anions within the BCD. Instantaneous 
reaction rates are calculated from Equations 13 and 14 
(82) . These two equations have been written before 
(page 117), but are reproduced here for convenience.

dne/dt = S/V - Ren+ne - k ji^ + k^nA_ + kdnA_ (13)
dnH-Zdt = kanAne - R_n+nA_ - k^nA_ - kdnA_ (14)

After the instantaneous reaction rates are 
determined, the instantaneous electron and analyte anion 
populations are calculated from Equations 24 and 25 (82), 
where ne (previous) and nA_ (previous) represent the 
populations of electrons and analyte anions,

nQ = nQ (previous) + (dn^/dt) AT (24)
nA_ = nA_ (previous) + (dnA_/dt) AT (25)

respectively, calculated during the previous time 
increment. The program now enters a loop involving
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Equations 13, 14, 24, and 25 where the newly calculated
values for the populations are used to calculate new 
reaction rates. This loop continues, and the population 
of electrons and analyte anions increase, until the sum 
of the time increments, At , added for each cycle through 
the loop total the pulse period, Tp, initially set for 
the program.

At the end of this simulated pulse period, the 
population of analyte anions, nA_, is compared to the nA 
population from the previous pulse period. Since the ECD 
model is based upon a steady-state assumption, nA from, 
the new pulse period must equal nA_ from the previous 
pulse period (within a previously defined accuracy 
factor, Wl) . If they are not equal, then, a "pulse" 
occurs, i.e., the electron population, nQ, goes to zero, 
simulating the collection of electrons at the ECD pin, 
the At time increment is reset to zero, and a new pulse 
period of looping through Equations 13, 14, 24, and 25
begins.

These iterations continue until a steady-state 
population of analyte anions is established, i.e., the 
nA_ values from two consecutive pulse periods are equal. 
Once this steady-state has been established, the current 
which is predicted to be measured by the ECD electrometer 
is calculated from Equations 26, where I is the predicted 
ECD current at the chromatographic peak of the analyte.
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1 = neV/TP (26)

Throughout the above calculations, it was. assumed 
that PD was' occurring, i.e., khv was a positive number. 
The current calculated by Equation 26, then, is the 
current measured, Ion, with the light continuously on.

iIn order to calculate the other important measurable 
parameters, it is necessary to find I with no PD 
occurring, i.e., the light is "off". In order to do 
this, khv is set to zero, and a new set of calculations 
are begun. The terms in Equations 13 and 14 containing 
khv drop out. Again, iterations continue until a steady- 
state for hA_ is established. Equation 26 is used, to 
calculate Ioff, the current measured with the light off.

One other important term, the measured standing 
current, Iq, with no sample present, must be calculated. 
Knighton and Grimsrud (82) have shown that the standing 
current can be calculated from Equation 27, where Iq is

Io = S/LT (I - e“LT) (27)

the standing current, T is the pulse period, and L is the 
rate constant for non-analyte loss of electrons (Ren+) .

There are now three calculated currents: I) Io, the
standing current with no analyte present, 2) Ioff, the 
current with analyte present but the light "off," and 3) 
I-n, the current measured with analyte present and PD
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occurring (light "on"). From these three terms, the 
experimentally measured quantities can now be calculated 
from Equations 28-30, where 5lN is the normal BCD

1O - 1Off

-V- KV1 + V  /2:
1Off - 1On

(28)
(29)
(30)

response with analyte present but no PD, 5lL/c is the 
chopped response, the average of light off and light on, 
and 5lM is the modulated response, the difference between 
light off and light on. From these, the predicted 
5 lM/ 5 l L/c ratio is also calculated.
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9̂ ]-® 43. Computer simulation program.

10 REM: NAME OF PROGRAM IS AZUL.I
11 REM: THIS PROGRAM INCLUDES EFFECTS OF AUTO ANDPHOTODETACHMENT14 PR#0 
20 FL=O 
40 P5=l
50 INPUT "RESULTS TO PRINTER?";Y9 55 IF Y9=0 THEN P5=0 
H O  REM: INPUT VARIABLES 120 S=3.0
122 INPUT "S=3.0 namps, OK?;Yl
123 IF Y=O THEN INPUT "S= ";S124 V=2.9
125 INPUT "V=2.9 ccf OK?";Y2
126 IF Y2=0 THEN INPUT "V= ";V127 LO=300
128 INPUT "SAMPLE-FREE LOSS RATE = 300/sec, OK?";Y3
129 IF Y3=0 THEN INPUT "SAMPLE-FREE LOSS RATE = ";LO130 Ll=IOO
131 INPUT "R-N+ = 100/sec, OK?";Y9
132 IF Y9=0 THEN INPUT "R-N+ = ";LI133 K3=0
134 INPUT "AUTODETACHMENT RATE COEF = 0, OK?";Z5
135 IF Z5=0 THEN INPUT "AUTODETACHMENT COEF= ";K3140 K2=10
141 INPUT "K FOR PD=10/sec, OK?";Y4142 IF Y4=0 THEN INPUT "K FOR PD= ";K2143 Kl=4E-8144 INPUT "Kec= 4E-8, OK?"; Y3145 IF Y3=0 THEN INPUT "Kec= ";Kl146 TP=250147 INPUT "Tp= 250 usee, OK?";Y5149 IF Y5=0 THEN INPUT "Tp= ";TP150 Tl=I
152 INPUT "INC T= I usee, OK?"; Y7154 IF Y7=0 THEN INPUT "INC T= ";Tl155 Nl=3.OElO157 INPUT "n (sample) = 3E10 molecules/cc159 IF Y6=0 THEN INPUT "n = ";NI165 Wl=I.001167 INPUT "Wl=I.001, OK?";Y7169 IF Y7=0 THEN INPUT "Wl= ";Wl
200 REM: INITIALIZE VARIABLES210 T=O
211 NO=O 
214 N2=0 
216 N3=0 .
218 Cl=O
230 REM: CONVERSION OF UNITS 
232 S1=S*1E-9* 6.24E18
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Figure 43. continued
238 T2=T1 * IE-6
250 REM: CALC OF INSTANTANEOUS RATES
254 Dl= Sl/V - LO*NO - Kl*Nl*NO + K2*N2 + K3*N2258 D2= Kl*Nl*NO - L1*N2 - K2*N2 - K3*N2
270 REM: CALC OF INSTANTANEOUS n(e),n(A-), and T274 NO=NO + D1*T2
278 N2=N2 + D2*T2282 T=T+T2
290 REM: HAS Tp BEEN REACHED?
292 IF T*1E6 < TP THEN GOTO 250300
304
308
310
312
314
316
318
350
360362
364
365
366
367 
370 
440
450
451452
453
454
455
456
457
460
461
462
463
464
465
466
469
470 
474 
476 
486 
500 
505 
510

REM: HAS STEADY STATE BEEN REACHED FOR A-IF N2 < N3*W1 THEN GOTO 350REM: PULSE
N3=N2
Cl=Cltl
T=O
NO=O
GOTO 250 REM: CALC 
12=(NO*V) OF CURRENT RESPONSES IN namps 

/ (T*6.24E9)

/ (LO*TP*lE-6)

IF FL=I GOTO 370 
11=12 
FL=I 
K2=0
GOTO 200
IO= S*(1-2.7183A - (LO*TP*lE-6))
IF PS= I THEN PR#I 
REM: OUTPUT RESULTS 
PRINT 
PRINT
PRINT "PHOTODETACHMENT ECD PROGRAM RESULTS"
PRINT
PRINT
PRINT "PARAMETERS SET BY INPUT"
PRINT
PRINT "S (namps) = ";S 

"V (cc) = ";V
(sec-1) = "; LO 
(sec-1) — ";LI 

PRINT "PD COEF (sec-I) = ";K2 
PRINT "AUTODETACHMENT COEF (sec-1) = ";K3 
PRINT "Kec (cc/s) = ";Kl 
PRINT "Tp (usee) = ";TP 
PRINT "inc T (usee) = ";Tl

"cone of sample (molecules/cc) = ";N1 
"W1 (accuracy factor) = ";Wl

PRINT 
PRINT "REN+ 
PRINT "R-N+

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

"CALCULATED VARIABLES"
"cone of e's (millions of e's/cc) = ";NO*lE-6
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Figure 43. continued
514 PRINT "cone of A- (millions of ions/cc) = ";N2*le-6 530 PRINT
550 PRINT "PREDICTED RESPONSES (namps) "552 PRINT
560 PRINT "Io, NO SAMPLE, NO LIGHT, = ";I0 
564 PRINT "I, SAMPLE, NO LIGHT, = ";I2 
568 PRINT "I, SAMPLE AND LIGHT, = "/Tl 
570 PRINT "NORMAL RESPONSE, Rn = "/10-12572 R9= 10 - (II +12) / 2
573 PRINT "Pen I response, Rl/c, = ";R9
574 PRINT "Pen 2 modulated response, Rm = ";11-12 578 PRINT "%R normal (Rn/Io) = ";(10 - 12) / 10 
580 PRINT "%R pen I (Rl/c / Io) = ";R9 / 10582 PRINT "Pen 2/Pen I = ";(il - 12) / R9 620 PR#0
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Figure 44. Flow chart of computer simulation program.

Start
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APPENDIX B
CHROMATOGRAPHIC PARAMETERS
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Table 3. Chromatographic Parameters

Compound Cone(ng/HL) Ini(UL) Column3 T(0C) R1 (min)
NB 1.55 0.22 WB 80 2.75
p-MNB 1.77 0.22 WB 95 2.40
m-MNB 3,88 0.12 WB 100 2.35
p-MNB 1.18 0.25 WB 105 2.25
O-FNB 0.23 0.30 WB 80 2.40
m-FNB 1.39 0.18 WB 70 2.70
p-FNB 0.38 0.40 WB 80 2.30
O-ClNB 0.13 0.50 WB 105 2.60
m-CINB 0.18 0.35 WB 100 2.80
p-CINB 0.67 0.20 WB 100 2.90
m-BrNB 0.34 0.35 WB 115 2.50
p-BrNB 0.80 0.16 WB 115 2.90
O-CNNB 1.42 0.18 WB 130 2.35
m-CNNB 1.03 0.20 WB 120 2.10
p-CNNB 0.25 0.22 WB 115 2.30
O-DNB 1.30 0.10 WB 130 2.80
m-DNB 1.46 0.26 WB 130 2.60
p-DNB 0.16 0.26 WB 125 2.40
3,5-DMNB 1.65 . 0.30 WB 115 2.45
2,6-DMNB 30 0.30 WB 95 2.40
3,4-DNTL 0.62 0.15 WB 150 2.25
2,3-DNTL 1.23 0.12 WB 150 2.20
2,4-DNTL 1.89 0.14 WB 145 2.30
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Table 3. continued

Compound Cone (ng/|iL) Ini(UL) Column3 T(eC) Rt (min)
2,6-DNTL 0.35 0.22 WB 135 2.30
m-TFMNB 5 . OO 0.20 ' WB 75 2.20
I-NNAPH 0.23 0.50 WB 150 2.85
2-NNAPH 1.48 0.15 WB 150 3.30
I,3-DNNAPH 0.60 0.40 WB 160 6.75
I,5-DNNAPH 0.40 0.24 WB 160 5.00
9-NANTH 20 0.22 WB 160 6.45
Azulene 1.63 ' 0.6-3.0 WB 70-90 2-7
p-BQ 3800 0.28 WB 40 2.80
Fluoranil 0.23 0.80 WB 30 . 4.45
Chloranil 1.15 0.70 WB 135 3.40

Cone(pptr) Ini(mL)

C 7F 14 300 5.0 SF-96 ambient 2.5
C 6F 12 1600 5.0 SF-96 ambient 2.0

O H % H CO 5 5.0 SF-96 ambient 8.0

S F 6
I 5.0 mol.sieve ambient 2.5

Abbreviations: NB - nitrobenzene; M - methyl; F - 
fluoro; Cl - chloro; Br - bromo; CN - cyano;
D - di; N - nitro; TL - toluene; NAPH - naphthalene; 
ANTH - anthracene; BQ - benzoquinone

a- WB is the wide bore capillary column.




