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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 CI- 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 CBrCI3 and CCl4. Results also show that the neutral
radicals, CC13 and CBrCI2 . 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 negatlve 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 Cl1l7, 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
necesgsary 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
congistent 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 CBrCl, and CcCl,. Results also show that the

neutral radicals, CCl, and CBrCl,, can undergo EC at low
temperatures, but at ﬂlgher 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 determinétion of
environmental samples. This is due to the fact that the
gas;bhase 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 enviroﬁmental ‘"samples, are relatively
slow. The ECD can then provide a sensitive and selective
detection techﬁique requiring a minimum of sampie ciean—
up of preparation.- For example, detection and
measurement of atmospheric halocafbons in relatively
clean air haé been accomplished by éC-ECD by injections
of whole air samples (1-3). More compiicated 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 coﬁpouﬁds 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 fér a wide
variety of analyses has been greatly improved by what may
collectively'“bé 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_capturé electrons
rapidly under normal conditions. The intentional
" addition of ethyl chloride to the carrier gaé has been
shown to enﬁance the ECD response to compounds of low
electron affinities, such as anthracene (7). Althouéh
the'CS-ECD improves the sehsitivity to some classes of
compounds, it 1is not yet known whether - chemical
sensitization " will assist in the analysis of. complek
samples. What is needed for complex. samples is an
induced perturbation of the ECD ‘'signal, which, when
detected and amplifiea, provides an additional element of
épecificity towards sample components of interest. One
means of creating a perturbation of this type is the
introduction Qf light-induced photodetachment (PD);

Reaction 1, 4into the ECD. Ideally, this electron

M + hv ——> M  + e (1)

capture-photodetachment detector would respond only to
those compounds which 1) 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 negativé
ions and their photoproducts (8;12). The photodetachment
spectra of humerous atomic (13-18) and polyatomic (19-26)
negative ions have previously been reported. The PD
process is a transition from a bouﬁd. electron in the
anion to a free continuum electron and the neutral. The
minimum energy réquired. 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 inéuce 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 neut?al products.

Photodetachment spectra are often broad and
relatively featureless. For atomic negaﬁive ioné, such
as the halides shown in Figure 1, the increase in cross-
section, 0O, with photon energy is very abrupt ip the
‘region of the EA-determined threshold. The most
significant difference between the PD spectra of I~, Br~,
and Cl~ shown in Figure 1 is the differing onsets of PD

corresponding to the EA of each halide ion.




360 320 280
wavelength (nm)

Figure 1. 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.
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The PD spectra of pquatomic anions tend to exhibit
a grédual increase in O with incréasing photon energy iﬁ
the threshold region. This gradual increase is expected
due to the added complexities assoéiated with the
numerous vibronic and rotational states tha£ are
accessible to the polyatomic anion and the neutral
product. Also, differénces in the geometries of the
negative ion and the neuﬁral ( Franck-Condon overlap) can
greatly compiicate the PD spectra of polyatomic anions.

In the . previously mentioned studies of PD,
measurements were generally made by oné of two
approaches. For most studies involving atomic anions,
measurementé ‘wefe' made utilizing shock tubes. For
example,'Mandl (13, 14) introduced cesium halides into
nitrogen gas ana subjected - the gas sample to shock
heating, causiﬁg 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 10'® ions/cm®. Ultraviolet light.pfoduced
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, thé most common approach has

been that involving the ion cyclotron resonance mass




.
spectrometer (ICR-MS) in conjunction with a liéht sourcé
(8, 11). This technique involves the measurement of.the
diminution by lighﬁ 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 limitatioqs. 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
negati&e ions are typically formed by energetic chemical
means and the excess internal enefgy imparted.'to the
product ions isnnot efficiently removed by collisions in
the  10™® to 107° 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 3éV, the internal
energy imparted to the molecular anion, M " by Reaction.
2 will be corresﬁondingly'high.

A second problem can arise in ICR-MS photodetachmént

studies if the natural lifetime of the initially-formed
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excited anion, DT*, is too short against autodetachment,

the reverse of Reactiqn 2. For example, Christophorou
(31) has shown that the lifetimes of the molecular
negative ions of nitrobenzene and . substituted
nitrobenzenes formed by capture of low-energy electrons
are on thé' 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. Perﬁaps for this reason, the PD
spectra of only a few molecular radical anions have been
reported by the ICR method. If the lifetime is
suff'icient‘ly long, a PD spectrum-may' be obtained. An
exémple'is the study of the resonance electron capture
‘product of SFS. For this anion, a PD experiment was
reported by the ICR-MS (32) and appears to have been made
possiblé by the existence of one .of several excited
states of SF;J 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 negati&e 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 mgasurement of the PD spectrum of N02'
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 NO,” were observed.
Although the PDM signals were weak, they were
sufficiently stroﬁg as to provide a PD spectrum of NOZ'-
that was consistent with the known PD spectrum. In that
study, the 1low PDM-ECD sensitivity can be partially
attributed to the small PD cross-section for NO,” at the
wavelengths‘used; at 488 nm, ©. = 4x10°° cm2‘(26); Aléo,
low sensitivity may have resulted from the use of a DC-
Ecb. . The basic operational principles of a DC-ECD are
not well understood (37). In particular, the locatioﬁ
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
potehtial 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 1location 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 farmed 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 proceséeé which effect the measared
electron current caﬁ be modeled with a reasonable level
of accuracy, a relatively detailed understanding of the
quantitative response of the PDM—pulsad ECD should be
possible. Using these models, it may be possible to
determine absolpte, 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
b§ electron capture, Reaction 2. These excited state
molecular anions are then rapidly quenched bf collisions
with the atmospheric pressure buffgr gas, B, as shown in

Reaction 3. This process overwhelms autodetachment, the

u 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 interpretatién of
PD spectra and allow meanihgful comparisons between PDM-
pulsed ECD results and those of previous studies of the
thermodynamic and spe&trosqopic properties of the

corresponding ground state anions.
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THEORY

With a thoroﬁgh understahding of the processes
occurring within' the ECD, it should be possibie to
predict and understand the qualitative and quantitative
responses to various moiecules. The model to be
discussed ﬁere is.;he 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_aetermine the magnitude of the electron population

between pulses are shown as Reactions 4-8.

B
N, —> p" + e _ : (4)
Re :
e + p* ———>  neutrals : (5)
g ke .
e + M —— X" + M (6a)
ke
e + M —> M~ (6b)
R, .
X + P* ————> . neutrals . (7)) -
o khv ‘ .
X + hv —m> X + e (8)

The ion chemistry occurring within the ECD 1is

initiated by continuous beta radiation emitted by a ®°Ni-
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on-Pt foil which forms the cylindrical walls of the céll
(38) . The secondary electrons created by this radiation
ére rapidly’ thermalized. in the atmospheric pressure
buffer gas and are contéined within the central region of
the reaction volume by é positive ion space-charge field
(38, 39). jhe rate coefficient, B, for this process is
found by measuring the maximum standing current obtained
~at a very rapid pulse frequency in the absence of sémple
(41) . In the ECD used in this study, B = 1.87 x 10%° ion

pairs s7l..

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 iéns.‘ For a given detéctor, the product of the
rate coefficient, R,, 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 100°C, Rn, = 300 sec™ .

When a molecule of high electfon affinity enters the
céll,_ some of the electrons will be captured to form
stable negative . ions. Reaétién 6a represents
dissociaﬁive electron capture, which, in this study,

leads to the formation of I~, Br~, or Cl1 . 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 ibns are formed. (In the following~
discussion of the kinetic fate of the negétive ions, X~
will be wused as the negative ion representation.
Howe%er, 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 populafion
‘within the cell.' The first drder rate of electron loss
by either Rgaction'Ga or 6b will be given by the product,
kn . 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 wventilation out of the
cell.

In the absence of 1light, all negative ions will be
lost by recombination with.pésitive ions, represented by
keaction 7. The pseudo-first-order rate coefficient,
R _n, will be of major importance in predicting the
magnitude of PD perturbatioﬁs of the ECD response since
Reaction 7 and Reaction 8 will competg 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 1is

destroyed by Reaction 8, an electron is regenerated and
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the electron capture evént is not detected by the
electrometer. k
The rate coefficient,,Rw;h, for Reaction 7 cannot

be measured -directly by an ECD. An estimate of its
magnitude can be made, however, based on.the measurement
of Rn, from Reaction 5. Prior studies of atmospheric’
pfessure ionization in a ‘ﬁNi source. have shown: an

increase in total positive ioﬁ 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 eleétron capturing substance (5,
42) . The magnitude of this increase in total positive
ioﬂ 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 io@ source is.
thought to be determiped by recombination-reactions, the
above observations should reflect the relative magnitudes
of R, and R_. More precisely, the total positive ion

densities should be invergely proportional to the square
root of the recombination coefficients involved (38, 42).
These observations then lead to the following estimate:
Rx_'is éxpécted to be one-half to one-fourth as large as

R,. This is consistent with other data. At atmospheric
pressuré, ion-ion recombination coefficients tend to a

constant value of about 1 % 107° em® s™! (43). Positive
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ion-electron recombination coefficients can exceed this
value if tﬁe positive ions aie' cluster ioms. The
electron recombination coefficients of the cluster ions,
H* (H,0), and H'(H,0),, are 2 x 10™° and 4 x 10°° cm® 872,
regpec#ively (44, 45). Cluster ions of the type H'(H,0)_
are commonly observed in atmospheric pressure ion sourées
(46), and the two cluster ions indicated, where n=2 and
n=3, are the oﬁeé expectéd in'relatively dry carrier gas.
The following assessment now seéms reasonable: when a
small amount of MX enters thé ECD, the small population
of X~ which is creatéd will recombine with positive ioﬁs
at -a rate described by R _n = 1/3 Rn . Since Rn  in
this ECD ié 300 s™!, a reasonable approximation is that
Rx_$+ = 100 + 50 s™t.

The rate coefficient for Reaction 8 is given by k. o
= o®, where ¢ is the PD cross section and ® is the light
flux. If a negative ion, such as I~ shown in Figure 1,
has ¢ = 2 x 107 cm? and is irradiated with 1.0 W cm™2
of 380 nm light (® = 2.0 x 10718 photons cm™? .s'l), then

= -1 ' : = -
k., = 40 87", Comparing this k,  value to R n = 100 s

1, it is clear that reaction 8 can compete effectively

with Reaction 7. In this particular case, almost one-
third df the negative ions, X, will be photodetached by
the 1light. 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 k, .- Although

the maénitudes of the k,, values shown are relatively
large, the lower portion of the rangé 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. 8IN is the normal ECD response
expected with no 1light present. SIL is the response
expected when a beam of light is continuouély passed
through the ECD. SiM’ is the PD-modulated component of
the ECD i:espons'e expected when a chopped 1light beam
passes throuéﬁ the cell. 1In the calculation of SIM’, it
is assumed that the dynamic processes occurring within
the ECD are on a.very fast time scale compared to the
chopping frequency. The Aactual PD-modulated response,
8I, , is not identical to the predicted dI . This issue
will be addressed .1ater. ’From Figure 2, it is seen that
81 ' = oI, -d1_. SIL/C is the ECD responsé expected when

M
a chopped iight beam is passed through the cell. BIL/C
is equal to the average of SIN and SIL, and closely
approximates 8I when k__ 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.
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Theoretically predicted effects of photo-
detachment and its associated rate
coefficient, khv, on the 51 , 51 , 5i1/" an
5IM, responses of the pulsed ECu. Cafcuf‘aged
from a model i1ncluding Reactions 4-8 for which
the following rate coefficients were used:

m= 1.SVxI01 1on pairs s"1, Rn = 300 s"1,
Rxm+ = 1"™0 &"%. While Kehmx -” '100 s* and a
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 1listing, are provided in Appendix A.
Although values of ké%m = 100 s7! and a pulse frequency
of 2KHz were used in these calculations, the’ results are
independent of these parameters. Bouﬁdary conditions
used in these calculationé are that the population of
electrons grows during each period between electron-
removing pulses from zero to some positi&e value, and
that the population of hegative 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 1is kept small, so that no &I 'respoﬁses
éreater than 10% of the standing current occur. Within
this low-samplé range, all responses are predicted to be
proportional to sample'concentration.

Figure 2 predicts that over most of the range of k.o
values shown, PD should induce very significant and
easily-meaéurable perturbations of ECD responses. The
magnitude of the modulated response, SIM’, can easily be
made 10% as great as the normal ECD response, SIN. At
higher khv values, the predicted reéponse"curve for SIM’
becomes less steep and additional increases in light
intensity have smaller effects.

In curve A of Figure 3, the ratio of the predicted

SIM’ and SIL/c responses are plotted as a function of
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Predicted relationship between the ratio of
the 5IM, and 5lL/c responses and k . Rate
coefficients used are those listed iIn Figure
2 except the values chosen for the negative
1on recombination coefficient, R n , are

@®» 100, ® 50, and (© 150 s"1. +
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k The ratio of these two respohses is of special

hv.
interest since it can be obtained simultaneously in an
experiment ufilizing a chopped light beam. These two
resp'onses should also provide a more accurate measure of
the processes occurring within the ECD than a comparison
of ECD responses with light continuqusly on or off since
bulk heating of the source gas by the intense light (36)

can be minimized in a chopped-1light experiment. From

Figure 3, the ratio of 3I,’ to SIL/C is predicted to be a

sensitive function of the rate coefficient, k,, for
Reaction 8. The ratio may provide' a means of determining
khV and also ¢ if @ can be accurately measured. The

accuracy of the met_hod for determining k. o is dépendént
upon the accuracy of the value for R _n,. As described
earlier,- a vaiue of R _n, = 100 * 50 s7! seems
reasonable. In Figuré 3, curves B and C représent the
-1

predicted ratios for R_n = 50 and 150 s7°,

x- +

respectively.
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EXPERIMENTAL

The experimental setup i1s shown iIn Figure 4. The
ECD was homebuilt from stainless steel. The i1onization
chamber 1is cylindrical, with a length of 2.0 cm and a
diameter of 1.2 can, creating a volume of 2.3 cm3. A
eN1-On-Pt foil (New England Nuclear) of 9 mCi activity
forms the cylindrical walls of the cell. The anode i1s a
stainless steel pin 1/16 iIn. 1In diameter entering the
cell from one side through a Teflon plug, and protruding
3 mm into the 1onization volume. The ends of the

cylindrical cell are formed by fused silica windows which

pen | pen 2
recorder
anode
electrometer lock in
chopper
arc lamp
gas

chromatograph monochromator

Figure 4. Apparatus used for PD-pulsed ECD measurements.
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are sgealed with Teflon washers, The cell is heated to
200°C 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 methodé. For the
halocarbons, a 10-ft x 1/8 in. stainless steel column
packed with'lo% SF-96 on chroﬁosorb W was used. The
halocafbons wereA introduced as gaseous samples using a
5.0 cm® gas sampling loop (Carle Model 8030).- For the
nitroaromatics; a wide-bore 3-meter capilléry column
(Hewlett-Packard, 50% phenylmethyl silicone stationary
phase) was used in coﬁjunction with a heated direct on-
column injection.port. The effluent of the wide-bore
éolumn was mixed with an excess flow of detector make-up
gas so that the total gas flow rate was approximately 4Q
cm® minfl. In all cases, tﬁe carrier gas and make-up gas

were éither nitrogen or 10% methane in argon (both from
Matheson) and were first passed through water-and oxygen-
removing traps (Altech). 1In order.to prevent oxygen from
entering the éysteﬁ, a ppsitive pressure of about 100I
Térr 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 knowﬁ

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 dompoundsAused
are provided in Appendi# B.

The halocarbons were obtained in pure form from
commercial suppliers. Mixtures of these in nitrogen gas
were prepared by successive diiutiqn into gas-tight glass
vessels with final storage in a 4.5 L gléss carboy. This
carboy .was pressurized vslightly with nitrogen gas,
allowing numerous aliquots to be transferred by 50 cm®
syringe to the GC‘sampling looﬁ. The repfoducibility 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 sincé they were introduced
into the ECD with chromatoéraphic separation, from '
impurities, iﬁcluding ‘isomers of the ‘same compound.
These aromatic compounds were .diluted in either ben?ene
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 relative;y constant normal (SILAQ ECD .
responses.

All optical componehts were attached to an optical
rail' or bench (Edmund Scientific).. The optical
components .consisted of 'a 1000 W arc iamp (Photon
Technélogy International [PTI], Model A5000), a water

filled IR filter (PTI), a mechanical light beam choppef
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(PTI, Model 4006),- and a single grating monochromator
(PTI, Model 01-002), the £/ value beling matched to that
of the arc 1émp. The arc 1lamp has an elliptical
reflecto; of £/4, which focuses most of the emitted light
into a circular imaée approximately l cm in d}ameter
about 43 cm from the fropt of the lamp housing. The lamp
can produce up to 105 W of 1ight~§ower with either thé 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 }ight within certain spectral regions.
The emission spectra of both lamps are shown in Figuré 1
(pagé 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;1206 nm, a
grating with 600 linés/mm and an optimum wavelength of
1600 nm was used. The entrance apd 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, tﬁe bandwidth of the monodhromator_was 20~nm for
the 1200 lines/mm grating (for A = 250-600 nm), and 40 nm
for the 600 lines/mm grating (for A = 600-1200 nm). The
five-sector disc subplied 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 ménochromator 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 signél processing components include. the ECD
pulser and electrometer (home-built), lock-in amplifier
(Princeton Applied Research, Model. 5207), two-pen
recorder, and 1light chdpper. 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 generallf set to a frequeﬁcy of 2 kHz. With
Ar/CH4 carrier gas, a pulse width of 2 Hs was used to
coilect the electrons. In nitrogen carrier gas, the
. eléctrons are less mobile and a pulse width of 10 Ls 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 1 of the récorder
and also to the 1lock-in amplifier. In the 1lock-in
amplifier, the electrometer signal is mixed with the
square-wave reference signal from the chopper and sent to
pen 2 of the regorder. In a chopped-beam experiment, pen

1 provides a measure of 0I which, as described in

n/c’

Theory, is closely related to a normal ECD response. Pen

2 simultaneously provides a 81M response, which is the




Lock-in

Amplifier
A 100K
J>-U-AAZV—- Recorder
CA3140 /tM741 CA3140
+15 V — MVv—
IOOK~” {
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ON4402 width SO0Opfd
470 pfd
0.02wfd
pulse
+SOV (CD4093) period

Figure 5. Circuit diagram for the pulser and electrometer used for the PDM-ECD
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actual PD—modulatea ECD response and is closely related
to the &I, response described in Theory. fhe
relationship  between SIM and SIM’ is determined by ECD

dynamics and the phase-angle offset of ‘the lock-in
amplifier. The othér two responses discussed in Theory,
SIN and SIL, can be provided by pen 1 when the chopper is

not used and the light source is either continuousl& 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 faqge of 250-600
nm, a quantum counter (49) was used. This device 1is
based on the abéorption of light by a highly concentrated
solution_ of rhodamine B dye in combination with a
,photodiodé aetector. The counter provides a response of
constant quantum efficiency to all light in the UV and
vigsible 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 (Scieﬁtech, Inc., Model 38-0101). These
power measurements were then converted to values of
relative light flux (f, photons per second per unit
area). A élot 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 1is 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 meaéuremept of absolute light flux was done with
‘a chemical actinometer (PTI). A fused silica cuvette
containing a solution of the ﬁis 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. Aftef
exposure of this'solution to a selected light flux for a
specific period of time, the aﬁsolute ﬁagnitude of the

1 cnfz) was calculated, based

light beam flux (photons s~
on the 'ghange in absorption of the solution. ‘The
absorption measurements were made with a Varian 6345 uv-
Vis double beam spectrophotometer. This measurement
techniqﬁe has been described in detail by Zimmerman,
Chow, and Paik (56). |

In order to simplify the interpretation of the ECD
data when obtaining the PD spectrum of a compound, two
main conditions were always maintained: 1) 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 intenge 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 &, at each wavelength
was obtained from .the combination of the PDM-ECD

measurements with that of relative light flux, f, shown

in Figure 7, in accordance with Equation 9. ' This
rel ¢ = 61, / (3T, =x f) (9)

treatment of ﬁhe measured responses, dI, and SIM@, 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 ¢ value to the known absolute
cross-gsection for I°. The absolute cross-section for I~
was obtained. by knowing the absolute. light flgx.and-the
measured'responges. This procedure will be described in
detail in.Results and Discussion. The measured value for
the absolute fD qross-section for I was in excellent
agreement with the current literature value (13). When
tﬁe 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
eleétron 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 s%ﬁfbased ion source where
conditions can be made essentially identical to those
existing within the PDM-ECD. These measurements were
cérried out with capillary GC introduction to the APIMS
ion source, which was ﬁaintained 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 characferizatioh of the experimental éystem. The
third part describes the determination of the PD spectra
and measuremehts 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 applicatiqn of the PDM-ECD to
kinetic studies, measuring an electron autodetachment
rate for azulene and the EC chemistry -of CBrCl,,
respectively. Part ten is a shqrt section discussing the

location of negative ions in the ECD.

General Characterization of the PDM-ECD

Characterization of PD Response
Perturbations _ !

The compounds chosen for study in this initial phase
of the project were various halogenated hydrocarbons
which ére known to produce I°, Br~, or Cl1l° 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 pre;iously reported in
the literature (13-15, 17), allowing the comparison of
the experimental results with theoretically predicted
responses.

In orde? 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 chromatograﬁs taken with the
full lamp emission, where no moﬁqchrdmator or filters
were used. The chromatogram in column A was obtained
with the Xe lamp set at épproximately 40% power. This
power sefting 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 CF, Br,, CH,I, CHCl,, and
CCl, which éroduce Br", I, Cl17, and Cl7, respectively,
upon electron capture (40). The first (top) thomatogram
in column A was obtained with the light off and provides
the normal ECD response, SIN. The sample sizes éhosen
create normal responses which ao 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.




Figure 7.
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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: @) Hlight off, (@ Ilight always
on, (3 and a chopped (43 Hz) light beam.

(@ Obtained simultaneously with response 3 by
amplification of the modulated ECD signal.
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The ECD fesponse to CH,I is reduced to a magnitude 0.45
as great as the 1light off ?ésponse, 8IN. The responses
to CFZBr2 and CCl, are also reduced to magnitudes 0.67
and Q.85, respectively, as great as their SIN responses.
These effects are consistent with Figure 1 (page 4) which
shows the PD cross-sectipn‘for I, Br", and Cl7, as wéll
as the emission spectra of the Xe and Hg/Xe lamps. .The
cross-section data is reproduced from papers byﬁ 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 Cl1-. -As was shown in Figure 3, PD effects
as large as those observed in Figure 7 could be expected
for 4dons with large cross-sections irradiafed Qith
intense light. In the SIL response measurements, it was
.estimated that between 2 and 4 W of light between 256 and
400'nm were passing through the ECD. From Figure 1, it
is clear that the G’valﬁes for the three halides listed
afe large in this wavelength region. Therefore, the
observed effects are in good qualitative,agreement with
expected responses, and theudifferences beﬁween the SIN
and dI,  responses can be attributed primarily to PD.

The magnitudes of the SIL and SIN responses to CHCL,
reqﬁire .additional explanation. For CHC1,, the ECD
response has been increased by a factor of 1.35 by the
same light flux which decreased the reéponses to the

other three halocarbons..  This increased response is
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thought to be caused by an inc;ease in temperature of the
ECD gas when the high intensity 1light is wused.. 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 CﬁCl3
exceeds the rate of PD of Cl1l7, Reaction 8. It will be
shown later that this heating effect is minimized or
elimineted when the light beam is chopped. This unwanted
response characteristic for CHCl, raises the questioneas
to what effects the continuous light exposure might also
‘have on other compounds and their responses. As was also
concluded by Dovichi and Keller k365,'use of a,iight beam
chopper and lock-in amplifier is generally a superior
method for measuring PD in the ECD.

'The third and fourth chrométograms in ‘'column A ef
Figure 7 were obtained simultaneously whiie tﬁe light
beam was chopped at a frequency of 43 Hz. The SII;/C.
responses, the third chromatogram, were obtained directly
from the electfometer, and are clearly intermediate in
magnitude between the SIN and SIL responses as predicted

in Theory. The magnitude of the S%M responses to all

C
compounds was found to be independent of chopping
frequency.

The fourth chromatogram in column A of Figure 7 is

the PD-modulated response, SIM, obtained from the lock-in
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amplifier. 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 CHCl1l, is of the same sign as the other compounds even
though its SI, ~response was greater than SIN. A
comparison of the CHC1, énd CCl, responses in the third
and fourth chromatograms in column A will, in fact,
indicate that their ZSIM/E‘BIL/c ratios are nearly
identical. This indicates that the previously discussed
thermal effect for CHCL, is not important when the light
is chopped, and that the PD of Cl” is dominating therSIM_
responses for both CHCl, and CCI,.

A comparison of the relative magnitudes of. the PD-
modulated responées for the Cl7, 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 1light intensity from the Xe lamp. In the

figure, the ratios of the SIM to SIL/ responses observed

C
for CH31, CFZBrZ, 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




Figure 8.

(relative)

Ratio of 5IM5IL/ responses to (A) CH3I,

® CFZBr2, and () 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 i1n Figure 1.
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current) . Figure 8 indicates that these response ratios
aré’directly proportional to light intensity and, with
all intensities of light used, have nearly thé‘following
relative average values: 1.0 for CH,I, 0.45 for CF,Br,,
and 0.23 for ccl,. The solid lines in Figure 8 are
‘predictions of relative responses and have been obtained
from the relative overlap integrals of the PD croés-
sections fo; I, Br, and Cl° and the relative emission
spectrum for the Xe lamp, both of which are shown in’
Figure 1.. The relative magnitudes of the overlap
integrals are 1.0Q'for I, 0.39 for Br-, aﬁd 0.21 for
Cl™. Line A in Figure 8 was_arbitrarily set to best fit
the CH,I daté. 'The excellent égfeement between the solid
lines and the data points for CF,Br, and CHCl, in Figure
8 providés strong evidence that the interpretation of the
modulated signals is valid and consistent.

In column B of Figure 7, the corresponding
chromatograms, withou£ CCl,, have been obtained using the
Hg/Xe'lamb, again at about 40% power. - This lamp should
provide.a greater fraction of its total power invthe 250-
400 _nﬁ range than does the Xe lamp, and larger LPD
responses are, in fact, observed. In qompafing the
relative PD-modulated responses in the last two
chroﬁatogréms in columns A and B in Figqre 7, it is seen
that the SIM responées 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 rés?onse to CH,I. This
can again be gxplaihed in terms of thé overlap integrals
of the cross-sections and the Hg/Xe emission spectrum
Shéwn in Figure 1. The relati&e overlap integrals are
1.00, O.Si,‘and 0.32 for I, Br~, and Cl-, reépectively.

These ratios predict slightly higher responses for C1~
and Br~ relative to thaﬁ.df 1"lthan 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 SIM
responses obéerved 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
choéping frequency. At slow choppihg frequencies, 13-20
Hz, the SIM responses are largest and-the ?hase angle
.0offset is nearly zero degrees. ' As the chopping frequency
is increased, the magnitude of the SIM response decreases
and thg optimum phase angle changes from 0° to -90;. The
' depéndéncies-of the SIM-response and the phase angle are
independent of sample size, light intensity, and ECD

pulsing frequency.
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Figure 10, 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
frequeﬁcies. 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 éhopping is made more rapid, the
chemical dynamics ofvthe ECD will continuously lag behind
the 1light pulses by an increasing margin, as shown in
case B, until the situation shown as casé C is reached,
where the dynamics of the ECD are moderateley slow on the
time scale established by ﬁhe 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
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each case shown i1n Figure 10 is qualitatively indicated
by the shaded areas under the signal waveforms. As was
experimentally observed in Figure 9, a decrease iIn the

modulated response 1is predicted with increased chopping

frequency.
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Figure 10. Simulations of the two waveforms sent to the
lock-1n amplifier and the phase angle offset
selected by the lock-in amplifier iIn 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, iIncreases 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 8IM responses with changes 1in
chopping frequency.
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The relationship between SIM‘, the phase angle, and
the. chopping frequency is quantitatively analogous to
that expected when a square wave is passed through aﬂlow-
pass electronic filter (51). The fractional attenuation
of the SIM' signal, o, whiéh is observed wijch higher
chopping frequencies, £, will be given by Equation 9,

where t is the time constant for the rate of change

‘o (1+(2nft) %) ™ (9)

of the chemical system within the ECD. Also, the phase
angle, O, will be given by Equation 10. Fitting either

of these eqﬁations to the data in Figure 9 yields the

Tan 0 = 1 / 2nmft ' (10)
result that t = 3.5 ms (for example, with f = 45 Hz,
Figure 9 indicates that 9 = 45°, and Tan 45° = 1 / 2nt (45
Hz) leads to t = 3.5 ms). Since the magnitude of t is

independent of sample size and 1light intensity, the
chemical process which provides the rate-limiting step
does nét 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 Rn,_ = 300 s . The time constant

associated with electron 1loss by Reaction 5 is,
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therefore, 3.3 ms ‘and is essentlally 1dentlcal to the
value of t 1ndlcated by the data in Flgure 9. This
evidence s@rongly suggests that Reaction 5 is the process
which determines the‘;espense.dependencies observed with
chopping frequehcyi |
With this-informatien'from Figures 9 and 10, it is

now pOSSlble to extract O8I ', the form of the PDM~ECD

M7
response developed 'in Theory, from the chopped beam
experiments. - The attenuaeion' of the ebserved PD-
moduleted response with increased'ehopping frequency‘is
one of two factors which_must be censidered. The second
factor is that the lock-in amplifier provides a direct
current (DC) outéut equal to the root mean square (rms)
power of the siénal waveform. The SIM' response,
however, as it was defined in Theory, is the peak-to-peak
aifference in fﬁe PD-mddu%eted signal. Therefore, a
factor of 0.5 (51) must also bé included  in the
conversion of 8I, to 6I,/. The full eqﬁation which then

applies to the measurements is shown as Equation 11,

81, = 0.5 o x dI ' = 0.5 (l+(2mft)2)™ x I’ (11)

where t = 3.5 ms. The absolute magnitudes of the
various 0I responses shewh in Figﬁre 7 can now be more
completely ﬁnderstood.' fo: example, a 81M measurement of
0.020 nA'wasAobtained for CF,Br, in coiumn A of Figure 7

with a chopping frequency of 43 Hz, while the difference
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in the I, and O8I  responses was 0.060 na. According to
the predictions shown in Figure 2, 8I,’ should be equal
to the difference between S;N and 8I . At this chopping
frequency (43_Hz), the equation given above provides the
following relationship between théﬂobserved and predicted
responses: 51M = 0.36 x SIM’. Thus, SIM’ = 0.020 nA/0.36

= 0.056 nA is obtained for CFzBrz. This éalculation is
now in satisfactory agréement with the measured 5%;61L

difference of 0.060 nA. Any remaining discrepancy may be
attributable to heating effects in the 8IL experiments.

Measurement of PD Spectra of
the Halide Anions

If the PDM-ECD is responding to only PD of the
negati&e ions férmed.Iby electron capture, the PDM-ECD
measurements should be in ‘agreement with the known PD
spectra of these negative ions determined bj more
established techniques. With a monochromator and
selected 20 nm bandwidths of light emitted by the Xe
lamp, the PDM-ECD responses to CFzBrz, CH,I, and CHCl3
shown in Figure 11 were obtained. VWith the monochromator
set to 330 nm, PD-modulated responses for all thrge
compounds are observed. With 365 nm light, the modulated
response to CHCl, is eliminated. With 395 nm light, only
a reéponse to CH.I is observed. At 425 nm, no modulated
résponses to .any of the three compounds are observed.

This 1is in qualitative agreement with 1literature
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51L/c and 5IM responses simultaneously
observed in the repeated analysis of a sample
containing CF2Br , CH3IT and CHCI3. Along
with the Xe arc lamp, a monochromator has
been used and set to (A 330 nm, (B 365 nm,
© 395 nm, (O 425 nm.
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photodetachment cross-sections shown in Figure 1.

PD measurements were also obtained over a range of
selected wavelengths along with measurements of relative
light flux obtained with a quéntum 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 I7, Br~, and Cl1~ in‘Figure 12 with those of
Mandl (8, 9) shown in Figure 1 indicates a high level 6f
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), whicﬁ is undoubtedly due to the
use of a:felatively broad bandpass of light in the PDM-
_ECD experiments. .

Measurement of an Absolute PD
Cross-section for Iodide

By combining measurements of absolute light :flﬁ%
with PDM-ECD measurements, it should be bossible .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’thfee different powérrlevels and
the monochromator set to 365 nm, nine determinations ofh
the ébsolute cross-seétion for IT were made. The
magnitude of the light flux was measured by a chemical
actinometer, as described in'Experimental. The PDM-ECD

response to CH,I along with the SIL/c response was then
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Measured PD spectra of (&) 1odide, @®)
bromide, and () chloride. Si and 5l
response ratios observed for CH3Il, CF3Br ,
and CHCI and measured relative light flux,
<, 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 SIM’ is obtained‘from the raw SIM
responses shown for each case by division by 0.36, the
appropriate correction factor for £ = 43 Hz. The rate
coefficient for PD, k, _, is then calculated from ﬁquation

hv

12. This equation describes the relationship between the

k,, (s7H) =185 x (81, /81 (12)

hv L/C)

predicted response ratios and k,, 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-sgsection is then obtained for éach

individual measurement using Equation 13.
c =%k /P A (13)

The nine determinations for the PD croés—section-for

I~ at 365 nm, shown in Table 1, are 'in excellent

agreement with each other. The average of the values is

6 = 2.2 x 107Y7 cm2? with a standard deviation of 0.2 x

1077 em2. The greatest source of uncertainty is thought
\

to lie not with the experimental measurements, but in

to a

the conversion of the response ratios, SIM’/SIm@,

value for k . As discussed in Theory, the estimated
uncertainty of this conversion is thought to be about

+50%. Therefore, the determination of ¢ for I and its
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Lamp (Photons) c d .
Power ¢ ‘\— 81r,c 85I, 51’ 81"/ e £
Expt# ‘ (Watts) cm? (pA) (pA) 7 (pA) 8Ir,c  kn.(sec™) a(cm)?

1 1000 5.7 x 10%7 300 7.5 18.8 0.062 11.5 2.0x10-27
2 " " 303 6.8 17.0 -0.056 10.4 1.8x107%7
3 " " 308 6.5 16.3 0.053 9.8 1.7x10-%7
4 800 3.0 x 107 318 4.5 11.3 0.035 6.5 2.2x107%"
5 " " 310 4.5 11.3 0.036 6.7 2.2x10-%7
6 " " 290 4.0 10.0 0.035 6.5 2.2x10-%7
7 640 2.2 x 107 310 3.2 8.0 0.026 4.8 2.2x10-27
8 " " 320 3.0 7.5 0.023 . 4.3 2.0x10727
9 " " 301 3.0 7.5 0.025 4.6 2.1x10-%7

’ Cave = 2.03 x 10727
st.dev. = 0.20 x 10°17
*Xenon arc lamp used with monochromator set to 365 nm.

Pabsolute light intensity measured by chemical actinometer. Average of seven measurements at each lamp
power setting. Uncertainty of measurements is £20% at 90% confidence level.

“PDM-ECD response measured with chopping frequency of 43 Hz.
“Calculated from the measured 8I,, response by: 8I,' = 8I,/0.40.
=Calculated from: kn.(sec™™) = 185 (8I.'/8I., c)

fCalculated from: o = k,./®

Table 1. Determination of the absolute photodetachment
cross-section for iodide by -PDM- ECD
measurements at 365 nm.

19
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associated uncertainty is ¢ = 2.2 * 1.0 x 107Y cm2,
This result is in good agreement with the results of
Mandl (13), shown in Figure 1, who reported a value .-of
1.9 £ 0.5 x 107 cm2 for I~ at 365 nm. This successful
measuremeﬁt 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 tmeful for " increasing the
response specificity of the ECD. Fof the mixture of
halocarbons analyzed in Figure 11, it was shown that a
detector which respondé only to I, to I™ and Br~, to I-,
Br', and Cl7, or to none of these can be created simply
by adjusting a monochromator dial. Furthermore, any of
these detection modes can be obtained simulﬁaneously with

the SIL/ response function, which closely resembles the

c
normal ECD detection mode. The magnitudes of both the
oI, and SIL/c responses to the compounds studied here

have been found to vary linearly with  sample

concentration (with a =zero ihtercept) throughout the

normal linear range of the pulsed ECD.
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In the Introductiqh,‘the need for additional degfees
of response'specifiqity 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 mixﬁure of
eleven halocarbons, some of which are coeluting compounds
making the quantitative determination of -four éf the
.compounds impossible by normal ECD détection with this

column. In order to obtain the 1lower chromatogram in

Figure 13,  the intense emission at 365 nm of the Hg/Xe

lamp (see Figure 1) operated at full power was selected.
To further increaée the light intensity within the cell,
an aluminum mirror was placed behind the exit window of
the ECD.' At 365 nm, no PDM responses to the compounds
which"undergo electron capture to produce Cl~ are
expected, while strong responsés to I_‘and Br~ produciﬁg
compounds are. Furthermore, from‘figure 12, the expected
SIM/SIhm'resanse ratios for the iodides should be about
3 times g#eater than for the broﬁides, 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 brqmides are
provided, énd no detectable PDM reéponses to the
chlorides are oEserved. Along with standard calibration

procedures, the lower chromatogram provides a means of

independently determining the amounts of CF,Br, and
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Figure 13. Chromatographic analysis of a mixture of 11
halogenated hydrocarbons with simultaneous
detection by the 5IL/c and 5IM 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, iIn 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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‘CZHSI present, compounds which coelute with CFCl3 and
CHCl,, respectively. Quantitative analysis of the
latter two chlorine-containing compounds is then
possible by subtraction of -the bromide 'and iodide

contributions from the o1 responses. The

L/c
contributions of CFzBrz' and Cszl to the mixed SLWT

peaks can be deduced froh either their calibrated E‘SIL/c
responses or by their calibrated 51M fesponses aléng with
knowledge-of the SIM/&HJC 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 otﬁer bromides and
iodides shown in Figure 13 which elutg as single—
component peaks. |

The cases of CH,ClI and CBrCl, in Figure 13 warrant
épecial attention since it is conceivable that both I~
and C17, for the first molecule, and Br~ and Cl™, for the
sécond, could have been produced frﬁm their EC reactions.
From the-SIM/SIL/c ratios it can be deduced that only I~
in the first case, and mainly Br~ for the second, are
produced. For CH,C1lI, the respbnse ratio is 0.135, while
that for CH,I, which can produce only I, is nearly
idehtical, 0.131. For CClaBr, the response ratio 1is
0.033, while for CEEBrZ, which produces only Br~, the

ratio.is '0.037 under identical experimental conditions.

This suggests that mainly Br~ and possibly a small amount




56

of Cl° are produced in EC by 'CClsBr under " these
experimental conditions. This is consistent with mass
spectral geasurements of thé EC reactions of CClBr in
which a Br~ to Cl° abundance ratio of about 4 to 1 was
observed (52). However, the apparent bfanching ratio was
found to wvary ~somewhat under different experimental
conditions. The EC branching ratio of CCl,Br and alsé
possible secondary EC reactions observed for the EC
products of CCl,Br will be addressed in greater detail in
a later section.

Detection Limits of
the PDM-ECD

As with any method for frace analysis, it~ is
important to determine the detection limits which might
be attainedl 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
aﬁd also for the PDM-ECD expefiment. The 5 cm® nitrogen
samples contained 70 pptr CH,I, 4.5 ppb CHCl,, and 300
pptr CCl,. The top chromatogram was obtained by the
conventional ECD mode wiﬁh the lamp off, and the second
and third chromatogréms were obtained simultaneously with

a Hg/Xe. chopped light beam of 365 nm. With the same
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Two repeated analyses of a 5 cm3 nitrogen gas
sample containing 70 pptr CH I, 4.5 ppb
CHCI3, and 300 pptr CCl4. For the first
analysis, the normal 5IN 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 SI1/ 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. CH,I obtained in the PDM mode is about the same as
ﬁhat obtained in the normal ECD mode. In both cases, a
detection 1limit of about 10 parts per. trillion, or 0.2
picograﬁ; of CH,I in the 5 cm® nitrogen sample, ‘is
estimated from these chromatograms. ~ For both casés,
noise levels can undoubtedly be lowered with more
' sophisticafed electrometer circuitry. With simple low-
pass filters, the SIN and aImm signal-to-noise responses

. shown in Figure 14 were improved by about a factor of 3,
while the 81M response was not.significéntly improved,
which is not unexpécted since thé lock~in amplifier
already provides significant noise reduction for the PDM-
ECD response. It is also noteworthy that tbe 81#
' 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 méde
competitive with the most sensitive methods available for
trace organic analysis.
Sensitivity of the PDM-ECD to

CH.I in the Presence of
Excess ccl,

As part of-the sensitivity determination of the PDM-

ECD to iodide, an experiment was devised to measure PD of
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I" 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 CCl, 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 CCl,. As the CCl, concentration in the dilutér,
aﬁd hence the Cl™ concentration in the ECD, was decreased
at an exponential rate, the standing current increased
accordingly. Af£er enough time had elapsed that the-
standing current became measurable, injections of 600
pptr CH,I were made at 6-9 minﬁte intervals and the
resulting responses measured.

- The results of'the experiment are shown in Figure
15, where the relative PD respoﬁsé is plotted against the
standing cufrent. Also shown is the normal felative PD
response for the same injection with no CCl, 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 fesponse. Secondly, although the responses
are reduced, the PDM-ECD is sensitive enough to I~ that
CH,I can easily be detected at low concehtrafion with a
standiﬁg current as low as about 1 nA, reflecting a
background concentration of CCl, at least two orders of_

magnitude greater than that of CH,I.
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STANDING CURRENT (nA)

The relative PDM-ECD response (51 /8IL/c) to
repeated 5 cm3 gas injections of 600 pptr

CH I (circles) i1n a background matrix of
CCl14 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 | nA,
CCl14 i1s still in excess of CH3l by at least
two orders of magnitude. The normal PDM-ECD
response to the CH3l sample without CCl4
present i1s 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 anion.‘s _has been a useful means of studying
thermochemical and spectroscopic prépérties of negative
ions and their photoproducts. In particulaf, gas phase
‘electron affinities and information on the excited states
of negative ions have been obtainable through PD studiés,

In this section, the PD spectré of 31 nitroaromatic
hydrocarbbns will be shown and discussed. These spectfa
were‘all obtained at 200°C by the PbM-ECD method ‘under
the conditions describéd in Experimental.

In order to verify.the identity of the negative ions
formed by EC in the ECD, the APIMS of the compounds wefe
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 0.1
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 discugsed later. For m~bromonitrobenzene,
the Br™ ion was 0.3 times as intense as ' the molecular

ion. The APIMS measurements also showed the tendency of

I
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p-bhloroﬁitrobenzepe and p-~bromonitrobenzene to 'form
ions of fhe type M + O - Cl)" and (M + O - Br) ",
respectively, if oxygen in the carrier gas was not
reducéd to ﬁhe 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. wavelenéths is shown in IFigureﬂ 16.
The magnitude of the SIN response is. about 1.0 nA for
each case (total standing current is 4.0na). In the
first case in Figure 16, 525 nm light creates a strong
SIM response, reflecting a large PD cross-section at this
wavelength. While in the remaining six analyses the PDM-
ECD responses afe not large, . they are important since

they reveal the first detectable onset of PD, A

enr @0d

may bear information on the electron affinity (EA) of the
molecule. The Z%h determination-is difficult because the
onset of PD in the threshold region is very weak and
gradual. Nevertheless, the absence of a PD response in
Figure 16 with 1075 nm and_lonée; wavelengths.relative to
the responses observed with 1050 nm énd shorter
wavelengths is distinctly observable abéve 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 Xfh= 1050 nm for the nitrobenzene anion.
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range of 300-1200 nm at 25 nm intervals.

The.spectrﬁm of nifrobenzene is again représentative
of the other nitroarométics used in this study, and is
shown in Figurel'l7. The spectrum bears two general
characteristics which have previousiy been reported in
other PD studies ' (54, 55). These two characteristics
are: 1) é gradﬁal and continuous incrgase in the PD
cross-section with increasingly shorter waveleﬁgths and
(2) the Superiméosition on this curve of peaks andi
maxima. The PD mechanisms which have previouély been
associated with these two characteristics are Direct
Photbdetachment- and - Resonance Photodetachment, '
‘respectively. A symbolic representation is shown in
Figﬁre 18 and will provide the i)a-sis 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 diécuséion. For all spectra,
the cross-sections measured in the wavelength region of
initial PD onset out to 1200 nm are also indicated with
x10 amplification by the circled data points. The
threshold wavelength, A, at wﬁich PD is first observed
for each case is also indicated in Table 2 along with the
energy, E, , of individual photons of that wavelength.
The uncertainty in A, is estimated to be i 20 #m and is

determined primarily by the monochromator bandpass. .




Figure 17.

WAVELENGTH (nm)

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 i1s a computer-generated
smooth curve passing through the data points.
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internuclear
distance

A simple model for the electron
photodetachment of nitroaromatic anions.
Direct PD 1is represented by process 1 in
which absorption of a photon by M leads
directly to the neutral molecule and a free
electron. Resonance PD i1s represented by the
combination of processes 2 and 4 i1n 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 iIn 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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Figure 20. Electron photodetachment spectra observed for
twelve substituted nitrobenzenes and
dinitrobenzenes by the PDM-ECD at 200 *C.
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WAVELENGTH (nm)

Electron photodetachment spectra observed for
SixX substituted nitroaromatic and

dinitroaromatic hydrocarbons by the PDM-ECD
at 200 *C.
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Table 2. Photodetachment thresholds of nitroaromatic

~anions.
PDM-ECD® PHPMS®

Anion® A fom)™ E(eV)T EA(eV) " AS(eu)?
17) N8 1050  1.18 1.0t -1.0
192) o-MNB 1000 1.24 0.92 -1.6
19B) m-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-CINB 925 1.34 1.14 -1.6
19H) m~ClNB . 900 1.38 1.28

19I) p-CINB 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
205)\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-ECDP PHPMS®
Anion® A, (om)T B (eV)© EA(eV) - AS°(eu)?
20I) 3, 4-DNTL 700 1.77 |
20J) 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) 1-NNAP 1000 '1.24 1.23 -0.9
21C) 2-NNAP 1000. 1.24 1.18
'21D) 1, 3-DNNAP 625 1.98 1.78
21E) 1, 5-DNNAP 550 2.25 1.77
21F) Q;NANfH 700 1.77 1.43 -2.9
Abbreviations: NB-nitrobenzene; M~methyl; F-fluofo;

Cl-chloro; Br-bromo; CN-cyano; D-di;
N-nitro; TL-toluene; TF-trifluoro;
NAP~ naphthalene; ANTH-anthracene.

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

Present work, from Figureé 17, 19-21.

Highest wavelength setting of monochromator at which
PD is observed. Uncertainty is * 20 nm.

Photon energy corresponding to K%h. Uncertainty
is * 0.05 evV. o

Pulsed high pressure mass'spectrometry measurements
from reference 57.

. Electron affinity. Uncertainty is * 0.1 eV.

Entropy change associated with negative iohization
of molecule, M —> M.
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Direct Photodetachment and
Electron Affinities

Process 1 in Figure 18 represents the'direct photon-
induced transition of the negative ion, M~ , to prodﬁce
1;.he neutral product, M, and a free."electron. This
prbcess is generally wexpected to be operative in fhe
threshold region of the PD spectrum with photons of
energy near that of the adiabatic electron affinity (EA)
of M. With photons of progr'essively higher energy, the
PD cross-section is expected to increase in a manner
ciescribed 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, 6, (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 o, with increé.sing 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 excitéd states of the negative ion and the

neutral, ‘and structural differences betwe.enit_he negative
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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 ‘nitroarbmatic hydrocarbons studied here, it is
suspected fhat -at least some of these -complicating
factors are operative and would affect any threshold laws
which might be derived. Since calculations addreséing
these factors have ' not yet been done for the
' nifroaromatic hydrocarbons, threshold lawé cannot be
effectivel& used here. Therefore, only the. first

detectable onset of PD, A will be used for comparison

th’
with the EA of each molecule, while it is recognized that

the energy, E associated with this wavelength is not.

th’
necessarily expected to be equal to EA of the molecule.
The ﬁ' ion shown in Figure 18 has been assumed'to be
in its electronic and vibrational ground gtate while thé
photoproduct, M, ma'y‘;be formed in any ovrf a number of
vibrational and rotational excited states of ité
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 equai to the EAR of M. However, if the stablé
geometries of M  and ﬁ are significantly different (poor’
Franck;Condon overlap), as éuggested ?in - the case

illuétrated in Figure 18,‘the energy, E of Ehe photons

th’/

at the PD threshold will be greater than EA. For the

case symbolized in Figure 18, the stable configuration of
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M"is'charécterized by internuclear distances which are
shorter, and inﬁramolecular .motions which are more
constrained, - than those of the parent molecule. This
representation. has beén chosen because Kebarle and
coworkers (56, 57) have shown that the entropy of
negative ionization, As® for the process M —> M',’is
consistently negative for "nitrobenzene and. for
 substituted nitroaromatic hydrocarbons, in general. They
suggest that this loss of eﬁtropy upon addition of an
electron to these molecules is due to a stiffening of the
internal rotation of the NO, groups due to increased =
character in the C-N‘Eond of the énion.

For all of the hitroarogatic hydrocarbons studied
here, with the exception of o-bromonitrobenzene noted
Previdusiy, the fifst onset of PD indicated in Figures
19-21 is thought to be.due to the photodetachmeht of the
‘M; species. _These th;eshold measurements, A%h and Eth,
are listed in T;ble‘ 2, along with values for the
adiabatic EA and the entropy of negatiée ionization for
many of the nitroaromatic - hydrocarbons. * These
thermochemicél_properties have recenfly been determined
by Kebarle and coworkers (56-58) through observations of
Qas phase electron transfer equilibria by pulsed high
pressure mass sbectrometry (PHPMS) . A comparison of.the
E,_, values observed here with Kebarle’s EA determinétions

th

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 (66-58). 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 Efh = EA for each
case.
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line shown in Figure 22 ﬁas unity siope and is the 1line
on which ell pointsAwould fall if E_, = EA. |

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 E. . fos these are
essentially _equal' to fhe corresponding adiabatic EA
values of Kebarle end coworkers (56-58). Nevertheless,
approximately‘one—ﬁalf of the data set.clearly indicates
that By .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
nigroaromatic hydrocarbons (56, 57), the result that'Eth
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 Eéh had been found
to be 1less than EA for any of the compounds studied;
This result would be expected only if the M  ion
possessed sufficient internal energy so fhat its higher
vibrational states were well-populated and photons hav1ng
less energy than the adiabatic EA could cause dlrect PD.
As has been previously explained, however, only ions of
-relatlvely 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 E,, and EA values
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discussed above and Kebarle and coworkers (56, 57) As°®
values for negati&e ionization,“since both of these are
thought to be related to the magnitude of structurai
differences in the M" and M species. Unfortunately, the

estimated wuncertainty of the AS° values apd the

differences in E,, and EA &alues are too large to allow a

meaﬁingful comparison of this type to1be made for many of
the cases indicated in Table 2 and Figure 22.

Nevertheless/ for a few cases in‘whiéh the differences
between E , and EA are unusually large; comparisons with

the corrésponding AS® values do suggest the existence of

a direct _correlation; For example, ‘the greatest
departuré from the dashed line in Figure 22 is data point
20F for b-dinitroben?ene. ~ In strong contrast, data
points 205 and 203 for the ortho- and meta- isomers of
dinitrobenzeﬁe 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 AS° value, -4.5 cal/°K, of the group of
compounds they studied (uﬁfortunately, the ortho and meta
isomers of..dinitrobenzené were not ' included in that
study) . Therefore, both the PDM-ECD and the PHPMS
experiments indicate th;t an ﬁnusually 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 i1onization of p-dinitrobenzene may be due to
the relative importance of resonance form 1 iIn 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 iImportant in

influencing 1ts structure.

W r ««1
0 H CoO
|

Figure 23. Possible resonance forms for (1) p-dinitro-
benzene and (1) 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 iIn 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 i1n resonance form 1 and, therefore, would

not necessarily be favored over form 1. By removal of
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one electron from form I, a poteﬁtial resonance structure-
for neutral p-dinitrobenzene can be written which also
has four conjugated double bonds. However, for the.
neutral, competing résonance 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 thé structure of
neutral p-dinitrobenzene.

The resonance fdrm-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 =T character, is not poséible for“.ﬁ-
dinitfobenzene ahd no anomalously large structure change
was suggesﬁed by its E., Mmeasurement. For o-
dinitrobenzene, _a—'resohance form analogous to type I
would not be.favored due to steric hindrance aﬁd, again,
E,, for this compound was not found to be signifiéantlyA
larger that its EA. -

The case of 1,5-dinitronéph£hélene indicated by data
point 21E in Figure 22 deviates significantly from the
unity sldpe dashed line, suggesting that 'a Significant
structure’ change accompanies its negativé ionization.
For the 1,5—dinitronaphth§lene anion, resonance form Ii
in Figure 23 is possible in which the T-resonance s&stém

is extended over the entire molecule by six'conjugated
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double bonds, two of ﬁhich 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 resonaﬁce form of type II for the neutral molecule
will have one fewer double bond than its competing
resonance étructures and is not expected to be as
important in determining the structure of the neutral. A
resonance form of type II is not possible'fof the 1,3-
dinitronaphthalene anion and, as shown by data point 21D
in Figure 22, the departure of its E., 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
Téble 2 and in Figure 22, is that the difference between
Eth and EA for all of the methyl-, fluoro-; chloro-, aﬁd
cyano-substituted nitrobenﬁenes ;s always greatest for
the ortho isomer. This suggests tﬁat the magnitude of
geometry change upon the negative ionization of these
molecules is greatest for the ortho isomers.
Unfortunately, this trend in the PD spectré can not
presently be compared with parallel AS®° determinations

from PHPMS because toé few of these have been made to

date.
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Resonance Photodetachment

The peaks and maxima observed in the PD épectra 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
électronically excited state of M.ndght be envisioned.
Resonances and peak méxima are not expected to be
associated with transitions of this type (11, 12).
Furthermore, electronic excited states of sufficiéntly
low energ& aie not thought to exist for most of the
neutral nitroaromatic hydrocarbons studied here. For
example, the peak at 525 nm iﬁ the PD spectrum of
nitrobenzene anion shown in Figufe 17 cannot ° be
"attributed to Direct PD of M to form an excited
eléctronic state of M. Thé UV-Vis absorption spectrum of
molecular nitrobenzene contains no absorption in the
.wavelength range greate; thén.400 nm (59) which indicates _
that no excited states of nitrobenzéne exist within 3.0
eV of its ground state.

As shown in Figure 18, the other‘mechanisﬁ bvahicﬂ
PD ¢an occur is initiated b} process 2; the absorption of
light by M~ to form the electronic excited state, M™"
lThé exéited ﬁegative ion can then either relax back to
its ground state by radiative or non-radiative processes,
shown collectively - as ©process 3, or can underg§

autodetachment to form the neutral molecule. and an
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electron, shown as proéess 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
criferia.required for this mechanism to lead to intense
resonances and peaks are that the croés—sections for
absorption, oa,'must be larger than the cross-sections
for Direct PD somewhere in the spectral region above E.,r
and the quantum efficiency for autodetachment, given by
® = k,/(k; + k,), must be acceptably high.

If the photodetachment peaks in Figures 19-21 are
due to Resonance PD, the PD spectfum observed for each.
compound should resemble the absorption.spect;um\of'the
negative ion. Shida and Iwata (60) have provided the
absorption spectra of numerous nitroéromatic 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 (coptinuous curves) in a form (molar
absorbtivity coefficients have been converted to cross-
sections, wavenumbers to wavelengths) which facilitates
their comparison with the corresponding PD spectra
repérted 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




ABSORPTION CROSS-

Figure 24.

The absorption spectra (continuous curves) of
the molecular radical anions of several
nitroaromatic hydrocarbons reported
previously by Shida and lwata (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 anﬁther,'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. Rgd‘.shifts of' this magnitude have been
observed previously in domparisoﬁs of gas phase to
cohdensed. phase electronic spectra k55) and have Ibeeh
attributed to éolvation effeéts which can increase the
" energy of certain electronic transitions by destabiiizing
an excited étate relative‘to thg groﬁnd state (él).-'The-
G, valueé for absorption at the twoipeak maxima in Figure

24A are very ;arge,(é G, value of 6ﬂ6_32 correspondg to a

molar absorptivity of € ==71;6 X 104.cm"i MYy with éne

equalzto and the other about twicé as great as the two
coffesponding G, Vvalues. | Due to the congiderable'
différénces in physical cbnditions under which the
absorption ahd. the -PD measurements were = made,

quantitative deductions as to the relative' rates of

processes 2-4 in Figure 18 in terms of the observed c, .

and O, 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 v§ry efficient for the gas
ﬁhase ﬁitrobenzeng anién and thaﬁ the quéntﬁm efficiency,
®, for PD. is quite high for Eoth of the excited states of
thé negative .ion indieated in the spectrum. Using the o,

and O, values withbut correction for phase and
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température differences indicates ® ='0&/Ga'z 0;5_at 325
nm.

Shida and Iwata (60) also .measured the absorpti'on-
spectra of the three isomers of méthylhitrobenzene-anion
and found that ﬁhey differéd very 1ittie from that shown
for nitrobenzepe aniqn in Figure 24A. In Figures 19A-
18cC, the PD spectra 6f the three isomers of
methylnitrobenzene are shown and these are quite similar
to the PD spectrﬁm of nitrobenzene anion. Contrary to
the absorption spectra reported by Shida and Iwata (60),
however, .the PD cross-section for the ortho isoﬁer in
Figure 19A is significantly reduced relative to those of
nitfobenzene‘ and the meta and para isomers ' of
methylnitrobenzene anion. _ The absorption spectrum .of
2,6-dimethylnitrobenzene iﬁ 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 20K indicates
that the 0, values are greatly reduced at all peak maxima
reiative to that of nitrobenzene anion. The PD séectrum
of 3,5-dimethylnitrobenzene 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 G, much
more than i‘t does O, at the peak maxima. In terms of the
: modei_. for PD illustrated in Figure 18, this result

suggests that methyl substitution in the ortho position

has relatively 1little 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 relakation,'procéss 3. 1In

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 E_  to

significantly exceed EA -and this was suggested to be

causgd by poor Franck~Condon ovei:lap of the M and M
species. Poor Franc-k-Coﬁdon'overlap of the M* and M
species would also Abe expected .if the M~ and M;* states
of the anions have verj.( similar structures as :.'ult;plied in
Figurg 18. Therefér.}e, it is reasonable fo suggest that

the lower o, values observed here with methyl

substitution at the ortho position are also caused by

pooxr. Franck-Condon factors énd} for the Resonance PD

mechénism, this caléses the rate of process 4 and the
maghitﬁde of '_fD to’ be decreased. .T‘hat the M" and M
species of o;meti;lylnitiobenzene anion do, in fact, have
éimilar strﬁcturés is supported by the fact that o, of

its two absorption maxima (60) are large.
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The matrix absorption spec£ra of the ortho and meta
isomers of dinitrpbenzene anion, shown in Figures 24B and
24C, also bear considerﬁble’reéemblance to the gas phase
PD spéctra of these anions. The orthé. isomer, for
example, has a unique multiplicity of peéks in the short
wavelength region which is evident also in its 'fD
spectrum shown in Figure 20D. For this anion, the broad
absorption which feaches a maximum at 1000 nm in Figure
24B ié not expected to be seen in the corresponding PD
spectrﬁm because the excited electronic state of the
negative ion involved in this fransitioﬂ lies ‘below the
EA of this molecule and, therefore, it is not cépable of
autodetachment. These low-energy‘ excited electronic
states are present in other molecules‘ as well. - For
'éxample, the intense absorption peaks shown in Figure 24D
for p-dinitrobenzene anion at waﬁelengths longer than 700
nm are not expected to be seen in the PD spéctrum sihcé
the very higﬁ EA of p-dinitrobenzene (2.0 eV) prohibits
Resonance PD with waﬁelenéths greater than about 600 nm.

In Figure 24D, the absorption spectrum of p-
din;trobenzene, it ‘should also be noted that o, fér the
peak maximum at 350 nm is greatly reduced relative to c,
for thé'absorptiqn peak of this anion at 400 nm. This
result is. consistent with ‘the effects of ortho-methyl
substitution, discussed previously, in which a decr’ease'

in 0, 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-sﬁbstituted ‘

dinitrébenzenes “are also  shown in Fiéure 20. A
comparison éf Figures 20D, 201, and 200 indicate-that
little changé iﬁ‘the.PD speétrum of o-dinitrobenzene is
caused-by the addiﬁion of a methyl group to either of the
two possible positions on its ring. On the other ﬂand; a

comparison of PD spéctra 20E, 20K, and 20L indicafe a

progressive decrease in o, 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

groupsﬂ This result for methyl-substituted m-

dinitrobenzene is consistent with the effects of o-methyl

substitution on the G, of. nitrobenzene anion, discussed

above. The fact that a much smaller effect on o, is

caused by methyl substitution in o-dinitrobenzene anion

is undoubtedly due to the large degree of steric

groups.

hihd:ance already <caused 'by adjacent NO,

Therefore, the additional steric effect caused. by an

addéd methyl group is not as important.

Tﬁe absorption spéqtfa of 1- and 2-nitronaphthalene

anions shown in Figures 24F and 27G provide a
particularly inﬁerésting 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 21B and
21cC. |

Phenoxy-type Ion Formation
in the PDM-ECD

As discussed earlier, APIMS-measurements have shown
the tendeney of certain molecules such as o-. and p-
chloronitrobenzene . and p—bromonitrobenzene to form
phenoxy-type ions, (M + O - Cl)” or (M + O - Bx)~, under
ECD conditions if great care is not taken to minimize
oxygen levels in the ECD. Oxygen can contaminate the ion
source through leaks in gas transfer lines or the ECD
itself, or as an'impurity in theicarrier gas. For the
PDM-ECD experiments, leaks were minimized by maintaining a
positive pressure within,the ECD 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 ECD. In
order to determine if this was occurring, oxygen was
intentionaliy introduced into the carrier gas ‘w1th 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 ECD during

the course of the experiment. Dzidic, Caroll, Stillwell,
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and‘ Horning (53) have determined that for phenoxy ion
formétion, k = 3 x 10" cn’ molecules™! s-!. For an
oxygen conéentrétion of 10 ppm (2.5 x 10 molecules cm”
3), this produces a pseudo-first order rate constant of
7500 s™!, much faster than positive ion-negative ion
recombination (100 s”!) or PD (about 10 s'l), the two
competing reactions. |

An experiment was done to compa?e the PD spectra of
compounds with aﬁd'without oxygen added to the systeml
Five compounds were chosen, two of whiéh, o- and p-
chloronitrobenzene, are known to form phenoxy ions with
-oxygen preseﬁt, and three of which, iﬁdooctane,‘ m-
chloronitrobenzene, and p-fluoronitrobenzene, will not
form phenoxy ions. If tﬁehspectra of eithér o- or P-
chloronitrobenzene are substantially different 'undér
conditions favoring phenoxy ion formation (oxygen addéd)
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 indicaﬁe that the phenoxy
 ions are formed in the ECD under both conditions. fhe
spectfa of m-chloronitrobenzene and p-fluoronitrobenzene
are not expected to change since neither tend  £0 form

Pphenoxy~-type molecules under these conditions.
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The results are shown in Figure 25 and indicate fhat
the PD cross-section _ fof m-éhlorgnitrobepzené is
unaffected or slightly enhanced by the addition of oxygen.

This was also observed for p-flﬁoronitrobenzene (not

shown). On the other hand, the PD cross-sections for o-

and p—chlorénitrobenzene are reduced by about 50 bercent
from‘ 300-325 nm and 525;600 nm, and are elimihated
entirely over the rest of the wavelength range.  This
large éhange would seem +to -indicate that with oxygen
added, o- and p-chloronitrdbenzehe fo'rm 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 péa];s observed with no oxygen added,
érobably indicate that . some molecular ions are still
‘present, or - that the new ions also PD at théese
wavelengths. |

The PD cross-section of I~ was decfeased by about. 30
percent by the addition of oxygen. It should be noted,
hoWeve?, 'that the mplecula; ion .cross-sections were
deté;mined relative to I~ and should indicate the absolute
crégs-séqtion. The observed reduction for I~ was probably
due to the reduced standing current resuiting from,thé

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.
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WAVELENGTH (nm)

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 sééﬁ.to indicate that undef normal PDM-
ECD conditions, oxygen 1is not present in high enough
concentrations.to affect'substantially the molecular .ion
popﬁiatibn}neven of compounds particularly suscéptible to

phenoxy ion formation.

PDM-ECD Study of Quinone Anijions

Quinone and two “other “members of the quinone
family, fluoranil (tetfafluoro-l,4-benzoquin9ne) ahd
chloranil '(tetraéh;oro-l,4-benzoquipone), wé;e studied
with the PDM-ECD. The quinone family‘has‘been studied
‘extensivély‘ elsewhere due \to. its iﬁportahée in some
biéloéical systems. ' “.The' quinoné, fluoranil, ‘and-
thorénil molecules will rapidly attach electrqﬁs in:thé

ECD to form radical anions which will undergo PD.

PD Spectra and EA of p-Benzodquinone

The photodetachment spectrum of the.p-benzoquihone
anion is éhowﬁ in Figure‘és. As with ali the'molecular'
ions previously discussed, peaks are observed in the
spectrum, which aré attributed to resonancelPD. |

| The PD 5ehavior of p-benzoquinone has beeg studied
and repofted previously. ; Holroyd (62) ' obtained a
spectrum by l»aser' PD Ai]..'l séveral non-polar liquids. A
double-pulse conductivity technique'wés used, where the

first pulse was an x-ray pulse which 1liberated electrons
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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).
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© to react and form benzogquinone anions. The second pulse

was from a tunable dye laser after a delay period of 10

to 200 pus. The PD cross-section was obtained from the

amplitude of the current signal (due to the electrons

detached f-rom 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 héve

been no pubiished reports comparing the magnitudes of PD
cross-sections in the two different phases‘. The same
peak shapes of trends seem to be ev-iden_t in both specfra
down to 425 nm, the low wavelength limit for the laéevr‘.'
Unfortuhately, the liquid phase spec;frum is 6n]_.y 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 benzoéuinone obtained by Adams and Michael
(63) in an aqueous solution. The absorption was.

determined by a pulse-radiolysis experiment similar to

that ddne by Holroyd (62) except that absorption, rather
than PD, was measured. The s_imiJ_.arit‘ies between the

absorption and PD spectra are quite evident.
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The A%h values can be used to calculate an E,, for

p-benzoquinone. For the PDM-ECD method, A, = 537.5 nm,

and for the 'liquid phase experiment, A%h = 535 nm.

Considering the resolution wused in the PDM-ECD
experiment, these are identical results, which lead to
E, = 53.4 kcal/mol. Qhowdhury, Heinis, Gfimsrud, and
Kebarle (57), using an electron-transfer equilib?ium
technique, reported a value of EA = 44.1 kcal/mol. As
discuséed. in the ;ection on the nitroaromatics, this
difference is not unexpected, due to possible geometry
differences between the anion and the'neutrél. Kebarle
and coworkers (57) do, in fact, repo:ﬁ AS® = -4.0 eu for
p—benquﬁinone, which indicates ai relatively lé;gé
geometry difference between the neutral and the anion,
with the anion being in a more constrained configuration.
Mafks, Coﬁitahland Brauman (64) have élso studied
the PD behavior of p;benzoquinone. Their technique
pioduces anions in an ion cyclotron ' resonance mass
spectrométer and obtains a PD spectrum by ineasuriné a
decrease in the ion_signal upon_iaser irradiation. The
particular study cited (64) dealt with dipole-supported
states and compared only the PD threshold regions of o-
. and p-benzoquiﬁone. Although én entire spectrum was not
published, Ehey" assign a PD threshold value for p-
benzoquinone as A%h = 624 pm-providing a value of E, =

'45.8 kcal/mol, virtually identical with the EA value
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determined by Kebarle and cowor#ere (57) . The-fact that
the ICR method provides'a A%h value 100 nm different from
the PDM-ECD method may indicate a greater sensitivity for
the ICR methoe. Considering the high ion‘.monitoring
sensgitivity 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 Vit 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 famil& studied
with the PDM-ECD were fluoranil and chloranil. Their PD
spectra are shown in Figure 27. The ;wo 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 largef. Assuming
that fluoranil has a peak which corresponds to the 320 nm
peak fo;'chloranil, if hae apparently been blﬁe-shifted
by at least 25 nm, and is much larger. No such shift was
oBserved for the‘_fluoronitrobeﬁzenes' compared to the
chloroﬁitrebenzenes shown in Figﬁre 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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Figure 27. PD spectra of chloranil and fluoranil at
150*C obtained with the PDM-ECD.
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for both fluoranil and chloranil, A%h = 400 nm,
which corresponds to Eth = 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 AS° = =3.5 eu indicates a
relatively large geometry difference between the anions

and the neutrais, which could account for the difference

between the Eth and EA determinations.

PDM-ECD Study of Several Perfluorinated Compounds

Although there have béen extensive studies on
electron capture, electron transfer, and EA of some
perfluorocarbons (57, 58, 65,'66), very little has been
reported on PD of these compounds. The fast electron
capture rates of these compdunds 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). .SF6
is known to captu?e thermal electrons readily in the gas
phase to form a negative ion. However, SF, has shown an
energy barrier Eo electron transfer reactions (66) and no.
observed PD for SF, has been reported in the literature.

These behaviors are attributed to poor Franck-Condon

factors fo; the neutral and the anion (72, 73).
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PD of SF6

SF reéponds strongly in the ECD, and attempts were

made to measure the PD spectrum of SF,” in the PDM-ECD.

The resulting SIM 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 SIM responses

produced a high level of uncertainty in the measured

cross-section, prébably on the order of =+ 50%. . Due to

this great uncertainty,.the datalhas been plottéd as a
relative cross-section. The absolute cfoss-section is
ex;remely small, neQer exceeding 0.03 A2, In a previous
report by Drzaic and Brauman ﬁ72), no PD was observed in
the ICR with wavelengths‘dowﬁ to about 300 nm. However,

'in an unpublished study by Freiser and Beaﬁchamp (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. -

Fr§m the PD data, an E., = 78.9 kcal/mol can be
obtained from the A, = 362.5 nm value. This is in sharp
contrast to a reported value of EA = 24.2 kcal/mol
obtained from eléctron'transféf equilibfia studies (65).
However, this very high determination fér Eth.by'the PDM~
ECD method is consistent with the observed unusual PD

behaﬁior of SFG.




Figure 28.
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PD spectrum of SF§ obtained with the
PDM-ECD. A relative cross-section scale has
been used since the 5IM responses were very
small, creating a large uncertainty iIn 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 1In
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 (7/3) 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 Grlmsrud, Chowdhury, and Kebarle (66)
“indicate a AS® = 11 eu for the SF “~ to SF process, which

clearly indicates a .large geometry change upon negatlve

ionization. It should also be noted that calculatlons by -

- Drzaic and Brauman (72) more strongly support a structure
| for SF, most ' closely resembling an ion-molecule
association complex (éF{F)", which  would also possess
poor Franck-Condon overlap for adiabatic photodetachment .
This.model,lnowever, uas based on an EA_-= 12.5 kcal/mol
(75) which is vquite low compared to results obtained
egperimentally yby Kebarle and coworkers (66) and
'calculated by Hay (53). -

PD Spectra of Several Perfluoro-
cycloalkanes

To date, no known reports have been made on PD from

‘the negatlve ions of perfluorocycloalkanes. 'The
compounds studied were: C%Flz‘ (perfluorocyclohexane),

C7Fi4 (perfluoromethylc&clohexane), and . CioF1g.

(perfluorodecalin). "APIMS ekperiments performed in this

lab indicate that the only significant ions formed under

ECD conditions are the molecular anionsl Two peaks were

- observed 'in the chromatogram of C and they were

10 18'

assigned to the cis and trans isomers. The PD'spectra of
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‘ thege'cbmpouhds are shown in Figure 30. As with SF,, the
PD cross-sections measured by the PDM-ECD for these
compounds are Quite small, 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
spéctra may not be real. For CfFM, a.ﬁkh = 387.5 nm
leads to E,, = 73.8 kcal/mol, much ﬁigher than EA = 24.4
kcal/mol determined by Kebarie and coworkers (86) by
electron transfer. equilibria in the PHPMS experiment.
Although the EA values for CF,, and C,oFg are not
knowh, it seems reasonable to. speculate that they are
‘similar to that of C,F,,- The large differences between.

A

., 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
perfluorécycloalkanes similar to those reported for SF
(72, 73), both C,JF,” and CF ~ were found to be
extremely unreactive to electron transfer (66, 76).

PD of Perfluorobenzene and
Perfluorotoluene

Both CeF (perfluorobenzeﬁe) and C,F,
(perfluorotoluene) capture electrons rapidly in the ECD
to form negative iofxs. Sowada and Holroyd (77) have
previously reported a PD spectrum for CsFs in nonpolar

solvents. This report showed relatively large cross- -
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PHOTODETACHMENT CROSS-SECTION

WAVELENGTH (nm)

Figure 30. PD spectra of four perfluorocarbons. The
5IM 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 C;F6 and C.F, were introduced into ﬁﬁe PbM-ECD.
Although both compounds produced strong nofmal (SImm)
responses, only very small SIM responses were observed,
inconsistent ‘with the results reporﬁed by Sowada and
Holroyd (77). APIMS .measurements done in this lab
indicated a strbng tendehcy\f§r the compounds.to prdauce
phenoxy-type ions -in the ECD,‘ even with trace oxygen
levels as low as 1 ppm. From both the PDM-ECD and APIMS-
results, it was concluded that some phenbxy-type anions
were presént in the ECD rather than the molecuiar 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 azuléne,'which, like
the pfeviously discussed molecules, rapidly »attaches
thermal electrons 'to form a ,molecuiar‘ anion. Thié
electron capture process is‘represented by the.forward

reaction in Equation 12. Unlike the molecules previotsly
A+e T/ A . : (12)

diécussed} however, azulene has a relatively low electron
affinity, approximately 16 kcal/mole (78-80). As. a
result of this low—EA, at temperatures exéeeding about

130°C, autodetachment, the reverse reaction shown in
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Equation 12, can occur.

Autodetachment of an elecﬁron from the azulene anion

has been previously measured and reported By Grimsrud,
Chowdhufy, and Kebarle (78) using a pulsed high pressure
ionization mass spectrometer  (PHPMS). " In that
experimént, azulene, along with C%fl4'(perfluofomethyl-
cylcohexane), was introduced into an ion sou?ée

dontainiﬁg methane, with a total source pressure of about

4 Torr. A 2000 V pulse of electrons produced positive
ions and glectrons. These éecondéry electrons were
rapidly ' thermalized by the 4 Torr pressure. The

resulting-thermalizéd electrons were captured by azulene
and C\.,F14 to form the molecular anions, with_ the ion
currenté monitored over time.ﬂ Any autodetachment of
electrons from AZulene was measufed aéla decrease in its
ion signal. An excess of C7F1;4 acted as-an electron
scavenger to prevent the reattachment of‘electrons to thé
azulene neutral. The increase in the azulene anion loss
rate with increasing source teméerature Qas considered to
be due to autodetachment. The méasurement.bf this loss
rate  was then used to’calculéte kd{ the autodetachment
rate _constaﬁt, and EA. = The results of the PHPMS

experiﬁent'for k; and EA will be compared to the results

of the PDM-ECD later in this discussion.
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PD Spéaﬁra of Azulene:

| Upon infroduction into an ECD, aaulene will rapidly
capture electrons to form. a .stable holeculaf negative
ion, and will also underéo PD wupon irradiatibh 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 éapiliary'

column to 1 meter to decrease the ;etention'time at-low_

column temperatures. These low column temperatures were
necessary to maintain at least a 30°C température
differential with the ECD, which was opéraﬁed at
temperatures as low as 50°C.

Tha PD spectrum of azulene at 130°C is ‘shown in
Fiéure,31.. As with other mélecular.anions studied here,
there are peaks observed in the-specﬁrum, presumably due
to resonance ?D. There is ona lafge peak with a maximum
at. 440 nm’ and several much smallar peaks at ionger

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 reésonance 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




Figure 31.
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PD spectrum of azulene at three different
temperatures. The apparent decrease iIn the
cross-section at higher temperatures 1is due
to autodetachment of the electron from the
anion. Also shown i1s the UV-Vis absorption
spectrum for azulene obtained in a frozen
organic glass by Shida (8l).
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(81). Data was taken from the .Shida (81) paper and’
converted te the same wunits and scale as the PD
measurements. The absorption spectrum for the azulene
anion is included in Figure 31. The two spectra are
quite similar, including the smaller peaks observed in
the 475-750 nm range. A comperison of the magnitudes of
the cross-sections would seem to indicate that the
.quentum efficiency for the PD process is’ high,
approximately 50%'if differences in tempereture and phase-
are ignored. | |

As discussed in the section on nitroaromatics,’ A%h
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
aveilable was i200 nm, where PD' was still observed. From
previously published reports, this was not unexpected;
Grimsrud, Chowdhury, and Kebarle (78) have meesured 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. N

Measurement of the Auﬁodetachment
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 wvirtually 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 decréa‘se in 0 is observed at hi"ghez_'
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. Thaf is, as the

temperature increases, autodetachment, k will also

ar
increase. The increased loss mechanism for the anion:
will make PD a smaller proportion of‘the anion loss and
the observed Pﬁ cross-section will decrease. It should
also be mentioned that ﬁo PD responses were observed at
200°C. Presumably at this temperature, k, is _of
sufficient magnitude to make PD no lohger.competitiveh at
least by the PDM-ECD method. PD measurements were
obtained at temperatures as 1low as 50°C with only a
élight increase in the observed PD ‘cross-sections at
thegé lower temperatures compﬁred to 130°C.

Iﬂ the Theory section, it was shown that PD of the
negative ions present within the ECD competes with other

loss mechanisms for the hegative 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 té be 100 * 50 s7!.
Reaction 12 shows that autodetachment. can provide another
loss mechanism for negative ions in the ECD. When
autodetachment occurs, PD must compete with this loss
mechanism alongfwith'recombination, making PD a smaller
portion of the totallloss rafé. As discussed previously,
the magnitude of PD is measured by compafing the.SIM and
SIL/c responses. The relative PD c;oss-section is

calculated by : rel o ='SIM/81hm. With the occurrence
of autodetachment along with recombination, the measured
51M response will be decreased. This, in turn, will
decrease the measured-relative 6,-or apparent PD crésé‘
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 témpératufe.
Since the SIM/SILA: ratio determines the measured PD

crosstection; a decrease in the ra;io will result in a
decrease of the apparent cross-section. The magnitude of
this decrease should_ reflect the magnitude of
athdétachment, kd. If the negative ion-positive ion
recombination rate and the PD rate are Enown, then the
autodeﬁachment rate constant, kd,_for the azulene anion.
can be determined experimentally from the decrease ‘in

apparent ¢ with increasing temperature. The measurement

of kd is also a means to determine the EA of a molecule.
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The ekperimental 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 nigher temperatures, the measured PD response
decreases until it is unobservable at 20d°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,
autodetechment becomes increasingly larger to the point
. where, at 200°C, recombination and ‘autodetachment.
completely overwhelm PD. These results are qualitatiuely.
consistent with Grimsrud, éhowdhury, and Kebarle (785,
where autodetachment ‘was,. obserued tQj 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 tne
recombination rate at higher temperatures, the Pb cross-
sections ’were’ also measured for both an atomic. and ‘a
molecular anion. . Figure 33 shows .the results of this
experiment. Iodide was produced bquC from iodooctane,
while the molecular anion of pP- 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.



115

Oﬂ N0 O o OO
00
A
L] 8[-Aa AaA A
>
|_
<
—
L
o
120 . 160 . 200
TEMP (oC)
Figure 33 . The relative PD cross-sections for I'" and
p-fluoronitrobenzene anion as a function
of temperature. For | , measurements for g

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).
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section for I in this region is flat, see Figure 1), and

for p—fluoronitrobenzene at A = 525 nm ~(the longer

wavelength peak in .its spectrum, see Figure 19F). From

Figure 33, it is clear that the relative PD cross-
sections for both of the anions shown remain constant
over the temperature range 100°C to about 185 C... It is

expected that the values remain constant since the EA of

both of these anions is relatively'large, exceeding 1 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 O . observed .for
azulene.

A determination of k, cannot be taken directly from

Flgure 32 but requlres more exten81ve manlpulatlon of the

data. This involves the use of a computer ‘model which -

‘ s1mulates the . experlment and predlcts the magnltudes of

the measurable responses. A dlscusslon of the computer
program;is found ianppendix A, along with a'flow Chart
and listing of:the program. The program 1s designed to
s1mulate all of the reactions and processes occurring in

a pulsed ECD and . predict responses based on these

processes. The program was. wrltten by Dr Erlc Grimsrud

" and is run on an Apple IIe personal computer.




117
The calculations and predictions in the Program are

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

dne/d-t =8/V-Rnn, -knn +k n_ + ko, (13)

dn, /dt =k nn - Rnn,_ - k. n - kmn (14)

importént p;oduction and loss mechanisms for electrons
and analyte anions within a pulsed-ECD. In these
equations, S represénts the ©positive ion-eléctron
production rate of the ©3Ni source, V.is the volume of
the cell, Rn_ is the positive ion-electron recombination
rate coefficient, Rn, is the positive ion-negative ion
recombination rate coefficient, k, is the electfon
attachment (EC) rate coefficient, kd is ‘the
autodetachment rate coefficient, and k.. 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 k; will @ create a

corresponding decrease in the calculated SIM/BIM, ratio,

o]
indicating a decrease in the apparent PD cross-section.
These simuiations have been done with k, values ranging
from O'to 1000 s™!. The brogram showed that the relative
PD response, or apparent cross-section, de?ends only upon
three factors. These are the negative ion-positive ion

recombination rate, the'PD rate, and the autodetachment

rate. The apparent crosafsectionAis dependent upon these
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factors in the manner shdwh in Figure 34. The aéparent o}
was noﬁ dependent upon k., S8 Rn, or ECD pulsing
freéuency. |

| Froﬁ the predicted curve shown in Figure 34, values
for k; can'bé obtained for the experimental results'showﬁ
in Figure 32. To do this, thg apparent ¢ values in
Figure 32 were converted to a percent_of.the maximum, or
low temperature, 0. By using the éﬁrve in Figure'34;'the
cofresponding raﬁio from the x-axis was obtained for each
appérent,cross-section. - From this ratio, k, could be
calculated from Equatién 15,'ﬁhére Ratio is the ratio
obfained from the cprve:in Figure 34 (the ‘ other terms

have been defined previously); Since the relative

X, = (Rn, + k) (Ratio - 1) (15)

' cross-section for azulene remains constant from 50-115°
C[ as showﬁ in Figure 32, it will be assumed that kd=0>

over this temperature range. A value of k,, = 10 8™ was

used in. the calculations and will be used for the--

-remainder of the discussion since this value provides a.

predicted SIM/&HJC ratio (with k, = 0) most similar to
'the low temperatgre (100°C) - SIM/SIL/c ratio observed}
ekperimentally. |

. The results of the kd,déterminations are shown in
Figure 35l As expected, fbr‘£emperatures:above 115°¢C,

the value for k, increases rapidly. Also shown in'Figure
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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 i1ndependent of all other parameters.
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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 repofted by Grimsrud, Chowdhury, and

Kebarle'(78)i The same qualitafive trend is evident in
both data sets, but the 'PHPMS results are generally
greater by about a factdr of three. The differences
could possib;y be real and dug to the two orders of
magnitude difference nin pressure between the twd
eﬁperiments, or pcésibly.some systematic erfor in.oné of
the expérimental‘techniques.

| Figure 36 shows Arrhenius plots ‘of thé k q data

obtained by the PDM-ECD method. From the slope of the

lines, the experimentally determined EA can be calculated

by Equation 16. For the left-hand plot, this provides
EA = -(slope)RT - (16)

EA = 21.5 kcal/mole, while for the right-hand piot, EA =
22.8 kca;/mole. ~ Grimsrud, Chowdhury, and Kebarle (78)
report electron affinities of 14.5 kcal/mole and 15.7
'kcél/moler respectively, from analogous Arrhenius plots.
" A comparison of the EA rééults rgported'here to the PHPMS
results is consistent with the differences in the k,
determinations discussed previously. The  PHPMS
'exberimentAl kd. values. had a greater 'temperature
dependence than the PDM-ECD results, which leads to the

lower.qalculaﬁéd values .of EA 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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Arrhenius plots of the rate constant, kd, for
electron autodetachment from the azulene
negative ion, obtained with the PDM-ECD.
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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, ;ka.
Christophorou (83, 84) has previoﬁsly reéorted that for
;azulene, k, = 4 x 10® cm® particle™ s7!, ) and is
essentially independent' of temperature. As stated
earlier, the computér model has shown that the PDM-ECD
determination of k, is independent of k_.

In order to determine ény possible temperature
dependencies of ka, it was necessary to know the molar
response in the ECD of azulene, along with kyr over the
témperature range of interest. This data was obtained
with the 1light 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 tpis 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 multiplyihg peak height times

peak width at half-height.  The resulting peak area
represents the relative response. The reésults of this
experiment are shown in Figure 37. The resporise remains

relatively constant up to about 125°C where a continual
decrease in ' response is observed' with increasing
temperature. Since thére was some écatter of the low
temperafure.(100-125°C) data points, an average of the'
six relative responses measured in this temperature
region will be used as the maximum fesponse.

To determine k_ at different temperatures, a normal
ECD respdnse.was first calculated by‘the computer fdr a
' given sample size and k =4 x 1078 cm? particle™ s7%,
as provided by Christophorou (83, 84). ,In.this initial
step, both k, and_ka Qére set to zero. In subsequent
computef runs, the ﬁtemperature" was incréased by
adjusting k, to the expérimenta;ly determined value. The
sample size reméiﬁed éonsfént and k, was.always left at
a value of zero. An increase in k, created a decrease in
the predicted SIN (light off) response, as expected. The '
goal was then to adjust the valﬁe for k  so as to produce
in the computer simulation thevsaﬁe percent decrease in
-the normal ' response as was obserxved expefimentalLy.

Again, "temperature" changes were made in the computer

simulation by changing k,; to the values experimentally
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Figure 37. Relative normal (GIN) 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 k, = 4 x 107® cm® particle™?! éfl
provided by Christqphorou (83, 84), it does appéar that
k, increases somewhat at higher temperatures. Whether k -
increases 5y a factor of.approximately 2, as indicéted in

Figure 38, is uncertain,.due to thé complexities of thé
reactions involvéd. '

In cqn&ludingzthis section on-aZulene,‘it is clear
that the PDM-ECD can be useful in the  study of -
autodetachment of eiectrons from molecul&r anions. The
experiment' dia show‘ a :rapid 'increaée in k,; with
"increasing temperature, a result e#pected based on“the
earlier report by Grimsfud,'Chowdhury,‘and'Kébérlé'(78);
Although the PHPMS results and those obtained with the .
-PDM-ECD"differ,by approximately a factor of three, they
are inﬁgood qualitative agreement, and further studies
méy reveal the source of the differences. It has also
been shown that_the_fDM-ECD h;s poﬁential fof the study.

- of other kinetic¢ phenomena, such as electron attachment

rates.
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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 51 response to
that found experimentally and shown in
Figure 37.
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PDM-ECD Study of the Electron Capture Chemistry of CBrCl,

Previous Studies

In 1975, Grimsrud and Kim (66) reported a study of
the stoichiometry of the reaction of thermalized
elect;ons‘ with CBrxCl, in nitrogen at one atmosphere--
bressure using an atmospheric pressure ionizaﬁion mass
spectrometer (APIMS). Over a range of éxperimental
conditions, which included ion source temperatures from

150 to 300°C, it was shown that Reaction 18a/b alone

Br + CCl, (18a)

e + CBrCl,

Cl~ + CBrCl, (18b)

was important in determining the total electron capture
(EC) chemistry of this molecule during ité ventilation
through the ion source. The branching ratio of Reaction
18a/b was found to be about 4 to 1 producing about 80%
Br- and 20% Cl™ over the entire temperature range studied
and was invériant with changes in buffer gas flow rate
and sample concentration. The predominant neutral formed
in Reaction 18, CCl,, did not appear to undergo electron
‘capture, as shown in Reaction 19, undér the variety of

conditions used in that study. Also, there was B no

e + CCl, —_> cl” + CCl2 (19)

evidence of electron capture byf CBrCl, in that study.
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From these observafions it was concluded that only one
electron ~would. be consumed for each CBrCl, 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 CBrxCl, and |
: tﬁe free radicals, CCl, and CBrClz, which were made by
tﬁe flowing afterglow/Langmuir probe (FALP) technique in
a bath gas of 1 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, prodﬁcing only 45% Br™
and 55% Cl17. ' They also found Reaction 19 to proceed with
a very large rate coefficient, 2.4 x 1077 cm® s™? and;
_that the radical, CBrCl,, undergoes. EC with a rate
'doefficiént;of about 1 x 1077 cm® s7%. Since further>EC
reactions. by CCl, would be endothermic and therefore
cannot occur, Adams, Smith, and ngd (87) éoncluded that
two electrons are consumed for every molecule of CBxCl,
introdﬁced to an ion source of high electron density.

In the section cpnéerning 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~, fhé PDM-ECD should be éuite suited to the study af
the EC braﬁChing ratio for CBrCl, 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
evidenee for describing the.EC chemistry of CBrxCl,. It
was hobed that data from beth of these techniques could.
be used to understand the basis of the two important
dlfferences reported in the two studles descrlbed above-
those concernlng the branchlng ratio of Reaction 18a/b

and the EC reactivity of the radicals, CCl, and CBxCl,.

APIMS Measurements

The APIMS work was done by Mr. ﬁouglas Zook in this
lab. The experimental procedure used in obtaining the
APIMS data has been described prev1ously (86), aud will
not be addressed in detail here. The APIMS ion SOurceyis‘

~equipped with a ®’Ni beta emitter_produding conditions

virtually identical to those in the ECD. A mixture of
argon - 10% methane is passed through the source at a
flow rate of about 60 cm® min~!, 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
cm® min™! of the detector gas. passes through ‘a 50 Mm

aperture leading to the vacuum envelope bf a quadrupole-
‘mass filter. For all APIMS reported.in this study, the
quantities of CBrCl, injected iuto the GC were . always |
relatively large,.O;Ol'te 1 ng per injection, so that the
concentratidn of CBrCl, in the ion source is certain to

be in great excess of .electron density. All samples were

prepared by the successive dilution of‘thelpure 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

3c1” and "°Br~ ions were continuously monitored by a
quadrupole ‘mass- filter during the passage of CBxCl,
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 methou
described - above for Br~ versus Cl- deteetipnl This
correction factor was determined and utilized in all of
the data processing.

With the_APIMS,-measurements of the electrqn capture
negative ion products‘.for CBrCl are readily obtained
under conditions in whlch the concentratlon of CBrCl, is
in large excess of the electron concentration. | These

measurements are shown (circles) in Figure 39 over a

temperature range. of 50 to 250’C. The abundance ratio of

Br™ to C1° measured under these conditions by APIMS is
close to 4 to 1 (80% Br~, 20% Cl ) at all temperatures

Also shown in Figure 39 (squares) are two measurements,

one at 150°C and one at 250°C, taken from the earller,

APIMS study (85) under identical experlmental condltrons.
When the concentration of CBxCl, is held in large
excess  over electron density, _the steady-state

concentrations of the'radicals,.CCl3 and CBxCl,, will be
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The relative abundance of Br" produced by
atmospheric pressure EC reactions of CBrCI3
observed over a wide range of temperatures3by
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 CBrCI3 was
maintained at a very high level relative to
electron density. PDM-ECD measurements (X°s)
were made with much smaller concentrations of
CBrCI3 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 Cﬁrci3 énd
Reaction 18 should then be the dominants EC reaction
léading to negative ions. Therefore, the APIMS
measurements shown in Figure 39 should difectly indicate

the branching ratio of .Reaction 18a/b... From these

measurements, it is concluded that the 18a/b branching

ratio is abdut 4 to 1 and produces approximéteiy‘ao% Br~
and 20% Cl~ over the enti;e.ﬁemperature range of 50 to
250°C at aﬁmospheric -pressﬁrg, ‘shbwing no tendency
towards decreasing af the lower temperatures. Therefore,
the significant ~aifference« in the Reaction 18a/5
branching ratio between the APIMS determinations and
those of Adams, Smith, and Herd (87), who ob?er&ed'45%
Br~ and 55% Cl'.in one Torr He at 27°C, appear to be due
to the differeﬁces.in pressure used in thé two studies,

and not to differences in temperature..

PDM—ECD Measurements

For thé PDM-ECD measurements, é- éaseous mixture
containing small éuantities of CCi4( CH,Br,, énd‘CBrClj
(about - 1 ng eacﬁ per analysis) was introduc;d by a gas
chromatograph, and the SIL/C aﬁd SIM responses were
simultaneously  monitored -as described earlier. By
utilizing light of 365 nm, a SIM response is observed for

compounds which generate Br~ upon electron capture; bﬁﬁﬁgr.d

!
Ry

none is observed for production of Cl1-. (I" will also

produce‘ a SIM response, but I~ is not a possible EC
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product of CBrCl, and therefore will be ignored for the
rest of this section.) 'The ratio of responses, 25IM/5IL/c
= R, for a given compound is therefore indicative of the
identity of the negative ions formed upon EC. For cci,,
which forms only C1~ upon EC, no SIM response will be
observed; and RKCCl4) = 0.000. For CH&BrZ, which forms
only Br~ upon EC, RUﬂEBfZ) will have a definite value

" under a given set of conditions. (The SIM/SIL/ response

c
ratio is different under different conditions, such as
pulse period.) The relative amount of Br™ produced in

electron capture by CBrCl, wunder a given set of

conditions is  then provided by Equation 20. The
remaining percentage of ioné, is equal to %Cl-. ‘The

$Br™(CBrCl,) = [ R(CBrxCl,) / R(CHBr,) ] x 100 (20)
vabsolute uncertainty of these individual $Br”

measﬁrgments is estimated to be.about +7%.

Low Temperature Measurements

The PDM-ECD provides a means of observing the
atmoSpheriC'préSSure electroh.captﬁfe chemistry of CBrCi3~
- under conditions in which tﬁe concentration of CB.rCl3 is
not in excess of electron density. Under these
conditions, EC by‘the radical species, Cc;l.3 and CBrCl,,
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 céndition of continuously high
electron deﬁsity is assured by limiting the CBrCl, 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 260‘C,are
shown (X's8) in Figuré ~39. The relative >Br’/Cl'
abundances determined by the PDM-ECD at temperatures
exceeding 150°C are similar to those which were
determined bj APIMS. With temperatures lower than 150‘{
however, differences in the PﬁM-ECD and  APIMS
ﬁeasuremeﬁté are clearly indicated. These differences
increase coﬁtinuously at lower temperatures .until
- relative abundances of abput 37% Br~ and 63% C1° .a;e
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 prbducts formed
in Reaction 18a/b do, indeéd;> uhdergo fast eiectron
capture at thé low temperatures and thereby produce an
increased rélative abundance of Cl7. Therefore, these
low temperature results are consistent with the findings
of Adams, Smith, and Herd (87), who repofted a very high
EC fate coefficient for CCl, at 27°C.

Also, the very low %Br shown at the lowest
" temperatures in Figure 39 suggests tbat Reaction.21 is

important and that this reaction proceeds primarily by
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Br™ + CCl, (2la)
e + CBxCl,

Cl™ + CBxClL . - (21b)

pathway 21b rafher thgn Zia. if the brénching ratio of
Reaction 18a/b is about 4 to 1, és was indicated by the
APIMS exper‘iments, and if all of the CCl, and CB:;'ClZ'
produced by 'Reaction 18 undergo electron capture by
Réactions . 19- and 21b to produce additional Cl1~, the
fraction of Br~ prodﬁced could be as low aé 40%.
Considering the 7% ﬁncerfainty lével of the individual-
$Br~ measurements by the PbM-ﬁCD ﬁethod, this view is
most consistent with the low'temperature PDM-ECD data.
Additional support for the suggestion that péthway 21b is
dominant over 2la 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
wﬁich the production of Cl~ was favored over that .of Br-.
Additional measurements by the‘PDM-ECD.at 50°C are
éhown in Figure 40. In these experiments, both the
detector gas flow rate and the freduency of ECD pulsing
were varied in Brder to alter the residence time ‘of
matérial 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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k2ne (secl)

Relative abundance of Br'" produced by
electron 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 1is
assigned a rate coefficient for ventilation,
kv = flow rate /7 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 CCI 1is also indicated by the lower
X-axis where £ = 2.4 x 10"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 k2L given in
reference 87 and assuming the branching
ratios for Reactions 18a/b and 2la/b are 4 to
I and O to I, respectively.
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ventilation, ' k , of material through the cell is

indicated, where k'v = F/V (flow rate/ECD volume) . The
inverse of pulsing frequency, pulse period = Tp,- is
plotted on the lower =x-axis. From the ECD standing

current, I, measured at ‘each TP, the ave'rage electroh”
density, n_, existing within the cell at each Tp has been
calculated _fiom n,6 = O.SIieTp/V (38) _anci has been plotf.ed
on the upper x-axis in 'Fi‘gu're 40. The product of n_ and R

for Reaction 19

the second-order rate constant, ’k19'

provides a conditional pséudo-first-order_ rate
coefficient expected for the loss of CCl, by e-lectr'on
éapture. This product, klgné, is also indicated on the
x-axis of Figure 40 where the value for k,, at 27°C

reported by Adams, Smith, and Herd (87), k19 = 2.4 x 1077

cm® s™!, has been used (the values listed on this axis

coincidentally turned out to express both Tp and k,.n_ in
the units shown). A comparison of kV with ]_:19ne foi:' a
gix.ren‘ measurement of ’%Br' is useful in assessing t‘heA
expected importance of Reaction 19.

The data in Figure 40 reveal that with the low flow
" rate, the relative abundance o’f' Br~ is low, about 36% to:
44%. For 1;_hi's flow rate, the ventilation rate cbnstant,'
kv‘= 0.1.4 sfl; is. similar to or less than the pseudo-
first-order rate consi';ants for electron atfachment to

CcCl Therefore, at this flow rate Reaction 19 is

3°

expected to be important and %Br~ s,ho'uld be signifj.'cantl.y :
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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 ié consistent with the
expectation that k,,n, is then less than'kv at this flow

rate and that Reaction 19 should then have a sﬁalléf
effect on the net'ién abundance ratio. As the frequency
.of pulsing is made very fast, n  becomes very small so

that Reaction 18, alone, is expected to be importént 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 shoﬁn 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 (kg =‘
8.2 x 107, k,, =2.4x 107, andk, =1.0x 107 cn®
sy and by assuming branching ratios of 4 to 1 for
Reaction 18a/b and 0 to 1 for Reaction 2la/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 agréeﬁent with
the data obtained at the fast detgctor 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
increaéed %Br~ at higher temperatures so that with
temperatures of 150°C and greater, $Br~ approached the
limiting value of about 80%. Additionai measuréments'at
'150°C have also been made using the wide range of carrier
gas flow rates and ECD pulsiﬁg frequencies which were
previously shown in Figure 40. At 150°, no significant.
variations in'the.measured relative abundance éf Br~ were.
observed with these changes in flow rate and pulse
frequency. All measurements of %Br~ fell within the
range, 70 té 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 sr
'importaht in the high temperature ECb. It will be
recalled that this was also the conclusion drawn ip the
earlier study of CBxCl, by APIMS in which ion source
temperatures of 150 to 300°C were used (86).

For the high teméerature results, two potential
explanations have Been considered. One is that the EC
rate constant for CCl, decfeases sharply with increased
temperature over the fénge from 50 to 150°C. Since there
is little precedence for inverse temperature effects on
gas phase electron capture reactipns (89), this
possibility is not considered likely and is presently not

favored. Another possibility 4is that +the radiecal
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species, -CCl, ‘and CBrCl,, tend to be destroyed upon
contact with the -ion source walls_ aﬁd 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 Equatioﬁ 22, where D is the diffusion
k, = xD/A? B - (22)

coefficient and A is the "characteristic length" of ‘the
reaction volume.' It is reasonable to expect that both x
and Dywill increase with increased temperature. For ‘the '
favorable case where x = 1.0 (a reaction occurs with

-1 (a reasonable-

every wall collision) and D = 0.1.cm2 s
estimate for molecules in argon at 1 atm pressure and
200°C (90), and A = 0.2 cm (a reasonabie estimate for a

short eylindrical cell of about 1.0 cm in diameter [91]),

k, would be equal to about 2.5 s7t. This loss

ceefficient is significantly larger than the largest.of
the first-qrder less coefficients for Reactioh 19 listed
onn the #-axis of Figure 40. 'Therefore,.if this wall
reaetion is operatiﬁe with bigh' efficiency, it would
consume most of the CCl, and GBrClé produced by Reaction
181before'these radicals could undergo electron capture
to form additional Cl-. The ion ratiostthen observed
would be determined mainly by Reection 18 and_would be

expected té be close to 80% Br~ and 20% Cl” under all
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high. temperature conditions of the atmospheric pressure
ién‘source.

The explanation invblviﬁg‘a wall reaction is also
cénsistent with the variation of the normal ECD responses
for CCl, and CBrCl,, shown in'figure 41. The normal
responses for both coﬁpounds‘ are relatively constant
above 100°C} but below 100°C, responses to both compounds
inérease significantly. . AThe nofmal responsé ‘fpr.‘CCIA
increases by about a féctor of 2, while that for CBxCl,
by . about a factor of 3. If a‘secondary EC process such
as‘ Reaction 19 for CCl, is operative at lower.
temperatures and is. fast, the reaction | becomes
stoichiometric and tﬁo electrons are coﬁsumgd‘for each
'analyte molecule_inﬁrdduced into’£he ion source. It is
then conceivablé for the normal responsé‘to~approxiﬁately
double. This is a satisfactory explanation for CCl,, but
does not adequately explain the.responge to CBfCla.

Since Adams, Smith,'and Herd (87) report a branching
ratio of approximaﬁely 1 to 1 at 27°C in one Torr
helium, it appears that the branching ratio is dependent
on ?he pressure and possibly'the nature of £he.buffér gas
in which the Eéﬁreaétion occurs. It is interesting to
considér why this branching ratio might be dependent upon
pressure. If the lifetime of the intermediate species,
. CBrCl,”™, shown in Reaction 23 is approximately equal to

the time of a molecular vibration, or about 10713
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TEMP (C)

Figure 41. Normal (31 ) BCD responses to a repeated
analysis of a sample containing CCI
(triangles), CH Br2 (squares) , and CBrCI3
(circles) as a function of temperature. The
increase iIn the responses to CCl4 and CBrCI3
are attributed to secondary EC reactions
which occur at low source temperatures.
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| | ccl, + Br" (23a)
CBrCl, + € ——> CBrc1l,™

CBrCl, +.Cl°  (23b)

seconds, its bra‘mching réti(.? would not depéﬁd on buffer
gas pressure.‘ If, however, its lifetime is much longer
than .that,. it is then conceivablg that the excess
. internal energy associated with the first EC step in
Reaction 23 could be at least partially removed through
c'ollision"s with the buffer gas molecules prior to its
di'ssociation through eitber 'pathway 23a or 23b. At
atmospheric pressure an ion wili collide with buffer-gas
molecules about 10'° times pé;:'v second. Since ;éathway 23a
is energetically favored over 23b by.about 14_’kcal/mol
~(86), the 23a/b branching ratio would be expected to be
increased by ﬁhe removal of internal energy from the
intermediate molecuiar anion. Therefore, if the lifetime

o-10 gecond, an increased

of CBrCls’* is as long as 1
branching ratio' for Reaction 23a/b at atmospheric
pressure could be explained by this mechanism. Under the
condition of 1 Torr He, used in the study of Adams,
Smith, and Herd (87), ions will collide with the buffer
gas molecules with a frequency of- oﬁly about 10’ per
second and the i‘emoval of intern;al» ehergy from the
intermediafe molecular aﬁion in Reaction 23 is much less

likely. Also, it is known that helium is much less

eff'ective. than argon and methane for' the removal of
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effective than argon and methane‘ for tﬁe removal of
excess énergy from vibrationally and rotationally e#cited
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 anal&sis,.dalled
"gas phase ¢ou16metry" ‘(GPC).A. In GPC, ‘quantitative:
analyses are attempted throﬁgh the direct measureﬁent of
the number of électrons lost in the ECD’ s response to a
gifen' compound . (41, 93596); 'This method réquirés
detailed knowledge of the overall mechanisms ‘and
stoichiometries. of the EC reactions involved. It is now
clear that the overall_stoiéhiometries of the reactions.
between electrons and'éiméie halbgenated methanes, such
as CBrCl3 and CC1,, .are more ‘complex than préviously
'known and may .be subject to the occurrence of wall
reactions. For the twq compounds Jjust mentioned, the
overall stoichiometries would now be expected to vary
between 1.0 and 2f0, depending on the choices of
temperature, flow réte; éell #olume/ beta source
ractivity, pulée frequency, and possibly wall composition.
There is no apparent reason, khowever, 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

Thére have been several reporﬁed studies  (11-14)-
which have attempted to describe a physical model of thé
ECD and itfs processes. Gobby, Grimsrud, and Warden (25)
have described . a ﬁodel in which 'spéée-chérge‘ 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 pulées,
and therefore the .ﬁégétive ions produced by EC,‘ are
concentrated in a localized zone in ﬁhich charge

_neutrality. exists (plasma).  The size of this plasma
inéreases with fime between pulées. | | |

For the recessed co-axial geometrf of the ECD used
in the PDM—ECDistudy; the model predicts that at fast
pulsing,.fhe analyte anions will be concentrated along
the central axié within the cylindrical ionization
volume. - As the pulse period 1is incrgased, the ion
population will become less concentrated centrally and
eventually expénd to includg the enfire ECD volume. By
takingfadvantage.of the lérge Pp.crossfséctibn of I, and
by émploying a nérrow beam of light, iﬁ was thought
possiblé4to determineAEhe location of the negative ions
within the ECD.

The colliﬁating device used to produce thé 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 fhe coarse
'na;ure 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 CH,I, 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 pus. 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 fhe ion population at a
given location. The largest ion populatioﬁ measured in
the experiment was.in the center of the cell at fast
pulsing (100 Qs 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 measuraﬁlé number. At the
longer pulse periods, the ions seem to be more disperséd
throughout the cell, with all but one of the locations

within the ECD having measurable populations of ions at
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100 jjs 500 jus

1000 jjs 2000 jjs

3000 jjs
Relative PD responses to iodide with the
light focused iInto 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 k), the 1ons are concentrated in the
center of the cell, but at slow pulsing
(3000 (i), the i1ons are more dispersed.
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3000 us. It is not known th this one region does not
seem to contain any ions. These results4 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 coulq presumably be improved by utilizing
the.suéerior 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 méde of the pulsed ECD has been
deveioped 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 halogenaped hydrocarbons which produce.
halide ions upon electron capture. With é 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 PDMfECD
has  considerable  potential for improving the
aﬁplicabiiity.of the ECD to trace anaiysis due to several
faétors deménstrated here: (1) a powerful element of
response specificity is added to the considerable
specificity alreadyﬂ provided by the electron captufe
process; (2) any one of several types of PD-caused :
specificity can be. selected by choice of light used; (3)
‘for favorable systems, £he-aéhievable deteétion limits
can:be competitive with other methods available for trace
organié analysis; (4) a normai ECD chromatogram can be
8imultaneously obtéined with a spécific-modé
chromatogram; (5) the ratio " of the two responses
simultaneously recoided contains information concerning

the identity of the analyte;  (6) the processes
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responsible for thé PDM-ECD responsés are reiativély well
unde;stood, and a good correlation betwéeﬁ predicted and
observed‘reéponse magnitudes can be“expected.

The usefulness of the PDM-ECD method for measuring
the elecﬁron photodetachment spectra',of polyatomic
negative. ions has aléo been demonstrated. Sevgral
significan£ ad?antages have been démonstratedlwith'the
use of the PDM-ECD for PD measurements. Stable molecular
radical apions can be easily generated.by-resonance EC.
The internal energy.of the ions‘being‘studied is under
good experimenfal‘ control since they are iﬁ thermal
equilibrium with the buffer gas. | _Absolute PD qréss-
sections are ‘readiiy determiﬂed .with -’ the PDM-ECD.
Although the PD spectra .were obtained wiﬁh a low
resolution 1light system, the PDM-ECD should be équally
applicable to the measurement of high ,resbluﬁion fD'
studies with lasers. The mdst ;pparent disadvantage of
the PDM-ECD is that the identity of fhe moiecula: ions
~are not indicated by fhe instrument éﬁd must. be
determined by other means. For. £his study, this
complementary iﬁformation was‘providéd.by an atmospheric
pressure ionization mass spectrometer. |

Béth the Direct PD and Resonance PD mechanisms have
been shéwn to be 'operativé in the - PD spectra of the
molecular ioﬁs and were compared with known adiabatic

electron affinities of the molecules. This comparison of
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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. of the

‘molecules.

A comparison of the gas phase PD speétra measured

"here at 200°C with UV-Vis absofption spectfa of several

of the nitroaromatic aniong previously measured in frozen
glassy matrices at 77°K indicate tnat Resonance PD ‘is
operative and efficient for many. of the nitroaromntic.
anions. This has also been demonstrated for azﬁlene and
the quinones. Since the peaks and resonances obgefved

are initiated by electronic transitions of the molecular

'anionsh 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 observéd. It was concluded that the

Astructufal differences betweén the molecnle and the anion

have a strong influence on the facility of the Resonance
Pﬁ:meghanism and significantly decrease the magnitude of
the crnss-section at péak'maxima nhenever poor Frannk-
Condon factors are suspected. This"was especially
thought to be true for SF, nnd the perfluorohydnocérbons

where very small cross-sections were observed.
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The PDM-ECDgwgs also shown to be useful in the sfudy
‘of some types of gas-phase kinetics; By measuring the
decreasé of the apparent PD cross-section with increasing:
temperature, it was péssible to determine an electron -
autodetachment raﬁe for'azulenet Ihe results show that
at temperatuies below about 125°C, autodetachment of an
electron from the azulene negative ién is insignificant.
However, as the .tempgréture is increased, - tﬁe
autodetachment fate increases, decreasing the norﬁal ECD
and.PD responses t§ azulene. At 200°C; no Pb for‘azulene
is obserVed. The experimental resﬁlﬁs were shown to be.
in,éood quaiitativé agreement with a‘previous.study; |

The results of the PDM-ECD and APIMS study of the EC
chemistry of CBrCl, have shown that, in atmospheric
pressure buffer gas, ‘the branching ratio of Reaction
18a/b, the EC process for 'CBr013 is about 4 to i,
prdaucing abou£ 80% Br  and 20% Cl1l°, and is relatively
insensitive to changes in temperature over the range 30
to 250°C. The results have also éhown that at ambienfj
temperatures and atmbspheric pressure, the radicals CcC1,
and CBrC12. react rapidly with thermalized electrons.
This fesult’is in géod agreeﬁent with the recent report
by Adams, Smith, and Herd (87) ﬁho reported k19 = 2.4 x
10;7 and k,, =1 x-10"7 cm?'sfl_at 27°C. 'As in the
ﬁrevioué ‘APIMS study (86}, however, the PDM-ECD

measurements reported here again indicate no evidence of
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electron capture by CCl, and CBrCl, 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 qpncluded, therefore, that CCi,
and CBrCl, are being rgmoved from ‘the highytemperature
ion sources by a compefitive pfocess 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 si@uléte all of
the reactions and pfocessesAocéurring in a puisgd-ECD and
predict reépbnses based on these processes. The program
was written by Dr. Eric Grimsrud and is fun-bn an Apple
ITe personal computer. Following is a brief description
of the program and ﬁow 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 ECD, numerous parameters mus£ be
specified and entered into the program. These include:

1) the gositive ion-electron production rate, S, of
the °>Ni source (determined experimentally) .

2) the volume of the ECD cavity, V
3) positive ion-electron recombination rate, R,

4) positive ion-negative ion recombination rate
R_n+ )

5) elecfron-capture (attachmnent) rate coefficient,
ka

6) photodetachment rate constant, k,
7) pulse period, Tp

8) population oflanalyte molecules, n,
9) pépulation of electrons, n_

10) autodetachment rate constant, k., (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 'processesp The program also has two other

variables, a time factor, 1labeled AT, setting the
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increments for iterafions, and an accuracy factor,
labeled Wl. In all of these calculations, two boundary

conditions must be met. First, the sample size, n must

At
be small enough that BIiﬂ: never exceeds 30% of the
standing current. Second, k,, must be kept small enough
that 8I, never exceeds 10% of SIL/C.

The program operates by usihg“ the initially
defermined rate constants to calculate the rates of the
important ECD reéctions and the populations of electron§
and analyte anions within the ECD. Instantaneous
reaction fates are calculated from Equations 13 and 14

(82) . These two equations have been written before

(page 117), but are reproduced here for convenience.

n, +k n_+ kn (13)

dne/dt = S/V - Ren+ne - kanA hv A~ d A-

dn, /dt = kpn - Rnon, -k on - kn, | (14)

After the instantaneous reaction rates are
determined, the~instantaneous electron and anélyte anion
populations are calculated from Equations 24 and 25 (82),
where n, (previous) -and n, (previous) represent the

populations of electrons and analyte anions,

n = ne(previous) + (dne/dt)AT (24)

e

n, = n, (previous) + (dn, /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
valﬁes fof the populations are used to calculate new
reaction rates. .This lo&p-continues, and the populatioﬁ
of,elecfrqhs and'analyte anions increase, until the sum
of the time incrementé, 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 pefiod, ‘the
population of analyte anions, n, , is compared to the nA;
pofglation from the previous pulse period. Since the ECD

model is based upon a steady-state assumption, n from,

A-
- the new pulse period muét equal n,_ from the previbus‘
pulse period (within a ~previously defined accufacy
factor, Wl1). If they are not equal, :theh_ a "pulse"
occurs, i.e., the electron popuiation, n,, goes to zero,

simulating the colleqtidn of electroné at the ECD‘pin,
the AT time increment is reset to zero, énd a neﬁ pulse
périod of looping through.Equations 13, 14, 24, and 25
begins.

These iterations continue. until a éteadyfstate
popuiation of-analyté anions is established,'i.e., the
n,_ ;alues from,tworconsécutive pulse ﬁeriods are equal;
Ondé this stgady—state has been estébliéhed, the currenf
which is predicted té be measured by.the'ECD_electrometer

is calculated from Equations 26, where I is the predicted

. ECD current at the chromatogréphic peak of the analyte.
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I = z?eV/Tp : ‘ ' (26)

. Throughout the above calculatiéns, it‘vwas, assumed
that PD'was“océu£ring,’i.e., k#v was a positi#e nuﬁberl
The current calcﬁlétgd by Equation 26, thén, is' the
‘cufrent measured;'Ion, with the iight continuouély on.

In order to calculate the otﬁer important measurable

parameters, it is necessary to find .I' with no PD

oqéurriné, i.e;, the light is "off". In order to do.

tﬁis, k., is set to zéro,‘and a new set of calculatiqns
ére begun. The terms in Equations 13 ahd_;4 contaiﬁing
k. . dfop out. 'Agaip, iterations céntinue ﬁntil a steady-
state for n_ _ ié'established. Equation 26 is used. to
calculate Ioeer tﬂé current measured with the light off.
One other important"térm, the measured standing
current, I, Qith'no”samplé present, must be_calculated.
Knighton and'Griﬁsrﬁd (82) have showﬁ_that the standing

current can be calculated from Equation 27, ﬁheré I is

I =S/LT (1 - e - (27

[+}

‘the standing current, T is the pulse period,‘and L is the

ratehconstant'for nonfanalyté loss of electrons (RJQJ.

There are now th;ee‘caléulated currents: 1) Io, the

standing current with no analyte present, 2) I the

ofg!

~current with analyte present but the light "off," and 3)

'Iéﬂ, the current measured ﬁith ahalyte present and PD
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occurring (light "6n").. From these three terms, the:
expérimentally measured quantities can now be calculated

from Equations 28-30, where. JI, is the normal ECD

8T, =1, - I, (28)
8T, 0 = I, - [(I . + I_)/2] (29)
SIM = Ioff - Ion ' (30)

response with analyte present but no-PD, SImw is £he
chopped respénse, the average-of light off and light on,
and 51M is the modulated response, the difference between
light off and .light ~on. From these, the predicted

SIM/SIL/c ratio is also calculated.
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Figure 43. Computer simulation pProgram.

10 REM: NAME OF PROGRAM IS AZUL.1

11 REM: THIS PROGRAM INCLUDES EFFECTS OF AUTO
PHOTODETACHMENT

14 PR#0

20 FL=0

40 P5=1

50 INPUT "RESULTS TO PRINTER?";Y9

55 1IF Y9=0 THEN P5=0

110 REM: INPUT VARIABLES

120 S$=3.0

122 INPUT "S=3.0 namps, OK?;Yl

123 IF Y¥=0 THEN INPUT "S= ":S

124 v=2.9 :

125 INPUT "V=2.9 cc, OK?";Y2

126 IF ‘¥Y2=0 THEN INPUT "V= ",V

127 1,0=300

128 INPUT "SAMPLE~FREE LOSS RATE = 300/sec, OK?" ;Y3
129 IF ¥Y3=0 THEN INPUT "SAMPLE~FREE LOSS RATE = ";LO
130 L1=100 ,

131 INPUT "R-N+ = 100/sec, OK?";Y9

132 IF ¥9=0 THEN INPUT "R-N+ = ";L1

133 K3=0 ,

134 INPUT "AUTODETACHMENT RATE COEF = 0, OK?";Z5
135 IF Z5=0 THEN INPUT "AUTODETACHMENT COEF= ":;K3
140 K2=10

141 INPUT "K FOR PD=10/sec, OK?";Y4

142 IF Y4=0 THEN INPUT "K FOR PD= ";K2

143 Kl1l=4E-8 ' :

144 INPUT "Kec= 4E-8, OK?"; Y3

145 IF Y¥3=0 THEN INPUT "Kec= ";Kl1

146 TP=250

147 INPUT "Tp= 250 usec, OK?";Y¥Y5

149 IF ¥Y5=0 THEN INPUT "Tp= ";TP .

150 Ti=1

152 INPUT "INC T= 1 usec, OK?"; Y7

154 IF Y7=0 THEN INPUT "INC T= ";T1l

155 N1=3.0E10

157 INPUT "n (sample) = 3E1l0 molecules/éc, OK?";Y6
159 IF Y6=0 THEN INPUT "n = ";N1

165 Wi=1.001

167 INPUT "wWl=1.001, OK?";Y7

169 IF Y7=0 THEN INPUT "Wl= ";Wl

200 REM: INITIALIZE VARIABLES

210 T=0

211 NO=0

214 N2=0

216 N3=0 .

218 C1=0

230 REM: CONVERSION OF UNITS

S1=S*1E-9* 6.24E18

AND
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Figure 43. continued

238
250
254
258
270
274
278
282
290
292
300
304
308
310
312
314
316
318
350
360
362
364
365
366
367
370
440
450
451
452

453-

454
455
456
457
460
461
462
463
464
465
466
469
470
474
476
486
500
505
510

T2=T1 * 1E-6

REM: CALC OF INSTANTANEOUS RATES

Dl= S1/V - LO*NO - K1*N1*NO + K2*N2 + K3*N2
D2= K1*N1*NO - L1*N2 - K2*N2 - K3*N2

REM: CALC OF INSTANTANEOUS n(e),n(A-), and T
NO=NO + D1*T2

N2=N2 + D2*T2

T=T+T2.

REM: HAS Tp BEEN REACHED?

IF T*1E6 < TP THEN GOTO 250

REM: HAS STEADY STATE BEEN REACHED FOR A- ?
IF N2 < N3*Wl THEN GOTO 350

REM: PULSE

N3=N2

Cl=Cl+1

T=0

NO=0

GOTO 250

REM: CALC OF CURRENT RESPONSES IN namps
I2=(NO*V) / (T*6.24E9) '

IF FL=1 GOTO 370

I1=12

FL=1

K2=0

GOTO 200

IO= S*(1-2.7183* - (LO*TP*1E-6)) / (LO*TP*1E-6)
IF P5= 1 THEN PR#1l

REM: OUTPUT RESULTS

PRINT

PRINT

PRINT "PHOTODETACHMENT ECD PROGRAM RESULTS"
PRINT '

PRINT

PRINT "PARAMETERS SET BY INPUT"

PRINT .

PRINT "S (namps) = ";S

PRINT "V (cc) = ";V

PRINT "REN+ (sec-1) = ";LO

PRINT "R-N+ (sec-l) = ";Ll

PRINT "PD COEF (sec-1) = ";K2 ,
PRINT "AUTODETACHMENT COEF (sec-1) = ";K3
PRINT "Kec (cc/s) = ";Kl1

PRINT "Tp (usec) = ";TP

PRINT "inc T (usec) = ";T1l

PRINT "conc of sample (molecules/cc) = ";N1
PRINT "Wl (accuracy factor) = ";Wl -
PRINT

PRINT "CALCULATED VARIABLES"

PRINT )

PRINT "conc of e’s (millions of e’s/cc) = ";NO*1lE-6
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514
530
550
552
560
564
568
570
572
573
574
578
580
582
620

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
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continued
"conc of A~ (millions of ions/cc) = ";N2*le-6

"PREDICTED RESPONSES (namps) "

"Io, NO SAMPLE, NO LIGHT, = ";I0
"I, SAMPLE, NO LIGHT, = ";I2
"I, SAMPLE AND LIGHT, = ";I1

"NORMAL RESPONSE, Rn = ";I0-I2

R9= I0 - (I1] + 12) / 2

PRINT
PRINT
PRINT
PRINT
PRINT
PR#0"

"Pen 1 response, Rl/c, = ";R9

"Pen 2 modulated response, Rm = ";I1-I2
"$R normal (Rn/Io) = ";(I0 - I2) / IO
"$)R pen 1 (Rl1/c / Io) = ";R9 / IO

"Pen 2/Pen 1 = "; (I1 - I2) / RO
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Figure 44. Flow chart of computer simulation program.

Start
Items 1-10 in List

Set T nA_(last cycle)

Calculate instantaneous rates
using Equations 13 and 14

Pulse Calculate n and n  from
h (last
Is
mnA_(last
cycle)?/
Light off Calculate 1 from

Equation 26
Save 1

Flag=0?

Save |1

from Equations 28-30

Print predicted responses
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APPENDIX B

CHROMATOGRAPHIC PARAMETERS
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Table 3. Chromatographic Parameters

Compound Conc'(ng/uL‘) Inj (UL) ,‘Col‘umn"‘l T(°C) ‘_P_\T(min)

NB  1.55 0.22 WB 80 2.75
o-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 1 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
0-CINB  0.13 0.50 WB 105 2.60
m-C1NB . 0.18 0.35 © WB 100 2.80
p-C1NB 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
0-CNNB 1.42 0.18° W 130 2.35-
m-CNNB - 1.03 0.20 WB 120 2.10
pfcnué 0.25 0.22  ws 115 2.30
o-DNB ' 1.30 0.10 WB 130 2.80
m-DNB 1.46 0.26 WB 130 2.60
.prNB-i 0.16 0.26 WB 125 2.40
3,5¢DMN£ o 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-bnfL - 1.89 ~0.14 B 145 2.30
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Abbreﬁiations: NB - nitrobenzene; M - methyl; F -
CN - cyano;

fluoro;

Cl - chloro;

Br - bromo;

continued
Compound = Conc(ng/UL) Inj(uL) Column® T(°C) R (min)
2, 6-DNTL 0.35 | o.éz WB 135 2.30
m-TFMNB 5.00 0.20 . WB 75 2.20
1-NNAPH 0.23 0.50 WB 150 2.85
2-NNAPH 1.48 0.15  ws 150 3.30
1,3;DNNAPH 0. 60 0.40 ‘WB 160 6.55
1,5;DNNAPH 0.40 1 0.24 WB 160 5.00
9-NANTH 20 0.22  ws 160 6.45
Azulene 1.63 .6-3.0 WB 70-90  2-7
p-BQ 3800 - 0.28 WB 40 2.80
Fluoranil 0.23 0.80 ©  ws 30 . 4.45
Chloranil 1.15 0.70 WB 135 E A3;401
Conc(pptr) Inj (mL)

C.F., 300 5.0 SF-96 ambient 2.5
CF,, 1600 5.0 SF-96  ambient 2.0
C,oF e 5 5.0 SF-96 -ambient 8.0
SF 1 5.0 mol.sieQé ambient 2.5

D - di; N - nitro; 'TL - toluene; NAPH - naphthalene;
ANTH - anthracene; BQ - benzoquinone '

a- WB is the wide bore capillary column.
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