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Electron capture detectors (ECDs) are widely used in gas chromatography to detect electronegative compounds.
In this work, we examine the connections between the ECD response and the cross sections for dissociative
electron attachment (DEA) determined from low energy electron beam studies in the chloroalkane family,
stressing in particular the role of temporary anion state energies. We show that attachment rate coefficients
computed from these cross sections are well correlated with ECD response, and that the latter decreases
exponentially with increasing energies of the lowest anion states. ECD measurements are also carried out in
monochloroalkanes substituted with unsaturated ethenyl and phenyl moieties, and the response is shown to
depend strongly on the mixing between the unsaturateaind the C-Cl o* temporary anions as exhibited

by the vertical attachment energies (VAES) of these states. The results show good correlations between the
chloroalkene and phenyl chloride ECD responses and the VAEs for the mixed states.

I. Introduction process, e- AB — AB~* — A + B, in perhaps the simplest
. chemical family to interpret, the chloro-substituted alkanes.
The response of electron capture detectors (ECDs) to variousgpecifically, we compare ECD response with attachment rate
molecular families is generally known empirically, but the onstants derived from Clproducing cross sections measured
connections between response and properties of the temporary,, an electron beam apparaft§he results obtained above are

anion states of these compounds are not well established.qqqily interpretable in terms of electron attachment into the
Because the primary electron loss mechanism arises from « | yMOs of the compounds, which are derived from
attachment and formation of temporary anions that subsequently.qmpinations of local €CI antibo’ndinga* orbitals.

dissociate or are collisionally stabilized, the energies, lifetimes, |, the second part of our study, we extend our ECD

and potential surfaces of these transient intermediates aremeasyrements to a series of nonplanar mono-chloroalkenes and
fundamental to a quantitative understanding of ECDS. In phenvi chiorides in which we vary the separation between the

particular, it is important to explore the role of vertical ¢_cjand unsaturated moieties. In these compounds, the LUMO
attachment energies (VAESs), the energies required to attach ang comprised of a wave function mixture of thet orbital

electron into normally unoccupied molecular orbitals with the residing on the double bond or phenyl group with the@ o*
molecules in their equilibrium geometries. The VAE associated 5 pital We show that the ECD response varies exponentially

with attachment into the lowest unoccupied molecular orbital \yith the VAE for attachment into this hybrid temporary anion
(LUMO) is especially significant because it provides a measure giata

of the ease of reduction of the molecule. Calculated LUMO
energies have been widely used in quantitative structure/||. Experimental Section
reactivity relationships (QSARSs key parameters in reductive
processes. However, as shown elsewhere by direct compariso
with measured VAEs, such calculated energies may not be
internally consistent from one molecular family to another or
between orbitals of different symmetrigs.

n The attaching electrons in ECDs are generally assumed to
have reached thermal equilibrium with the gases in the cell at
the atmospheric pressure of the buffer gas. For our compounds,
the loss of electrons owing to production of dk related to

the integral of the total DEA cross section over the thermal

i Oturt(_)bjecnves_ n thte”pr:ts-hse?t ﬁvgrliv:',are Z'Ef(élg' We begin bﬁ distribution of electron energies. The family of chloroalkanes
riustrating experimentafly the ink between response and g gied here allows a considerable, perhaps unique, simplifica-

the most fundamental measure of the process, namely, thetion of the ECD processes that could occur in molecules with
electron attachment cross section. Data for the latter rarely

include numerous members of a molecular family so that the less favorable characteristics. At thermal energies, i€lthe
trends can be observed. Thus, it is not surprising that suchonIy anion product, and the potential energy surfaces leading

comparisons, to our knowledge, have not been previousl to this product are repulsive along the-Cl coordinate,
P o 9¢, . P y Ithough weak minima arising from polarization may occur at
reported. For this purpose, we use data derived from measureqa

. . o arge separations. As far as we are aware, none of the
cross sections for the dissociative electron attachment (DEA) compounds form metastable anion states at thermal energies

" : with lifetimes that would permit them to be stabilized or
L o whom ‘(32326)52‘7’2?2‘?7‘3; should be addressed. E-mail: pburrowl@ destabilized by collisions with the buffer gas. Finally, because
T School of Natural Resources. of the large electron affinity of Cl (3.6 eV), thermal detachment

* Department of Physics and Astronomy. at 300°C from CI” is not significant. In any case, we report
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state. The temporary anions that survive to the crossing point
between the two potential curves in Figure 2 give rise to the
stable chloride anion. The peak lying at higher energy in Figure
i 1 indicates the electron energy dependence of this yield. The
/ \ vertical line in this figure shows the VAE for this compound
A \ (1.91 eV) determined by ETS. The shift of the peak in the DEA
ol V \\ . cross section away from the VAE to a lower energy is a
i consequence of the short lifetime of the temporary anion $tate.
i \ The magnitudes of the DEA cross sections have been measured
nob _/, .. for a large number of chloroalkarfeand correlate with VAE
8 1 2 3 4 over about 6 orders of magnitude. The actual dependence is
Blectron Energy (€V) discussed in more detail elsewhére.
Figure 1. The cross section for dissociative electron attachment of ~ The mechanism producing the peak near zero energy in Figure
1,3-dichloropropane as a function of electron impact energy. The 1 is well understood in a qualitative sense. From studies of the
vertical line indicate_s the energy for \_/ertical electron attachment into temperature dependence of the electron attachment process in
the lowest unoccupied molecular orbital. The data are from ref 1. similar molecules, the existence of an activation energy was
inferred that was identified with the energy of the crossing point
AB in Figure 2. The conventional view is that vibrationally excited
levels of the neutral molecule lying above this energy can readily
attach slow electrons and thus contribute to DEA at very low
VAE electron energies. Calculations presented elseWisei@v that
the process is more complicated and that attachment to levels
just belowthe crossing point can also contribute by quantum
tunneling through the narrow barrier. Combining these effects
gives rise to a DEA cross section that diverges as the electron
energy approaches zero. The convolution of such a diverging
cross section with the electron energy distribution limits the
peak amplitude and produces the characteristic “zero energy”
peak observed in electron beam experiments. The separation
between this peak and the higher lying peak is a function of
Internuclear separation the degree of chlorination. Increasing chlorination reduces the
Figure 2. Morse potential curve for a hypothetical diatomic molecule VAE, tending to merge the two DEA peaks into a single large
AB and its anion AB. The vertical arrow indicates the VAE of the  low energy feature.
molecule. The relative size of the two peaks in Figure 1 is sensitive to

only relative ECD responses, and in the following we assume the vibratior_lal temperatur_e of_ the mo_lecules, with the low energy
these responses are proportional to the @loduction. The ~ Peak growing rapidly with increasing temperature. Because
measured DEA cross sections of chloroalkangsically display excited vibrational levels lie closer to the anion pote_ntlal curve,
a double peaked structure at energies below approximately 4€lectron attachment can take place at largeOCbond distances

eV (Figure 1). The origins of these peaks are best understoogwhere the probability of surw_val to the crossing point is greater,
by considering the schematic potential curves (Figure 2). In @nd thus the upper peak shifts to lower energy and also grows
Figure 2, the bound curve (AB) illustrates the potential energy " amplitude with increasing temperature.

of the neutral molecule (plus a zero energy electron at infinite  Dissociative Electron Attachment at Thermal Energies.
distance) as a function of a-€Cl stretching coordinate. The Because the electron energy distribution employed in the
repulsive curve (AB) shows the energy of the temporary anion electron beam experiments we refer to here cannot resolve the
state formed by attachment of an impinging electron into the zero energy peaks in the DEA cross sections, a straightforward
LUMO, generally composed of one or more localized@ numerical integration over the product of cross section and a
o* orbitals, depending on the degree of chlorination. The thermal electron energy distribution cannot be carried out to
electron energy required to occupy this orbital, with the molecule derive a quantity to be tested against the ECD response. How-
in its ground state geometry, is the VAE and is a fundamentally ever, an equivalent approdcwill permit this comparison. In
important property of the molecule, indicating the ease with brief, the electron beam data were fit to model cross sections
which a compound may be reduced. VAEs may be determined having the appropriate low energy dependence given by theory
experimentally in the gas phase by observing the energies atand convoluted by the broadening due to the electron beam
which resonance peaks occur in the total electron scattering crosenergy distribution. From these fits, the contribution arising
section. Electron transmission spectroscopy (BTS)widely solely from the “zero peak” in the DEA yield could be deter-
used for this purpose, and VAEs of numerous chloroalkanes mined. As the actual computed parameter for comparison, we
have been reported elsewhéfeBecause of the short lifetimes  use the energy integrated cross section from its low energy side
of such temporary anion states, it is useful to keep in mind that up to its maximum and label it as the “integrated half-peak cross
an electron may attach over a range of energies around VAE section.” This choice is somewhat arbitrary but we desired to
because of the spread in energy given by the Heisenbergemphasize the contribution arising primarily from vibrationally
uncertainty principle. excited molecules for a comparison with the ECD response.

20 T T T T We next review the DEA process brieflyzollowing electron
1,3-dichloropropane attachment into a €Cl antibonding orbital, the €CI bond
' begins to stretch. During this period, the electron may detach,
s ‘; \ ‘ i returning the molecule to its ground or a vibrationally excited

DEA Cross Section (units of 10-18 cm2)

Potential Energy

AB-
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TABLE 1: Electron Capture Detector Area Ratio, Energy-Integrated Half-peak Cross Sections, Thermal Electron Attachment
Rate Constants, and Vertical Attachment Energies of Selected Chloroalkanes

ECD area ratio with

detector temperature integrated half-peak  attachment rate constant VAE
compound 300C 150°C  cross sections (cfaV)? (cmPisy (evy
1 tetrachloromethane 80.155 77.785 2.2810°% 2.80x 1077 —0.34t0—0.08
2 trichloromethane 8.078 - 4.91610°Y7 9.41x 10°° 0.42
3 1,1,1-trichloroethane 23.134 20.048 1.23640716 5.88x 107° 0.64
4 1,1,2-trichloroethane 3.173 1.268 8.28110 18 1.20x 10°° 0.80
5 1,1,2-trichloro-2-methylpropane 1.811 0.803 2.3380718 2.90x 10710 0.90
6 dichloromethane 0.160 - 8.02010% 1.60x 107t 1.01
7 1,2,3-trichloropropane 2.844 - 2.65310718 6.31x 10710 1.20
8 1,2-dichloro-2-methylpropane 0.159 0.037 3.949071° 4.80x 10°1* 1.40
9 2,2-dichloropropane 0.394 - 6.1381071° 5.73x 101! 1.41
10  2,3-dichlorobutane 0.167 - 2.636107%° 3.11x 10°% 1.56
11 1,2-dichloropropane 0.170 0.04 1.9Q710°1° 2.70x 101! 1.64
12 1,2-dichloroethane 0.201 0.023 1.64310°1° 472x 10712 1.70
13 1,3-dichloropropane 0.114 fid 4.298x 10720 4.94x 10712 1.91
14  1,5-dichloropentane 0.010 nd 7.12010°2* 9.00x 10718 2.04
15  1,4-dichlorobutane 0.014 nd 1.4%410°20 2.80x 10712 2.07
16  1-chlorohexane 1.15 10°3 nd - - ~2.20

aReference 9P Reference 3¢ nd = not detectable.

The electron beam data of Aflatooni and Burfowmere also 10 T T T T T T
used to compute the actual thermal electron attachment rate 102 &£ .
constant that includes not only the contribution from the “zero o 10 i -
peak” but the portion arising from the more energetic but less § £ s
numerous electrons in the distribution that overlap the upper P 10° E E
DEA peak as welf. The latter quantity should be a better match < 401 L ]
to the ECD response. We note here a significant difference 3 3
between the gas-phase measuremniamtd those measured with W0 E
the gas chromatography with electron capture detector (GC/ 103 £ .
ECD). The beam experiments were carried out at a gas 104 5,,,,,,,,} Lo g

temperature of approximately 6%, whereas those involving
the ECD were taken at 30C. We discuss the implications of

this temperature difference later.
Figure 3. Correlation between ECD normalized-concentration area

Following a description of the ECD measurements, we ratios of selected chloroalkanes and attachment rate constants computed
explore how well the zero peak data and the attachment rates o the electron beam cross sections.

constant data derived from electron beam measurements cor-
relate with the ECD response. Next, we examine how the ECD min to 110°C and held for 2 min. The area ratio of each
response varies with the measured VAEs of the compounds. compound to CGlwas normalized to 0.05 mM concentration.

ECD Measurements.Briefly, the ECD detector consists of . _
a cavity with two electrodes and a radiation source that emits !l Results and Discussion

ﬂ-radiation (e.g.,63Ni). Collisions between electrons and the Chloroalkanes. Table 1 summarizes the ECD response
carrier gas (Ar/Ch) produce a plasma containing electrons and function (area ratio), the energy integrated cross sections for
positive ions. After rapidly thermalizing, the electrons are the half-peak, the attachment rate constant from electron beam
collected, establishing a steady background current. As elec-data, and the VAEs. The 16 compounds are numbered and listed
tronegative compounds enter the detector, negative ions arein order of increasing VAE.
formed by the capture of free electrons, resulting in decreases |n Figure 3 we plot the ECD area ratio, that is, the normalized-
in the background current. The ECD response generally dependsoncentration GC/ECD area ratios of the selected chloroalkanes
on several factors, including (a) the mode of signal processing to the CC}, internal standard, as a function of the attachment
used, (b) the electron capture rate constant of the analyte, (C)rate constant computed from the electron beam data. The graph
the stoichiometry of the reaction of electrons with the anadiyte, s presented as a ledog plot with the same range on both
and (d) the detector temperatdtedere, we explore the second  axes. The good correlation between ECD response and attach-
and the fourth of these factors. ment rate indicates that the particular DEA reactions discussed
The ECD response was measured for a number of chloroal-here account for the major processes important for the ECD
kanes and normalized to equal molar concentrations. To establisiresponse in these compounds. The slope of the best fit line,
the standard curves, different concentrations of each compoundhowever, is less than unity, with the ECD response covering 4
were prepared in acetonitrile containing 068 CCl, as an orders of magnitude whereas the attachment rate constants span
internal standard and analyzed by GC/ECD (Hewlett-Packard, more than five. This appears to be a consequence of the
Wilmington, DE) using a 30 nx 0.53 mm DB-1 column (J&W temperature differences at which the ECD and electron beam
Scientific, Folsom, CA) with Has the carrier gas. Injectorand measurements were taken. Because the population of highly
detector temperatures were 220 and 300 respectively. An excited vibrational levels increases more rapidly than that for
anode-purge@Ni ECD detector was used with a flow rate of low lying levels, for a given increase of temperature, we
20 mL mim?® using 5% CH in Ar as the auxiliary gas. The  anticipate that the electron beam data for compounds with low
oven program was 50C for 4 min then increased at 3@/ attachment rate constants will increase more rapidly with

103102101 10-© 10° 10 107 10°

Attachment Rate Constant (cmsls)
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TABLE 2: Electron Capture Detector Area Ratio and #*/ o*

, ¢ Vertical Attachment Energies of Selected Chloroalkenes and
o E Phenyl Chlorides
£ 10! T E compound ECD area ratio 7*/ o* VAE (eV)?2
T 100 £ 17  allyl chloride 2.89x 1072 1.04
2 o & 3 18 4-chloro-1-butene 9.46 1073 1.40
Q E E 19 5-chloro-1-pentene 4.9Q 10°° 1.58
D 402 £ 4 20 6-chloro-1-hexene 1.8R 103 1.68
E 21 benzyl chloride 4,04 1071 0.63
10° & E 22 (2-chloroethyl)benzene 7.8010°3 0.89
104 oo o o o g 23 3-phenylpropyl chloride  3.1& 10™* 0.97
T T T T T T
P U R . 24 1-chloro-4-phenylbutane  1.3010°3 1.00
Integrated Half-Peak Cross Sections (cm?eV) 2 For internal consistency, the values of ref 17 are used. Those for

Figure 4. Correlation between ECD normalized-concentration area 21-24 from ref 16 agree within 0.02 eV.

ratios of selected chloroalkanes and integrated half-peak cross sections . . o
at 300°C (®) and 150°C (v). dependence of ECD response on VAE is sensitive to individual

molecular properties and more scatter in the graph is expected.
From theoretical treatments of DEAye know that the cross
section is an exponential function of the anion lifetime and the
separation time required to reach the crossing point (Figure 2).
Both of these parameters are functions of VAE, and the fact
that there is a reasonable correlation at all testifies to a relatively
smooth variation of the parameters with VAE, owing to the
strong “family” resemblance of this set of molecutéthe DEA
cross section at thermal energies is also likely to be very
sensitive to the energy of the curve crossing and small
differences here may account for a portion of the scatter.

Chloroalkenes and Phenyl Chlorides.In the previous
section we focused on the more fundamental aspects of ECDs,
showing that their responses are consistent with measured DEA
cross sections in chloroalkanes. We now illustrate how ECD
measurements can provide insight into the DEA process in
temperature than will that for compounds with high rate compounds in which cross sections or thermal attachment rate

constants, thus shifting the slope of the curve toward unity. To coefhmems are not a"a"at?'e- . )
support this, we refer to Figure 4 in which the ECD response is  or this study, we consider two families of compounds in
plotted as a function of the integrated half-peak cross section. Which a CHCl moiety is attached to an ethenyl or phenyl group
Again a good correlation is observed (closed circles) indicating directly or through several intervening Grspacers. The
that the “zero peak” accounts for the major portion of the un_saturated groups introduce addltlor_1al low-lying temporary
electron attachment. Area ratios for seven representative com-2nion states ofr symmetry. As a function of the €Cl bond
pounds were measured at an ECD cell temperature oPC50 distance, the energies of thes® resonances remain roughly
rather than 300C (open triangles in Figure 4). As anticipated, parallel to that of the grpund state of t'he neutral molecule. The
the slope increases towards unity. The sensitivity of the ECD Shapes of these potential surfaces might suggest that they play
decreases with decreasing temperature and at °C5Qvas no role in DEA. However, in these nonplanar molecutes,
insufficient to detect 1,3-dichloropropane, 1,5-dichloropentane, @ndo™ orbitals may mix, allowing each anion state to acquire

1,4-dichlorobutane, and 1-chlorohexane, which have the smallestSOMe characteristics of the other. The mixing creates an avoided
attachment rate constants. crossing between the nominally* and ¢* potential curves

Differences in the relative positions of compounds in Figures Which allows the former to contribute to the DEA process. The
3 and 4, particularly compoundsand3, can be attributed to couplllng betwee.n these states, of course, will vary with the
the large contribution from the upper resonance peak in the DEA Physical separation of the two groups.
cross sectiohof trichloromethane, which lies at relatively low The DEA cross sections in these and similar compounds have
energy and greatly enhances the attachment rate constant. been studied by othet8:*¢ In brief, the measurements show

Because reduction of the chloroalkanes results in the loss ofthat the maximum DEA cross sections occur at the energies of
electron to form Ct, a connection between ECD response and the nominalz* resonances, and that they increase in magnitude
VAE is anticipated and was observed (Figure 5). A related as the mixing between* and ¢* orbitals increases. None of
correlation was previously verified in the electron beam study the studies, however, addresses the effect of such mixing on
in which an exponential dependence of the integrated half-peakthe low energy DEA cross section or the thermal electron
areas on VAE was found. It is interesting to note that attachment rate coefficient.
dichloromethane ), which was anomalous in the earlier With this background, we carried out ECD measurements
electron beam studiés, is a consistent outlier in the ECD  on four chloroalkenesl{—20) and four phenyl chloride2(—
response vs VAE as well. We also note that the VAE of £Cl 24) (Table 2). Because the VAEs for attachment into e
being < 0 eV, cannot be determined by ETS. The bracketed LUMOs in both benzene and ethene lie below that for theOC
values for1 in Figure 5 are estimates determined from o¢* orbital, the LUMOs in our compounds have primaritsg
semiempirical calculations described elsewlere. character with a bonding admixture of the-Cl o* which we

In contrast to the data in Figures 3 and 4 in which both axes will label as “z*/0*". The VAEs for attachment into these
reflect measured quantities that should be closely related, theLUMOs have been determined by EfgTable 2). The shortest
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Figure 5. Correlation between ECD normalized-concentration area
ratios of selected chloroalkanes and vertical attachment energies.
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the lower VAE of21 but of the longer temporary anion lifetime
of the phenyl group.

The trend line in the chloroalkene family appears to be
parallel to that for the chloroalkanes but approximately 30 times
smaller in magnitude. We offer no explanation for why the lines
are parallel and it may well be fortuitous. The difference in
magnitude appears to arise from differences in the degree of
chlorination. We note that monochlorohexarié)(lies closer
to the (mono)chloroalkene line than it does to the polychlori-
nated compoundsl{-15).

These results indicate the difficulties of predicting ECD
responses in molecules, even those featuring only two coupled

. i . i temporary anion states and without the additional complications
Figure 6. Correlation between ECD normalized-concentration area s L .
raﬁos of selected chloroalkand®)( chloroalkenes®), phenyl chlorides from collisional conversion in to and out of stable _parenF ar_uon
(v) with their respectiver* and 7/ o* vertical attachment energies. ~ States. Indeed, to our knowledge, there are no first principles

calculations for the DEA process in such compounds. Neverthe-
compounds, allyl chloride and benzyl chloride, possess the /€SS, ECD responses plotted against VAEs obtained from gas-
lowest lying VAES, reflecting the greatest mixing between phase electron scattering measurements display trends within
ando*. As the separation between~Cl| and the unsaturated molecular families that give insight to the subtle interactions

group increases, the VAE increases, approaching that for thebetween such anion states anc_i the role _they play in the_thermal
unmixeds* in unsubstituted ethene or benzene. energy attachment cross section. In this regard, we view the

energies of these states as more fundamental than the polariz-
abilities of attaching centers put forth by othér® rationalize
rate constants in halogenated compounds.
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In Figure 6, we plot the ECD response as a function of the
m*/o* VAEs for chloroalkenes (open circles) and phenyl
chlorides (open triangles). ECD responses for chloroalkanes
(closed circles) are also shown for reference. Over th_e relatively IV. Conclusions
narrow range of VAEs explored here, the response is observed
to vary in an approximately exponential manner. The slopes, In this work we have shown that ECD responses are
however, are substantially different, with that for the phenyl- consistent with attachment rate constants derived from electron
based compounds falling off much faster with increasing VAE beam experiments in a large family of chloroalkanes, and they
than the ethenyl-based compounds or the chloroalkanes. Wedecline exponentially with the VAEs for attachment into the
note here that relative responses of the two longest phenyl-based UMOs of these compounds. We stress the role played by
compounds are reversed from our expectation. As shown by vibrationally excited states of the neutral molecules in the
Modelli et al.16 the DEA cross sections &3 and 24 at their thermal attachment process.

a*/o* maxima fall in the anticipated order, with that 84 We applied ECD measurements to a study of attachment in
smaller than that 23 owing to the decreasetr and ¢* mixing two series of nonplanar unsaturated monochloro compounds and
in the longer compound. Thus the reversal at thermal energiesshow that coupling between the nomingland o* resonances

is puzzling. It is, however, confirmed by the electron beam affects the thermal attachment cross section significantly and
measurements of Modelli et X which show a smaller zero that, again, the VAE for attachment into the LUMO allows the
peak in23 than in 24. Although conformational differences trends to be most evident. Given the ease with which such ECD
could play a role, the three most stable conformers in these measurements can be made, compared especially to the dif-
compounds have been computed by Modelli é6dlhey appear  ficulties of obtaining cross sections from electron scattering at
to be quite similar and thus unlikely to account for this behavior. low energy, it is surprising that it has not been applied more
At present we have no further explanation. often to study the properties of temporary anion states.

In the limit of large separation between—CIl and the
unsaturated group, it is reasonable to expect that the ECD
response will approach that of a long normal monochloroalkane.
Using 1-chlorohexanel@) as an example of the latter, its
response is indeed observed to lie near those of the longes
phenyl and ethenyl compounds. Consistently, the LUMO VAEs
of these compounds are approaching the limiting values
characteristic of the unsaturated groups, 1.1 eV for bedZene
and 1.8 eV for ethylen&

The relative VAEs of the separated groups allow a qualitative references and Notes
explanation of the large difference in slopes of the ECD response
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