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Determination of multiple electron affinities of carbon disulfide
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Abstract

The electron affinities (EAs) for carbon disulfide in the literature cluster around two values, 0.89560.02 eV and 0.5560.06
eV. Two negative ion states are observed in the temperature dependence of the electron-capture detector. The EAs obtained
from these data are 0.6160.04 eV for the linear anion and 0.87360.025 eV for the bent anion. The theoretical semi-empirical
MINDO/3 EAs are 0.582 eV and 0.891 eV. These support the literature values for the two states and establish the most
appropriate values.  1998 Elsevier Science B.V. All rights reserved.
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1. Introduction Before 1960, few accurate molecular EAs had been
determined in the gas phase [9–11]. Subsequently,

The electron affinities (EAs) for carbon disulfide experimental gas phase EA values have been pri-
in the literature cluster around two values which marily determined by five techniques; the ion mole-
differ by more than the experimental error, cule reaction bracketing (IMRB) or titration tech-
0.89560.06 eV and 0.5560.1 eV [1–8]. We show nique; the ECD method; the photoelectron spec-
that thermal electron attachment to CS measured in troscopy (PES) technique, the alkali metal beam2

electron-capture detection (ECD) leads to two nega- (AMB) method; and the ion molecule reaction
tive ion states. The EAs are 0.6160.04 eV for the energy (IMRE) technique. The IMRB and ECD
linear anion and 0.87360.025 eV for the bent anion. methods were introduced in the 1960s, the AMB and
Semi-empirical MINDO/3 calculations support these PES methods in the 1970s, and the IMRE technique
values. A non-linear least squares procedure is given in the 1980s. The IMRB and IMRE methods use the
for analyzing ECD data. kinetics or thermodynamics of the direction of

The EA of a molecule is defined as the difference electron transfer in ion molecule reactions to de-
in the energy of the neutral molecule and the termine EAs. The PES method is based on the
negative ion when both are in their most stable state. determination of the threshold for laser photodetach-

ment. The AMB method uses the threshold for ion
*Corresponding author. pair formation. In the ECD method, the equilibrium
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constant for the reaction of a molecule with thermal energies for the attachment and detachment of
electrons, K (M,e) is measured at different tem- electrons to these two states.eq

peratures [4,9,11–15].
All of the experimental EAs for CS are listed in2

Table 1. In 1961, the first value of the EA of CS 2. Kinetic model of ECD2

was determined by kinetic bracketing between NH2

and SO [1]. Based on current EAs, this is 0.960.2 The ECD reactions are kinetically controlled but2

eV [9]. Photoelectron spectra were reported in 1985 in some cases, the equilibrium constant can be
and 1997 [6,7]. The most precise EA is the 1986 measured. For molecules in which the lowest dis-
PES value of 0.89560.02 eV [6]. The ECD data sociative pathway are endothermic, the ECD re-
were first collected in 1966 but the electron affinity actions are the formation of a molecular negative

2obtained from these data was not published until ion, AB , and the subsequent electron detachment
2 21981 [4]. We could not reconcile the value with the with rate constants k and k (AB1e 5AB ). The1 21

IMRB value, and did not understand the unusual fine electrons and negative ions react with positive ions
2 2 1structure in the data. Later the structure was attribu- 9 9with rate constants k and k (e or AB 1P 5D N

ted to excitation of a bending vibration implying a neutrals). Assuming low fractional capture or con-
1transition to another state [14]. The weighted average stant positive ion concentrations, [P ] these bimo-

literature values are 0.89560.02 eV or 0.5560.06 eV. lecular rate constants can be replaced with pseudo
Which of these is the true electron affinity of CS ? unimolecular rate constants k and k . If an excited2 D N
More importantly, which one should be used for state is formed then the rate constants must be given
bracketing experiments? The answer is that both are a specific subscript for the state, either x or g. If
valid and the state of the anion must be considered in steady state or equilibrium is assumed between the
the bracketing experiment. By fitting the ECD data excited and ground states, the electron-capture ex-
to an expanded kinetic model, two states are ob- pressions are simply additive. Under pulsed con-
served. The photoelectron spectra, Rydberg alkali ditions, the positive ion, electron and negative ion
metal studies, and semi-empirical calculations show concentrations are assumed to attain a steady state.
two states [6–8,16]. Finally simple Walsh diagrams 2 2I 2 Ib e2predict two states, a linear and a bent one. We ]]] 5 K[AB] (1)I Ipresent the values of the rate constants and activation e2 b

Table 1
Electron affinities of carbon disulfide (eV)

aState This work Literature Weighted average MINDO/3

Bent 0.87360.025 ECD .0.8 PES 7–97 0.8960.01 0.891
b0.9060.02 PES 0.89560.02 PES 6–86

1.060.2 AMB 2–75
0.960.2 IMRB 1–61

Linear 0.6160.04 ECD ,0.8 PES 7–97 0.5860.03 0.582
b0.6060.1 PES 0.5160.10 IMRE 10–87

0.5360.11 IMRB 5–85
0.5860.1 ECD 4–81
0.6260.2 AMB 3–75

c0.560.2 ECT 2–73
a Bent angle5160.84; bent-r5160.2 pm; r-linear5159.6 pm; r-neutral5154.4 pm.
b Interpretation of data from Ref. [7].
c Endothermic charge transfer.
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where I is the electron current in the presence of a peak maximum and is unitless, and t is thee2 1 / 2

sample molecule, AB, and I is the electron current measured peak width (s) at corrected half height. Theb

in the absence of the capturing species. Since [(I 1 baseline current, I is nominally temperature in-b b

I ) /I ] is approximately 2 at low fractional capture, dependent but if the value changes due to a changee2 b

K can be approximated as [14]: in the concentration of impurities, K must be normal-
ized to the maximum value of I .bk kk k 1g N1x N The semi-empirical MINDO/3 calculations were]]]]] ]]]]]K 5 1 (2)

2(k ) k 1 k 2(k ) k 1 ks d s d carried out using the Hyperchem software and theD 21x N D 21g N

Cures-EC procedure for minimizing the difference
substituting into Eq. (2) the kinetic expressions;

between the theoretical and experimental values of21 / 2k 5A ; k 5A ; k 5A T exp(2E /RT ); andN N D D 1 1 1 EAs [16].
k 5A Texp(2E /RT ) with the state specific21 21 21 The non-linear least squares data fits were ob-
subscripts x and g,

tained using a custom program in Excel. The values
21 / 2 of A and E were determined from the limiting1x 1xA A T exp(2E /RT )N 1g 1g

]]]]]]]]]]K 5 low temperature data. The other six kinetic parame-2A A 1 A Texp(2E /RT )f gD N 21g 21g ters were determined in a non-linear least squares fit
21 / 2 of the data to Eq. (3). In this manner, data in whichA A T exp(2E /RT )N 1x 1x

]]]]]]]]]]1 (3) there was no low temperature data could be related2A A 1 A Texp(2E /RT )f gD N 21x 21x
to data where low temperature data were available.

Assuming equal values of A for the ground andN We do not report the values from the commercial
excited state, there are eight parameters to be de- detector but simply mention that similar results were
termined, two each for the four rate constants. obtained.

3. Experimental 4. Results and discussion

3 / 2The ECD experimental procedure has been de- In Fig. 1, the ECD data are presented as ln KT
scribed previously [4,11–15]. The kinetic parameters versus 1 /T. The data are a combination of four runs
are independent of the specific equipment. The determined on different days. Another set of three
equipment used for these determinations was also runs taken at a different reaction time were combined
used to study the fluoronitrobenzenes and has been to get independent estimates of the rate constants and
described [15]. We have obtained similar results with energetics. The curve is the least squares fit to the
a commercial detector operated in the constant data. The parameters determined directly were: A ,1g
current mode. E , A , E , A and E . These are given in1g 21g 21g 21x 21x

Briefly, known amounts of a compound are in- Table 2. By combining these values with estimates
jected into a gas chromatograph and the ECD for A and E we obtain: ln (A /A )51x 1x 1x 21x
response measured at different temperatures. The 11.4460.7; ln (A /A )56.0860.7 and the EA1g 21g
raw data are I , the standing current or baseline of values of 0.6160.04 eV (linear) and 0.87360.025 eVb

the chromatogram; I the current in the presence of (bent) shown in Table 2. The units used in A aree

the peak; n the moles injected; V (l / s); the total mol / l, seconds and degrees Kelvin.
flow-rate in the detector corrected to temperature by The values of ln (A )531–32 are about two-1i
the ideal gas law and the temperature. Using triangu- orders of magnitude lower than the maximum value
lation for the area of symmetrical chromatographic estimated from the DeBroglie wavelength of an
peaks, the electron-capture coefficient K (l /mol) is electron, ln (A )536. The rate constants formax
given by: thermal electron attachment to CS obtained from2

the parameters agree with values from alkali metalK 5 I 2 I /I t V/n (4)fs d gEC b e e max 1 / 2 electron transfer to CS [8].2

where [(I 2I ) /I ] is the corrected height at the For ln (A /A ), ECD values typically fall in theb e e max 1 21
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3 / 2Fig. 1. ECD data as ln KT vs. 1 /T for CS .2

range of 10–13. The value of ln (A /A ) falls in By combining the data from multiple ECD de-1x 21x

this range, but the value of ln (A /A ) does not. terminations in a rigorous non-linear least squares1g 21g

From the statistical mechanical expression for K analysis more precise and accurate values for the twoeq

for the reaction of thermal electrons with molecules: states are obtained. The current ECD and the PES
ground state values agree within the error and2 3 3 / 2A /A 5 g(A ) /g(A) h / 2pm k (5)f g s d1 21 e support the inherent assumptions made in the data

where m is the electron mass and k and h are the analysis. The very recent photoelectron spectra ofe

Boltzmann’s and Planck’s constants and the g values CS was used to obtain an upper limit for the EA of2

are partition functions and ln (A /A )512.431ln 0.8 eV. We interpret this as a minimum value for the1 21
2h[g(A ) /g(A)]j. With a value of the experimental ground state and a maximum value for the excited

ratio of A /A , the partition function ratio can be state. Both photoelectron spectra show transitions to1 21

calculated. In the case of the excited state this is 0.4 the linear form at lower energies [6,7]. The threshold
23and in the case of the ground state, this is 10 . The for the lower energy process is 0.660.1 eV from the

geometry of the linear anion is close to that of the recent data. If the onset for the ground state is taken
neutral and the ratio of the partition functions is two peaks higher, then the EA is 0.9 eV [7]. The
close to 1. MINDO/3 calculated vertical transition is 0.84 eV.

The lower value for the ground state reflects the Both PES spectra show a peak at this energy This
bent geometry of the anion. We have observed low corresponds to the 0–5 transition for the linear anion
intercepts for C F (ground state), CH NO , to the linear neutral. By assuming two states, and6 6 3 2

naphthaldehyde and tetracene. assigning the lower value to the excited state, all of

Table 2
Kinetic parameters for thermal electron attachment to carbon disulfide

State ln A E (eV) ln A E ln A /A ( g /g )1 1 21 21 1 21 A N

23Bent 31.2060.42 0.10060.01 20.5160.42 0.97060.015 6.0860.07 10
Linear 31.9460.2 0.02660.02 24.4160.50 0.63660.03 11.4760.7 0.4
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the literature values agree within the error. The ucts is useful but not necessary. In many cases
alternative is to assume either large errors or a energetics of reactions involving intermediates are
systematic error. interpreted on the basis of chemical logic. Besides,

The MINDO/3 EAs are 0.891 eV for the bent isomers and excited states give exactly the same
anion and 0.582 eV for the linear anion [16]. These mass as the ground state so they can not be dis-
values were optimized to agree with the literature tinguished with mass spectrometry. As noted above,
values of the EAs of the two states, not the average the problem of identifying the state of the product
values reported in this paper. The weighted averages ions is common to all experimental techniques. For
of the experimental values are 0.8960.01 eV (bent) example, in the case of thermal electron reactions of
and 0.5860.03 eV (linear). The agreement of these C F in high-pressure mass spectrometry or swarm6 6

predictions for both states is rewarding. It also experiments, the product might be an excited state.
support the use of Cures-EC to optimize and predict The EAs from these data, 0.560.1 eV [7,8] are
theoretical values of EAs. considerably lower than the ECD value, 0.8660.02

We would like to address two concerns brought up eV [17] and the photoelectron spectroscopy and
by others about thermal electron reactions studied in negative ion chemical ionization mass spectrometry
ECD. These are: (1) the possible reaction of the value, 0.860.1 eV [17–19]. The semi-empirical
anions with impurities in the carrier gas such as calculations support two low lying electronic states,
oxygen, water or CO , and (2) the need to identify one with an electron affinity of 0.83 eV [16].2

the products of the reaction in ECD by mass Rydberg electron transfer studies indicate two differ-
spectrometry. We have considered and dismissed ent forms of the anion of both CS and C F [8].2 6 6

these. Our only concerns about ECD data are the In conclusion, the ECD data for CS is a good2

possibility of hyperthermal electrons and the identifi- example of the observation of multiple negative ion
cation of the state of the negative ions. The first can states, even at atmospheric pressure. Also, without
be tested by measuring the absolute rate constants for citing specific examples, dipole bound and valence
molecules such as CCl or SF or the temperature states of anions have recently been observed. Taken4 6

dependence for molecules such as CH Cl . The together, these observations dispel the myth that only2 2

second point is of concern in all experiments. We can one bound negative ion state can exist at the same
address this problem by seeking the highest slope as time.
has been done for CS . The comparison of gas phase2

EAs with values obtained by half wave reductions
potentials and theoretical EAs are other ways to
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