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Abstract

The use of the electron-capture detector (ECD) to measure molecular electron affinities and kinetic parameters for reactions of thermal
electrons is reviewed. The advances of the past decade are emphasized and include the multistate electron-capture detector model and th
use of semi-empirical self-consistent field quantum mechanical calculations and half wave reduction potential values to support gas phase
experimental results. A procedure for the evaluation of the adiabatic electron affinities of the main group elements and the homonuclear
diatomic molecules is presented. Potential excited states are identified for the magnetron (MGN) values for quinones, thermal charge transfer
(TCT) values for Cg, CsFs, Sk and photoelectron spectroscopy (PES) values forND, nitromethane, and the nucleic acids. Literature
electron affinities are then evaluated. The temperature dependence of the electron-capture detector can be calculated using values for kinetic
rate constants and electron affinities to optimize response and temperature sensitivity in analytical procedures. The temperature dependence
for adenine, guanine, thymine and cytosine are predicted for reactions with thermal electrons. Using the recent advances, the new adiabatic
electron affinities are: all in electron volts (eV), 4-F-benzaldehydg/(& 0.05) and acetophenones (APs) 4-F-ARB@4+ 0.05); 2-Ch-AP
(0.79+ 0.05); 3-CR-AP (0.79+ 0.05); 4-CR-AP (0.89+ 0.05); 3-CI-AP (067 + 0.05); and 4-CI-AP (64 + 0.05). The adiabatic electron
affinities of chloro and fluorobenzenes range from 0.17 to 1.15eV and 0.13 to 0.86 eV.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction summarize the assignment of AB hydrocarbons; extend
the method to other moleculd&,; present improved AE

The electron-capture detector (ECD) is the most sensitive and D(C—CI) for 3- and 4-Cl-acetophenone and A& F
and selective of the traditional gas chromatographic detec-and Cl-benzenes, GFacetophenones, F-acetophenones and
tors. Absolute electron affinitie§, and kinetic parameters  F-benzaldehydes; establish substitution effects based upon
for thermal electron attachment, detachment and dissoci-the experimental data; review the measurement ofthef
ation reactions can be determined from the temperaturemultichlorinated compounds and AGCUT and calculate and
dependence of the molar response of the ECD and funda-contrast their ECD temperature dependence based upon fun-
mental constants. The adiabatic electron affinity {ABF damental properties. The evaluation of &g of the main
a molecule is the difference in the energy of the neutral group elements and homonuclear diatomic molecules will
molecule and the negative ion when both are in their most serve as a prototype for the assignments of molecular elec-
stable states. The excited sté&gis the difference in energy  tron affinities to the ground state.
between the neutral in its most stable state and the ion in
an excited electronic state. The lower limit to the AR
zero since the most stable state of any anion is the electron2. Evaluation procedure for electron affinities of atoms
loosely bound by electrostatic forces, including dipole or and homonuclear diatomic molecules
guadrupole attractions. The valence st&ean be negative.

The general methods of measuriagare the equilibrium, The accuracy of a value is determined by systematic
the beam, and the photon methods. The electron-captureuncertainties. According to Deming “A systematic un-
detector, magnetron (MGN), and swarm equilibrium meth- certainty or bias is never discovered, nor has any mean-
ods are based on the reaction of thermal electrons with aing, unless two or more distinct methods of observation
molecule and provide absolulg. The equilibrium thermal  are compared.14] A list of about 1500 electron affini-
charge transfer (TCT) method based on the electron trans-ties including about 500 values for atoms and molecules
fer reactions of molecules and anions gives relayeThe are tabulated on the internet, without evaluation at NIST
thresholds for reactions with electron or alkali metal beam (http://webbook/nist.gov/chemisijl5,16] A NIST search
(AMB) must be combined with bond dissociation energies for molecules containing specific elements returns a sequen-
or ionization potentials to obtaiBa. The photodetachment tial list of the first entry in the complete list. The complete
(PD), photoelectron spectroscopy (PES), and photoabsorpAisting must be consulted to find all the precise values to be
tion methods require the photon energies to obEirfrom averaged or the largest precise value to be assigned to the
measured thresholds. About 15 years ago, the use of the ECOAE,. The majority of the experimental values determined
to measure fundamental kinetic and thermodynamic proper-by different methods in the NIST table agree within the
ties for thermal electron attachment reactions was reviewedrandom uncertainty. The “best” value is the weighted av-
[1]. The MGN[2]; TCT [3]; and AMB[4] studies have been  erage of these values. The weighting is important because
reviewed. The photon methods and thgfor about 1000  the uncertainty in the weighted average will never be larger
species obtained from the photon methods have been sumthan the smallest uncertainty. In some cases, values differ
marized. The majority of these species are not large organicby more than the uncertainty, for example the MGN values
moleculeg5]. for quinones; AMB values for Sand C$; TCT values

The AE; and bond dissociation energies of molecules can for CgFg and CS, and ECD and PES values for §NO,
be calculated using a quantum mechanical semi-empiricaland Q. Since multiple states have been observed in the
multiconfiguration configuration interaction (MCCI) proce- same ECD experiment for these compounds, it is clear that
dure, CURES-EC. The acronym stands f@ohfiguration any method can give excited stdfg.
interaction orUnrestricted orbitals tdRelate Experimental It was once believed that there was only one stable va-
quantities to Self-consistent field values by estimating lence state anion. However, more than one valence Btate
Electron Correlation.” It gives a systematic method of has been measured for even the simplest species. Therefore,
varying the number of MCCI orbitals to minimize the dif- it is always necessary to identify the anion state. The elec-
ference between the experimental and theoretical valuestron affinities of atoms are evaluated as follows. If there are
to cure the electron correlation problem. Using the charge two or more values determined by different techniques that
densities from these calculations, improved values of the agree within the random uncertainty, the average value is
Ea can be obtained from half wave reduction potentials in the “accurate” value and the precision will be determined
aprotic solvents. During the past decade, the, AE ade- by the weighted average of the random uncertainties. In the
nine, guanine, cytosine, uracil and thymine (AGCUT) have event that the random uncertainty in a value is much smaller
been determined from reduction potentials and verified by than the others, the average and random uncertainty will
CURES-EC. These AEand calculations have then been be dominated by this value. When a value is significantly
used to identify excited states of AGCUT in PS-13]. lower than the average, it could be for an excited state.

This review will systematically identify the Afof the The atomic electron affinities presentedriig. 1 are plot-
main group atoms and homonuclear diatomic molecules; ted against atomic number Fig. 2. The experimental val-
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The Electron Affinities of the Elements (Ea(X) and
Homonuclear Diatomic Molecules Ea(X2) (eV)
Bond Dissociation Energies BDE (eV)

(o} | Il Ib b 1l [\ \% VI Vil
1H Element
0.7542 Ea(X) eV
[0+] Ea(X2) eV
4.51 BDE (eV)
2 He 3Li 4 Be Element 5B 6C 7N 80 9F
[0+] 0.6180 [0+ | EaX)ev 0.2797 | 1.2621 [0+] 14611 | 3.4012
[0+] 0.509 Ea(X2) eV 1.30 3.273 [0+] 1.07 3.05
1.13 BDE (eV) 3.08 6.3 9.8 5.16 1.69
10 Ne 11Na 12 Mg Element 13 Al 14 Si 15 P 16'S 17 Cl
[0+] 0.5479 [0+] Ea(X) eV ] 0.4328 1.3895 |0.7465(3)| 2.0771 3.6127
[0+] 0.430 Ea(X2)eV] 1.46 2.200 0.61 1.69 2.45
0.77 BDE (eV) 1.93 3.4 5.07 4.42 2.56
18 Ar 19K 20 Ca 29 Cu 30Zn 31 Ga 32 Ge 33 As 34 Se 35 Br
[0+] 0.5015 0.0245 1.2358 [0+] 0.43(3) 1.2327 | 0.814(8) | 2.0207 3.3636
[0+] 0.497 2.01 1.6 2.035 0.739 1.94 2.57
0.6 1.83 1.43 2.73 3.96 3.45 1.99
36 Kr 37 Rb 38 Sr 47 Ag 48 Cd 49 In 50 Sn 51 Sb 52 Te 531
[0+] 0.4859 0.0521 1.3045 [0+] 0.404(9) | 1.1121 1.0474 1.9709 3.0590
[0+] 0.498 1.10 1.27 1.962 1.282 1.92 2.524
0.47 1.7 1.04 2.03 3.1 2.9 1.56
54 Xe 55 Cs 56 Ba 79 Au 80 Hg 81Tl 82 Pb 83 Bi 84 Po 85 At
[0+] 0.4716 0.1446 2.3086 [0+] 0.38(1) 1.10(5) 0.9424 [1.9(3)] [2.8(3)]
[0+] 0.469 1.94 0.95 1.366 1.271
0.47 2.34 0.66 0.91 2.07

86 Rn 87Fr | 88Ra
o+ | o04915)| o0.17

[0+]
21 Sc 22Ti 23V 24 Cr 25Mn 26 Fe 27 Co 28 Ni
0.19 0.08 0.53 0.6758 [0+] 0.151(3) 0.663 1.1572
0.89 0.63 0.54 0.51 0.68 0.9 1.1 0.95

1.65(22) | 1.54(18) | 2.753(1) | 1.44(5) 0.8 1.159) | 1.69(26) | 2.068(1)
39 Y 20Zr | 41Nb | 42Mo | 437c | 44Ru | 45Rnh | 46Pd
0.31 043 | 0893) | 0747 | 062 | 1046 | 1.1429 | o0.5621

57 La 72 Hf 73 Ta 74 W 75Re 76 Os 77 1Ir 78 Pt

0.47(2) 0.1 0.32(1) | o082 02(2) | 1.0778 | 1.5644 | 2.1251
58Ce | 59Pr | 60Nd 61 6268 | 69Tm 70Yb 71 Lu
0.96(3) | 0.962) | 0.05+ 0+ 0.1+ | 1033 | 001+ | 0341

89 Ac 90 Th 91 Pa 92U 93 Np 94 Pu
0+ 0.05+ 0.05+ 0.05+ 0+ 0.05+

Fig. 1. Adiabatic electron affinities of atoms and electron affinities and bond dissociation energies of homonuclear diatomic molecules, e¥sThe valu
in parentheses are the uncertainty in the last figure. The other values are given with the proper number of significant figuresallike @re a small
positive value. The data are taken frdfb,23,25]

ues are given with the random error in the last figure in and are the largest precisely measured values. Those of C,
parentheses or with correct significant figures to 0.1 meV, H, O, S, Pb, the alkali metals, coinage metal, and halogens
which is accurate and precise enough for chemical purposeshalogens, among others have been determined by other tech-
The valence statE, of the rare gases and nitrogen are neg- niques[5,15—-25] The ground state electron affinity for lead
ative. The limiting AE, due to long-range interactions are is assigned to .1 £+ 0.05eV determined by photodetach-
given as “6+.” PES and PD have been used to determine ment and electron transfer techniqu&5—22] This agrees

the AEa of the main group elements. Some of the photode-with atomic and homonuclear diatomic periodic trends. A
tachment values have uncertainties in the parts per million lower value, 0364+ 0.008 eV is assigned to an excited state
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Fig. 2. Electron affinities vs. atomic number. The solid circles are experimental values. The squares are lower limits. The values ar€ifpulnd in

[23—25] There have been reported values of atoBaiehich order, De(X27)/De(X2) = the net number of bonding elec-
are larger than the selected values, for example, for In andtron in the ion divided by that of the neutral as shown in
TI. For In, the 1998 laser PES value is#040+ 0.009 eV Fig. 3 For the groups | and VIl elements, there are two net
while the 1985 PD value is.8 + 0.2eV and the 1980  bonding electrons in the neutral, and one in the anion such

electron impact value is.854 0.15eV. From the origi-  that the predicted value for groups | and VIl is 0.5. How-
nal electron impact data, the random uncertainty is at leastever, the experimental values range from 0.53 to about 1.0.
+0.3eV. The weighted averagel (= Y [a/s’]/N; N = The predicted values for groups Ill and IV are 1.5 and 1.25

3 [1/s%]; s> = 1IN) is given by A = [0.4040/(0.009? + but most of the experimental values also are larger. The
0.3/(0.2)2 4 0.85/(0.3)]/(N) where N = 1/(0.009? + change in the bond dissociation enefgy(X») — De(X27)
1/(0.2)+1/(0.3)%. A = 0.4042-0.009 or 0.404(9). Thus  is approximately given bya(X2) — Ea(X) and is obtained
the AE, of the main group elements are the largest pre- by subtracting the entries ifig. 1L The largest increase in
cisely measured value. The regular patterns showtign2 the dissociation energy is.2873 — 1.261 = 2.012eV for
support these assignments. Especially significant is the con-C,(—) while the largest decrease in the dissociation energy
stancy of theE, for C, Si, Ge, Sn and Pb. Values for many is 245 — 3.6127= —1.2eV for Ch(-). The relative bond
of the transition elements have only been determined onceorder is given by 1+ {[De(X2) — De(X27)])/De(X2)} =
so that it is only assumed that tkg is for the ground state. 14 {[Ea(X2) — Ea(X)]/De(X2)}. For G thisis 14+-2/6.3 =

The acquisition of accurate and preci&gfor molecules  1.32 while for Cb this is 1— 1.2/2.56 = 0.53. For Pb, this is
is the ultimate goal for experimental and theoretical studies. 1 + 0.27/0.91 = 1.30 for AE; 1.10(5) but it is 14 1/0.9 =
However, even in the case of the homonuclear diatomic 2.11 for the excited state value of3®44 0.008 eV. This is
molecules, the majority of th&, have only been deter- larger than any other observed value, supporting the assign-
mined by a single method. Exceptions are the halogens, S ment to an excited state. The value for all of the rare gases
0O, and G. TheE, for the groups 1A and B and IIA-VIIA is one. The values for the groups IA and VIA elements ap-
homonuclear diatomic molecules are shownFig. 1 be- proach one as you go down the table while the values for the
low the values for the atoms. The third entry in the block groups IlIA and IVA elements are all above unity and gen-
is the bond dissociation energy of the neutral diatomic erally increase down the table. The group VA elements go
molecule. The values for the rare gases asieb@cause from less than one to greater than one from P to Bi. These
they are only due to polarization attractions of the Van Der trends can be easily observedrig. 3. The smooth changes
Waal’'s dimers. Bound excited states for the halogens haveacross and down the periodic table support the experimental
been characterized. The measuiggdof the main group values of the Ak of the main group elements and are the
homonuclear diatomic molecules are consistent with simple major support for the assignment of the experimeBtaio
molecular orbital theory predictions of the relative bond the AE, of the homonuclear diatomic moleculZs,27]
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2.2 -
e +AB ;’%AB(—) (4)
-1
21 A k
AN e +ABS3AB(-) (5)
18 K% oIl k.1
L ’’ _ ko
% 1.6 - Il /@, AB —)A+B(—) (6)
S [T /s \Y K,
T 1.4 1 B . _ A B(—) + P(4+) = neutrals (2b)
c C ~
8 \Y /i J x” -
g2 /7 bl __ kikn+k2) @
% 2(k—1 + kn + k2)kp
x 1 Some of the rate constants may be small due to energetic
considerations. The original model considered only electron
0.8 1 attachment to a single negative ion state. The general equa-
tion fori = 1 ton states is:
0.6 -
(k1) (kN + k2;)
Kzzz(k )(1; +k -li-k') ®)
0.4 T T T T T 1 1lton D —l N 2
1 2 3 4 5 6 7

thei = 1 state is the ground state and the rate constants
Row N designated akigs, kaogs, andk_14s The value ok; can refer

Fig. 3. Relative bond order for the anions of the homonuclear diatomic 1O €ither direct dissociation or non-dissociative capture.

molecules versus row in the periodic table. This is an update and extension ~ Four regions have been observed in the nominal tempera-

of a figure published irf27]. ture range accessible to NIMS and ECD used as chromato-
graphic detectors. These have been defined based on the rel-
ative values of the rate constants. From low (298 K) to high

3. Thekinetic model of the electron-capture detector temperatures (600 K), the regions are:

and negative ionization mass spectrometer (1) theB region, wherekn > k_1 -+ kp) andK = k1/2kp;

(2) the a region, where K_1 > kN + k2) and K =
[kn/2kp]lk1/ k-];
(3) thewy region, whereX >> kn), (k—1 > k2) andK =

This review is based on the use of radioactive sources in
the ECD but the same kinetic model applies to the pulsed
discharge non-radioactive ECD. The development of this )
type of ionization source has been recently revieizg]. 4 [ﬁlkg/ Zk'?k’l]’h d
The atmospheric pressure and methane chemical ionization( ) thed region wherekz > k-1 +kn) andK = k1/2ko.
negative ionization mass spectrometer (NIMS) sources are Using these approximations, and the single state expres-
analogous to the ECD when thermal electrons are the reac-sion of Eg. (8) the fundamental kinetic and thermodynamic
tants[28—45] The reactions in the ECD and in NIMS are properties of the thermal electron reactions can be obtained
electron attachment and detachment, unimolecular dissociafrom ECD or NIMS data. In thex region the molecular
tive electron attachment and sequential dissociation. Theseelectron affinity,E; and partition function ratio%Qan can be
electron molecule reactions are combined with a constantobtained. In the3 region ands region theA; andE; val-
source of electrons, for example from a radioactive foil or ues can be obtained and in the theegion the values of,
discharge and the loss of electrons and ions by recombina-andE; can be obtained. Often temperatures accessible to the
tion in a pseudo-unimolecular process to define the kinetic ECD give data that overlap these regions so that non-linear
model. When the standard kinetic expressions are writtenleast squares procedures must be used to obtain the param-
for these reactions and steady state applied to the negativeeters. FronEg. (8)and the kinetic expressions an equation
ions and electrons, the expression for the ECD response carfor least squares analysis can be obtained:

be obtained. )
kn = An = constant for a given system
kp

R=e 1 kp = Ap = constant for a given system
e +PH+) 5 neutrals (22) o =
kl = AlT eXp ﬁ

_ Ky —E
AB~ + P(+) = neutrals (@)  k1=A_1Texp RT
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and

_E2

ko = A>T exp( RT

).

In the case of a single state, there are six parameters, twan KTY2 = In

each for the three rate constakis k_1, andk,. The least
squares equation is:

K =k1(AN + A2T exp(—E2/RT))/[2Ap (AN
+ A_1T exp(—E_1/RT) + AT exp(— E2/RT))]
9)
These data exhibit, 3, ands regions. For two states, there
will be 12 parameters, two each for the six rate constants.
We have determined at most eight in the two-state case (for

example, GFg, CS) or six for the dissociative single state
case (for example, G4iNO2). However by combining data

E.C.M. Chen, E.S. Chen/J. Chromatogr. A 1037 (2004) 83-106

In the B region, theK = k1/2kp and it is possible to
obtain values forA; and E; from the data. Whert_; «
(kn + k2) the A; andE; are determined since:

A E1
[ka] RT
The maximumAj;(max) (E1 = 0) is the DeBroglieA,
DeBA. The value of In(DeBA) calculated from fundamen-
tal constants is about 36. A global plot where Maxis is
InKT%2 is usually used even though the actual expression
has a differenfT dependence. The actual valuesfafand
E; can be obtained by using a non-linear least squares pro-
cedure.

If dissociation only involves one state, six parameters,
two each for the three rate constathtis k_1, and ko are
required. At low temperatures, there will beparegion.

At intermediate temperatures there will be @megion. At

(13)

obtained from other experiments, unmeasured quantities Carhigher temperatures, tHeregion, wherek_1 > k» > kn
be defined for more than two states from ECD data, as in Eq. (8)gives: ’ ’ B

the case of @[27].
The value ofky will be small if (D(AB) — Ea(B) >
1.5eV), and the data will exhibit ann and aB region. Four

parameters can be involved for a single state. In some cases,

only a single positive slope is observed and the abs@yte
is obtained from the slope in theregion:

D -1
_ [N AL ] s Ea
_[Zko} [A—l]T {exp(RT>} (10)
AN A1 Ea
In KT3/2 =1In <E> +1In <A__1) + El_ (11)

FromEq. (11) the slope in a plot of IKT®/2 versus 10007 is
Ea/R. The intercept is I0AN/2Ap) +In(A1/A_1). By using
the statistical mechanical expression fgf k_1 = Keq for
the reaction of thermal electrons with molecules:

() -[5 ]am

A1 g(A) | (2mmek)3/2

wheren is the electron mas&,andh are the Boltzmann'’s
and Planck’s constants agdhe partition function.

From this equation and the values of the fundamental
constants, Iffg(A™)/g(A)]) In(A1/A_1) — 1243 —
In(An/2Ap). This involves the ratioAn/2Ap) so that the

(12)

A2A1
A

INKT32 = |n ( =NV
2

i) o

D )

(Ea— E2)
+ RT
The slope becomes negative sinEg < E2 and the inter-
cept will become large wheA; is large. The plot has the
slope E* = E5 — E2 = D(Rad-L) — E(L) and intercept
In(An/2AD) + In(A2A1/A_1). The bond dissociation en-
ergy is calculated fromD(Rad-L) = E* + Eg(L). In order
to observe this type of behavior, the pre-exponential term
for ko must be large. At still higher temperatures, the disso-
ciation will overwhelm the detachment and the expression
for K will be ki/2kp as in thep region. The highest activa-
tion energy and pre-exponential term that has been observed
is for the dissociation of the anion af-fluoronitrobenzene
anion, In[A;] = 40; E; = 2eV. These values have been
verified by RRKM calculation$45,46].

The major emphasis in this paper is on the evaluation
of electron affinities. The rate constants for attachment,
detachment and dissociation can be obtained from the pa-
rameters and the equatiorts:= A>T exp(—E2/RT); k1 =
AT Y2 exp(—E1/RT); k_1 A_1T exp(—E_1/RT);

E_1 = E1 — Ey; and IN(A1/A_1) = 1173+ In[Qan] +
In(An/Ap). Except for the values oki, there are few

+InT (14)

concentration of the positive species and the temperatureother experimental values available for comparison. Khe

dependence of the intrinsic rate constants will cancel and
not affect the value of the slope. With an experimental inter-
cept, the partition function ratiaqQan = [g(A7)/g(A)] can

be calculated. Originally it was assumed that@g should
always be unity and the electron affinity obtained from the
“fixed” intercept. Since then, experimental determinations
of the electron affinities of C§ CH3NO», tetracene, and
benzp]pyrene clearly indicate that th@,, can be lower
than one. The observe@a, values range from 1 to 1t
[12,29,30]

values determined by other methods generally agree with
those determined in the ECD. For compounds in wligh
has been determined to be small such as for,G@H Sk,

the ks will be equal toA;T-Y/2, whereA; is the DeBA.

4. Experimental and calculation procedures

The ECD experimental procedure has been described pre-
viously [28—40] Briefly, known amounts of a compound are
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injected into a gas chromatograph and the ECD responseenergy and RHF(3300) is the maximum value. Likewise,
measured at different temperatures. The raw datdpai® the lowest energy for the neutral and the minimum value is
the standing current or baseline of the chromatogiartiie RHF(0033). However, the UHF value for the anion could
current in the presence of the peakthe moles in the in- be larger than the RHF(33) value and yield the maximum
jected;V (I/s) the total flow rate in the detector corrected to value. If the experimentdt, fits between these extremes,
temperature by the ideal gas law; and the temperature. Us-an optimum value can be obtainft-13]. The experimen-
ing triangulation for the area of chromatographic peaks, the tal values that are smaller than the maximum value could

electron-capture coefficiettgc (I/mol) is given by: be for excited states. The values for the aromatic hydrocar-
Iy — I v bons were calculated using MINDO/3; the values fog,SF
K= { } {f1/2}; (15) Cl,, O, and GFsNO, were calculated using ZINDO while
e max

the others were calculated using AM1. With the HYPER-

where{[I — Ic)/le}max is the corrected height at the peak CHEM program and a Pentium V computer, the calcula-

maximum and is unitless, ang, the measured peak width  tions for even the largest molecules could be completed in

at corrected half height. The baseline currdptis nomi- minutes.

nally temperature independent but if the value chanifes,

must be normalized to the maximum valuelgf The major

problem with the ECD method is the possibility of contami- 5. Results

nation. If additional ion molecule reactions are to take place

other than attachment, detachment and recombination, thes.1. General results

concentration of the impurities must be large. These reac-

tions can be observed in NIMS but in the ECD, the net effect The evaluated values of electron affinities are given in

will be the reduction in the steady state concentration of the Tables 1-6 Any original references not specifically cited

electrons. As a result, the purity of the carrier gases must becan be found in the NIST site. [fables 7—%re examples

high and column bleed must be eliminated for ECD work. of kinetic and thermodynamic parameters determined in the
For the a region, plots of IrKT®?2 versus 10000 are ECD. In Tables 7 and @re the new results for acetophe-

linear and a normal least squares procedure can be usediones, fluorobenzenes, and chlorobenzenes to be compared

to determine the slope and the intercept and their uncer-to the previously published values ifable 8 [12,29,30]

tainties. FromEq. (11) the E, is the slope multiplied by  In Figs. 4—7are ECD data for organic compounds and di-

R, the gas constant. For dissociative compounds, using  atomic molecules that illustrate the mechanismgrilys. 8

(13), the gas constant times the slope in theegion isE*. and 9are plots for the data analysis of the acetophenones

The bond dissociation enerdy(Rad-L) is obtained from  and halogenated benzenes. The data in many of these figures

D(Rad-L) = E* + E4(L). With data in more than one re- have been published but the specific figures have not been

gion, the non-linear least squares data procedures are usegublished. In the figure captions, the original publications

to obtain the parameters. These were done with a customwill be cited. The halogens, nitromethane, chlorobenzene to

program in EXCEL. For multiple states, the value A, tetrachlorobenzene, and chloroacetophenones undergo both
was set equal té;. For molecules where the low tempera- dissociative and non-dissociative capture. The other organic
ture capture is highd; is about equal to the DeBA arig, molecules, NO and ©undergo non-dissociative capture.

will be small. The non-linear least squares analysis gives The ECD data for gFsNO2, CgFsCl, CgHsNOo, tetracene,
parameters that are consistent with the experimental data. NO and Q illustrate inclusion of auxiliary data into the
The theoretical AE of the acetophenones (APs), determination ofEy, Q, A; andE;. The highest measured
chlorobenzenes and other compounds and the appropriatd, is 1.50 eV for GFsNOy; the lowest 007 £+ 0.02 eV for
D(C-L) dissociation energies were calculated using HY- tetramethylbenzene and the most precisg88+ 0.002 eV
PERCHEM software. For both calculations the geometry of for acetophenone. For tetracene, naphthalene afgCT,
each molecule, radical, and ion was first annealed by molec-CgFg, CsClg, eight quantities are calculated from the ECD
ular dynamics. Then the quantum mechanical self-consistentdata for two states. More than two states have been observed
field electronic energy of each was calculated. The differ- for aromatic hydrocarbons corresponding to the different
ence in the energies of the neutral molecule and anion isC—H bondg12] (Figs. 4—7.
the adiabatic electron affinity. F&(C—Cl) calculations the The AE, of tetracene was originally believed to be 0.88,
quantity Fneutral— (Ecl + Eradica) Was calculated. For the  not 1.1eV because the upturn at higher temperatures was
AE, and D(C—-CI) calculations, the number of filled and not explained33]. The two-state model attributes this to
unfilled orbitals were selected to minimize the difference E;g, the activation energy to the ground state. ThesAE
between the experimental and theoretical results. The num-of nitrobenzene and tetracene have been confirmed by
ber of filled and unfilled orbitals used in the MCCl is given PES, TCT, reduction potentials and theoretical calculations.
in parentheses with the product first. Since MCCI always The AE, for nitrobenzene, Sf~and GFg have also been
lowers the energy, the use of three filled and unfilled orbitals confirmed by the temperature dependence of the parent
for the anion or the products of dissociation gives the lowest negative ion in negative ion mass spectrometry. Molecular
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Table 1

Evaluated electron affinities: magnetron, alkali metal beam, thermal charge transfer (eV)

Molecule AR NIST Method(s) Ea(E1)2) CURES-EC
Hexacyanobutadiene 3.29(15) 3.291 M 3.30 (10) 3.3
TCNE 2.95(15) 3.166 M, T 2.90 (10) 3.0
TCNQ 2.80(8) 2.800 M, AT 2.80 (10) 2.8
Hexacyanobenzene 2.54(15) 2.541 M - 2.7
Bromanil-o 2.60(20) 2.440 A 2.70(10) 2.7
Chloranilp 2.76(5) 2.775 M AT 2.80(10) 2.8
Fluoranilp 2.70(10) 2.702 M AT 2.70(10) 2.7
Fluorobenzoquinone 2.20(15) - M - 2.2
Fluorobenzoquinone 2.20(15) [1.461] M (NIST) - 2.2
s-Tetracyanobenzene 2.20(8) 2.203 M 2.2(10) 2.2
s-Tetracyanopyridine 2.17(15) 2.173 M - 25
s-Trinitrobenzene 2.63(15) 2.628 M 2.60(10) 2.6
s-Tricyanobenzene 1.84(10) 1.840 M - 1.8
p-Benzoquinone 1.860(5) [1.990] MA, T, P 1.90(5) 1.9
9,10-Anthraquinone 1.59(6) 1.591 MT 1.60(10) 1.6
t-Dicyanoethylene 1.02(10) [1.249] M, T - 1.0
Dicyanobenzenea 0.91(8) 0.911 T - 0.9
Dicyanobenzene- 1.03(8) [0.954] M, T 1.0(2) 1.0
Dicyanobenzeng- 1.09(8) 1.093 T - 11
Benzonitrile 0.26(5) 0.258 E 0.3(1) 0.3
Sk 1.07(5) 1.070 M, T, E, MS - 1.0
NO 0.86(10) [0.026] See text - 0.8
CCly 2.04(10) [0.805] A M, T* - 21
CBry 2.06 (10) 2.060 M - 2.0
CHCl3 1.75(10) [0.622] M, T* - 1.6
CHyCl3 1.30(10) - M - 1.25
CsFs 0.86(3) [0.520} TE P 0.90(10) 0.85
CH3NO; 0.50 (2) 0.486 A T, E, MS - 0.50
Fo 3.05(2) 3.005 T, A (ISO) - 3.00
Cly 2.45(2) 2.400 T, A (1ISO) - 2.43
Bry 2.57(2) 2.550 T, A (ISO) - 2.58
P 2.524(5) 2.524 T, P, A (ISO) - 2.33
(o)) 1.07(10) [0.450] See text - 1.10
CS 0.88(2) [0.512] A E, P - 0.85
NO; 2.273(5) 2.273 A E, P - 2.25
Nitrobenzene 1.00(2) 1.006 T, E, P, MS 1.00(5) 1.00
Perylene 0.973(5) 0.973 TE P 1.01(3) 1.00
Tetracene 1.08(5) 1.067 T,E P 1.09(3) 1.08
Biacetyl 0.70(5) 0.690 T, E 0.71(3) 0.70
Maleic anhydride 1.44(5) 1.440 AT 1.45(5) 1.40
Phthalic anhydride 1.25(5) 1.245 AT - 1.30

Methods: A, AMB; E, ECD; ISO, isoelectronic principle; M, magnetron; MS, negative ion mass spectrometry; P, PES; Tx)Ti@dicates value is
assigned to excited states. Value in square bracket are different from selected value. Value in parenthesis are random uncertainties in ése last figur

[1-5,15,16,52]

anions of GFsNO,, CgFsCl, CgHsNO,, tetracene, and

[42,47)

In Fig. 5 are theX, curves calculated with the two-state
model. The data are fit t&q. (8) with the partition func-
tion ratios, Q, fixed to unity and the establishdf}, (see
Table §. The larger activation energy for the attachment
to I, is apparent. Thé\; are estimated, and tHe; values
determined from the datg87]. Also in Fig. 6 are ECD
data for Q [38,42] The ECD data in the low temperature
region and the electron swarm data, showrrig. 7, gives
an excited statde; that coincides with the most precise
PES value, 0.430, .850 + 0.002eV. Besides the initial

a fourth state is observed. THg&, A; and someQ val-

O2 have been observed at the highest ECD temperatureues are determined from the ECD data fos €ince the

Ea and their uncertainties are used in the analysis. The
ground state curve witlt; = 1.07 + 0.07 eV is calculated
from estimates ofA; and Q since ankE; of 1.9 + 0.2eV

has been measured. The larg&st has been measured
by multiple technique$15,16,27,48-51]Calculated ECD
lines for @ with E; 0.3, 0.2, and 0.05eV an@ = 1
indicate their negligible ECD response. Fig. 6 are the
ECD data for GFg and C$ that shows two statg29-31}
These have the largest temperature range of the multiple
sets of data that have been collected. The four regions are
clearly indicated with well-defined limiting slopes where
upturn at higher temperatures, a downturn indicative of the AE; can be determined. IRig. 7, the calculated curves
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Table 2

List of evaluated molecular electron affinities: hydrocarbons (eV)

Molecule AR NIST Ei12 CURES-EC Methods

Benzene, 1,2,4,5-tetramethyl- 0.670.02 0.048 - 0.05

Styrene 0.10+ 0.05 - 0.12 0.05 0.10

Benzene, 1,2,3,5-tetramethyl- 0.#10.02 0.108 - 0.08

Benzene, hexamethyl- 0.12 0.02 0.121 0.10

Biphenyl 0.13+ 0.02 0.130 0.1Gt 0.03 0.14

Naphthalene, 2-methyl- 0.14 0.02 0.143 - 0.15

Naphthalene, 1-ethyl- 0.1% 0.02 0.147 - 0.16

Naphthalene 0.16- 0.01 —0.200° 0.17+ 0.03 0.15 PES

Naphthalene, 1-methyl- 0.16 0.02 0.160 - 0.17

Diphenylmethane 0.1& 0.02 0.156 - 0.18

Naphthalene, 2,6-dimethyl- 0.16 0.02 0.160 - 0.15

Naphthalene, 2,3-dimethyl- 0.1F% 0.02 0.173 - 0.18

Indene 0.17+ 0.02 0.173 - 0.18

Benzene, pentamethyl- 0.18 0.02 0.182 - 0.17

Naphthalene, 2-ethyl 0.19 0.02 0.195 - 0.19

Naphthalene, 1,4-dimethyl- 0.22 0.02 0.247 - 0.23

Fluorene 0.24+ 0.02 0.278 - 0.30

Triphenylene 0.29+ 0.02 0.285 0.29t 0.03 0.27

Phenanthrene 0.3& 0.02 0.307 0.3 0.03 0.31

Diphenylethyne 0.32t 0.02 0.321 - 0.35

Ethylene-1,1-diphenyl 0.3% 0.02 0.390 - 0.36

Stillbene 0.39+ 0.02 0.390 - 0.40

Biphenylene 0.45+ 0.05 (0.89) 0.40t 0.05 0.45 Collisional dissociation

Chrysene 0.42+ 0.04 0.397 0.42t 0.03 0.43

Picene 0.50+ 0.03 0.542 0.49+ 0.03 0.50

Benzf]pyrene 0.55+ 0.03 0.534 0.56t 0.03 0.56

Benzof]phenanthrene 0.5& 0.01 0.545 0.58t 0.03 0.60

Pyrene 0.61+ 0.02 0.500 0.63+ 0.03 0.62

Anthracene, 1-methyl- 0.65% 0.02 0.550 0.65+ 0.10 0.65 Collisional dissociation

Dibenzfjlanthracene 0.6% 0.03 0.59% 0.65+ 0.03 0.70

Dibenzpc]anthracene 0.6% 0.03 - 0.69+ 0.03 0.68

Anthracene, 0.69t 0.01 0.530 0.72+ 0.03 0.70 TCT, PES

Dibenzfhlanthracene 0.6% 0.03 0.595 0.65+ 0.03 0.66

Benzf]anthracene 0.7 0.01 0.390 0.72+ 0.03 0.74 TCT, collisional dissociation

Benzf]pyrene 0.80+ 0.03 0.815 0.79t 0.03 0.80 TCT

Coronene 0.8at 0.10 0.470 0.74+ 0.03 0.80 PES, collisional dissociation

1,3,5,7¢-CgHg 0.80+ 0.05 0.550 - 0.8 TCT, PD, PES, collisional
dissociation

Acenaphthylene 0.8&- 0.02 0.403 0.80+ 0.10 0.8

Fluoranthene 0.8 0.04 0.630 0.83+ 0.03 0.81

Azulene 0.84+ 0.05 0.694 0.78 £ 0.05 0.78 PES

Benzophi]perylene 0.89+ 0.10 0.420 0.90+ 0.10 0.90 Collisional dissociation

Perylene 0.98t 0.01 0.973 1.0k 0.03 1.00 TCT, ECD, PES

Tetracene 1.08 0.04 1.067 1.09+ 0.03 1.08 TCT, ECD, PES

Pentacene 1.39 0.05 1.392 1.3% 0.05 1.34 TCT

TCT, thermal electron transfer; ECD, electron-capture detector, PES, photoelectron spectrainBifferent from selected valufl,15,16,12,36,55—-62]

only for Oy, and GClg; the electron swarm data for2Q the case of nitromethane, chloronaphthalene, mono to tetra-
the calculated curves and ECD data for NG;Fg; ni- chlorobenzenes and chloroacetophenones, the quanti-
tromethane and chloroacetophenone; and the magnetrorties D(C—CIl) and D(C-NQ,) are obtained from they
data and a calculation for NO with the PEE3 are shown region with the established values of th& of NO;
[2,10,13,15,16,38,39,49T his gives a clear comparison of or Cl. These are shown irFigs. 8 and 9A [10,38,

the type of data that are obtained form these equilibrium 39,41]

techniques. The higher temperature and smaller T000/

range for the magnetron data should be noted. The preci-5.2. Evaluation of the previous electron affinities

sion of theE, determined from magnetron data for NO and

the ECD data for C§ nitrobenzene, anddEs is increased In Table 1 are evaluated electron affinities for the
by multiple determinations. The lo,; of NO obtained molecules studied in the magnetron direct capture method,
by many techniques could not be measured in the ECD. Inmany of the AMB values, and similar molecules studied
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Table 3

List of evaluated molecular electron affinities (eV) aromatic nitrocompounds

Molecule AR NIST Ei2 CURES-EC Methods
Nitrobenzene 1.00(1) 1.006 18 0.05 1.0 2T, E, PES, NIMS
Nitrobenzene-pentafluoro 1.50(10) 1.450 - 15 T, E, NMS2
Nitrobenzenen-F 1.20(5) 1.236 1.20 1.2 2T, E, P, NMS2
Nitrobenzenes-F 1.08(5) 1.075 111 1.1 2T, E, P, NMS2
Nitrobenzenes-F 1.12(5) 1.119 1.09 1.15 2T, E, P, NMS2
Nitrobenzenexmethyl 0.98(3) 0.989 0.98 1.0 2T, E, P, NMS2
Nitrobenzene>-methyl 0.89(3) 0.924 0.89 0.92 2T, E, P, NMS2
Nitrobenzengsz-methyl 0.95(3) 0.954 0.95 0.95 2T, E, P, NMS2
Nitrobenzengs-t-amyl 1.00(10) [2.168] - 0.98 T (scaled wrong)
Nitrobenzene-2,3-dime 0.86(10) 0.854 0.87 0.85 2T, E
Nitrobenzene-3,4-dime 0.92(10) 0.924 0.88 0.93 T
Nitrobenzene-2,4-dime 0.88(10) 0.880 - 0.89 T
Nitrobenzene-2,5-dime 0.85(10) 0.854 - 0.85 T
Nitrobenzene-2,6-dime 0.81(10) 0.811 - 0.78 T
Mitrobenzene-2,4,6-trime 0.73(10) 0.711 - 0.72 T
Nitrobenzenes-Cl 1.16(10) 1.162 1.20 1.20 2T, E1, NMS2
Nitrobenzenen-Cl 1.28(10) 1.280 1.26 1.28 2T, E1, NMS2
Nitrobenzenes-Cl 1.26(10) 1.258 1.28 1.25 T, E1, NMS2
Nitrobenzene-2,3-di-Cl 1.30(10) 1.292 - 14 T, NMS2
Nitrobenzene-3,4-di-Cl 1.44(10) 1.444 - 15 T, NMS2
Nitrobenzene-3,5-di-Cl 1.52 (8) 1.500 - 15 T
Nitrobenzenes-Br 1.18(10) 1.162 1.20 1.22 T
Nitrobenzenen-Br 1.32(10) 1.318 1.37 1.35 T, E1
Nitrobenzenes-Br 1.29(10) 1.292 1.31 1.48 T
Nitrobenzenes-CFs 1.33(10) 1.331 - 1.25 T, NMS2
Nitrobenzenen-CFR; 1.41(10) 1.414 1.47 145 2T, NMS2
Nitrobenzeng>-CFs 1.50(10) 1.500 - 1.55 T, NMS2
Nitrobenzenen-OCHz 1.04(10) 1.040 - 1.0 T, NMS2
Nitrobenzeng>-OCHs 0.91(10) 0.911 - 0.89 T
Nitrobenzenes-NH> 0.92(10) 0.915 - 0.90 T
NitrobenzenenNH, 0.95(10) 0.945 - 0.92 T, NMS2
Nitrobenzenex-CN 1.57(10) 1.565 - 1.6 T, NMS2
Dinitrobenzenan 1.66(10) 1.657 - 1.68 2T, E1, NIMS
Dinitrobenzenes 1.65(10) 1.652 - 1.68 T, E1, NMS2
Dinitrobenzenep 2.00(10) 2.003 1.97 2.01 2T, E1, NMS2, PES
s-Trinitrobenzene 2.63(15) 2.628 - 2.70 M
1-Nitronaphthalene 1.23(10) 1.227 1.21 1.3 T, NMS2
1,5-Dinitronaphthalene 1.77(10) 1.765 1.8 - T

Methods: E, electron-capture detector multiple temperatures; E1, ECD one temperature; M, magnetron; NIMS, negative ion mass spectroneetry multipl
temperatures; NMS2, only two temperatures; T, thermal charge transfer; ICR and/or HPMS 2T, both ion cyclotron resonance and high-pressure mas
spectrometry; ICR, one temperature; HPMS, multiple temperatures; P, electron-capture detector photodetachment threshold; PES, plpstoteoety s
[1,3,15,16,33-36,47]

with the TCT and ECD method4-4,15,16,33-36]Many compounds using the CURES-EC method and agree with
of these were evaluated in the 1989 review. At that time, the evaluated values within the uncertainty. Thg, val-
it was concluded that with the exceptions of the ECD ues where available also support the gas phase values. It is
(0.86eV) and TCT (0.52eV) values forgEs, the values now possible to examine values determined only by a single
for anthraquinone (1.2 eV) and benzoquinone (1.4 eV) de- gas phase method by calculating the AEhe sequential
termined with the magnetron method, and the alkali metal NIST values different from the selected values are shown
beam values for §H0.5-0.8 eV), the experimenti} mea- in brackets. Some selected values are averages of reported
sured in the gas phase agree within the random uncertaintyvalues. In the case of C£and CHCS, the NIST values are
Rather than disregard the lower values, excited states werehe most recent but could be for an excited state. The NIST
postulated. In addition, dramatically differela values for values for NO, Q, CS, and GFg, have been assigned to
NO (0.86eV versus 0.02eV); L1.07 eV versus 0.46eV) excited statept8-51] More recentg of nitromethane, ben-
and C$ (0.6 versus 1.0eV) were reported. These differ- zoquinone, tetracene, and perylene have not been included
ences have been resolved by interpreting ECD data within the NIST tablg10,12,52]
multiple states as shown Figs. 4-7 [1,15,16,27,29-31] The direct capture magnetron values are often considered
The selected AEand the estimated errors are given in unreliable because there is no mass identification. How-
the first column ofTable 1 TheE; were calculated for these  ever, there are a now a nhumber of magnetron values which
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Table 4
List of evaluated molecular electron affinities (eV) acetophenones and benzaldehydes
Molecule AR NIST CURES-EC Methods
Acetophenone 0.338(2) 0.334 0.35 E
Acetophenone-F 0.49(5) 0.442 0.45 E
Acetophenoner-F 0.58(5) 0.577 0.55 E
Acetophenong-F 0.52(5) [0.395] 0.50 E
Acetophenong-Cl 0.64(5) 0.585 0.62 T, E
Acetophenonen-Cl 0.67(5) 0.616 0.66 T, E
Acetophenon®-CF; 0.79(5) [0.642 0.83 E
Acetophenonen-OH 0.77(2) £ 0.76 E
Acetophenon®-OH 0.85(10) 0.850 0.82 T
Acetophenonen-CF; 0.79(5) 0.768 0.80 T, E
Acetophenong-CF;3 0.89(10) 0.898 1.00 T, E
Acetophenong-acetyl 1.06(10) 1.062 1.15 T E
Acetophenonen-NO, 1.33(10) 1.33 1.40 T
Acetophenon@-NO, 1.40(10) 1.40 1.45 T
Acetophenong-NO, 1.57(10) 1.57 1.50 T
Acetophenone-pentafluoro 0.88(10) 0.876 0.88 T
Acetophenong-COOCH; 0.96(10) 0.963 1.15 T
Benzaldehyde 0.457(5) [0.479] 0.45 E
Benzaldehyden-F 0.66(4) 0.668 0.64 E
Benzaldehyde-F 0.66(4) 0.637 0.62 E
Benzaldehyde-F 0.57(5) [0.486] 0.55 E
Benzaldehyden-OCHz 0.48(4) 0.429 0.45 E
BenzaldehydenCHj3 0.43(2) 0.429 0.45 E
Benzaldehyde-CH3 0.39(2) 0.373 0.40 E
Benzaldehyde-2,4,6-trimethyl 0.44(3) 0.442 0.47 E
Propiophenone 0.36(1) 0.351 0.36 E
Benzaldehyde-pentafluoro 1.10(10) 1.097 1.15 T
BenzaldehydenCN 1.03(10) 0.990 1.08 T
Benzaldehyde-CN 1.25(10) 1.250 1.28 T
Benzaldehyden-CFs 0.85(10) 0.815 0.90 T
Benzaldehyde-CR; 0.97(10) 0.941 1.05 T
Benzaldehyde-3,5-di-GF 1.26(10) 1.232 [1.54] T
Benzaldehyde-3,5-di-Cl 1.03(10) 0.989 1.01 T
Benzaldehydes-Cl 0.68(10) 0.649 0.72 T
Benzaldehyden-Cl 0.70(10) 0.668 0.70 T
Benzaldehydg-CHO 1.27(10) 1.236 1.30 T
Benzaldehyden-CHO 1.00(10) 0.971 1.06 T
Benzaldehydg-NO, 1.69(10) 1.691 1.66 T
Benzaldehyden-NO, 1.43(10) 1.431 1.39 T
Benzaldehyd®-NO, 1.56(10) 1.557 1.50 T

Value in parenthesis are random uncertainty in the last fifli&15,35,63-66]
a8 Methods: E, ECD; T, TCT.
b Reference compound or significantly different from selected value.
¢ Not included in the NIST table.
d CURES-EC is much larger than the largest experimental value.

have been supported by results from other experimentalvalues within+0.1 eV [4]. However, theo-benzoquinone
techniques and the CURES-EC calculations. Excluding value of 2.44eV is not supported by the reduction po-
the data for anthraquinone, benzoquinone, chloranil, andtential or CURES-EC, thus a higher less certain value is
fluoranil, the deviations of the magnetron values from the selected.

selected values i$0.15eV. The AMB values for the halo- It is important that different values &, have been deter-
gens were among the first values to be reported. They aremined for a given molecule by different investigators using
both accurate and precise since they have been confirmedhe same experimental technique. In particular, the AMB
by different methods and also agree with the isoelectronic and TCT methods gave values of 1.0 and 0.6eV fop CS
principle. The selected values for,,FClo, and Bp are while the TCT method gave values of 0.8 and 0.52eV for
the more precise values obtained using the isoelectronicCgFg. These excited state values were subsequently con-
principle. The PES value.224 + 0.005eV for b is the firmed by ECD data. There are a number of molecules for
most precisg53]. The quoted uncertainty of alkali metal which the same value for thHe, has been obtained by two,
beam values i£0.2 eV. The values agree with the selected three or four methods. All of the assigned values are also ac-
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Table 5

List of evaluated molecular electron affinities (eV) anisoles, benzophenones, benzonitriles, and benzoates

Molecule AR NIST E12 CURES-EC Methods
Benzophenone 0.68(5) [0.620] 0.68 0.68 T, E
Benzophenone-4-methoxy 0.61(5) ¢ - 0.61 0.60 E
Benzophenone-4-methyl 0.64(5) ¢ - 0.64 0.64 E
Benzophenone-4-ethyl 0.64(5) ¢ - 0.64 E
Benzophenong-F 0.70(5) [0.620] - 0.70 T, E
Benzophenone-44li-F 0.78(10) 0.776 - 0.78 T
Benzophenone-Cl 0.78(10) £ 0.78 0.81 E
Benzophenong-Br 0.90(10) £ - 0.88 E
Benzophenone-| 1.10(20) < - 1.10 E
Benzophenong-CF; 1.08(10) 1.078 - 1.30 T
Benzophenong-CN 1.31(10) 1.308 - 1.40 T
Benzophenong-NO; 1.50(20) < - 1.50 E
BenzophenonesCFs 1.00(10) 1.078 - 1.20 T
Benzophenone+NO, 1.31(10) 1.308 - 1.40 T
Benzophenone-3,5-di-Cl 1.11(10) 1.106 - 1.15 T
Benzonitrile 0.26(2) [0.258] 0.25 0.26 E
Benzonitrilep-NO; 1.73(10) 1.726 - 1.72 T
Benzonitrilem-NO, 1.57(10) 1.565 - 1.55 T
Benzonitrilem-CO,CH;3 0.80(10) 0.798 - 0.79 T
Benzonitrilep-CO,CH3 1.00(10) 0.997 - 0.98 T
Benzonitrile-3,5-di-Cl 0.85(10) [0.798] - 0.91 T
Benzonitrile-2,6-di-Cl 0.70(10) 0.698 - 0.70 T
Pentafluorobenzonitrile 1.08(10) 1.08 - 1.23 T
1,4-DicyanobenzenesF 1.89(10) 1.891 1.90 1.90 T
Methyl benzoate 0.20(10) [0.180] 0.24 0.21 E
Methyl benzoatgs-COOCH; 0.82(10) 0.824 0.82 0.80 T
Methyl benzoaten-COOCH 0.55(10) 0.550 0.58 0.60 E
Dimethyl phthalate 0.60(10) 0.550 0.60 0.61 E
Diethyl phthalate 0.62(10) 0.540 0.65 0.63 E
Methyl benzoatg-CHO 1.10(10) 1.158 1.15 1.16 T
Methyl benzoatg-NO, 1.48(10) 1.461 1.53 1.45 T
Methyl benzoaten-NO, 1.25(10) 1.227 1.19 1.30 T
Anisole-bentafluoro 0.55(5) 0.542 - 0.60 E
Anisole-tetrafluoro 0.25(5) 0.217 - 0.30 E

Value in parenthesis are random uncertainties in the last figl8sl5,33-36]
a8 Methods: E, ECD; T, TCT.
b Reference compound or significantly different from selected value.
¢ Not included in the NIST table.

curate to within the uncertainties: MGN-0.15eV), AMB value 1.067 eV are listed but the average value from ECD,
(£0.10eV), TCT £0.10eV), ECD £0.01-0.10eV). When  TCT, and PES is 10+£0.03 eV[1,33,55] The largest value
these are the largest values, they can be assigned to the AEfor a molecule is B39+ 0.10eV for pentacene. It was de-
and be used to test theoretical procedures. Once a theoretitermined by only the TCT methofb5]. In the collisional

cal method has been validated for a class of compounds, itionization method, the relative electron affinities are deter-
can be used to support experimental results as in the case omined from the intensity of the ions formed by the dissoci-

CURES-EC and the magnetron direct capture values. ation of an electron bound dimer. It is similar to the TCT
method. The values for benzyiiperylene, biphenylene and
5.3. Evaluation of electron affinities of hydrocarbons methyl-anthracene were only determined by collisional ion-

ization. TheE, of coronene was determined by PES and
Electron affinities of hydrocarbon molecules in the NIST collisional ionization[56-58] Earlier the CURES-EC and

table have been assigned to states. The largest precise valug;,» values had been reported. Indeed, H€or the poly-
is for the ground state. The HC list returned about 140 values. cyclic aromatic hydrocarbons were used to establish a more
About 90 of these are for radical§5,54-62] The largest precise calibration oEy/» values based on a variable solu-
value is for the @H radical, 397+ 0.01 eV. In many cases, tion energy, mddGf A AG(sol)] for anions. The equation is
the only measured values for molecules are ECD values. TheEA = E(ref)—mddG+Ey/» = 4.18—2.20—n(0.05+E12;
largest value for a hydrocarbon determined by both ECD n = —10 to 10 where the reference is the Hg pool. Thus
and TCT methods listed in NIST is for tetracene. Only the E; =4.18—- 220+ 0.20+ Ey/» = 2.18-1.55=0.63eV
earlier ECD value for an excited state, 0.88 eV and the TCT for pyrene withn = —4 andE1;» = —1.55V versus Hg
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Table 6
List of evaluated electron affinities (eV) aromatic halogen compounds
Molecule AE NIST E1/2 CURES-EC Methods
CeFs| 1.41(10) 1.410 - 1.40 T
CgFsBr 1.15(10) 1.150 - 1.34 T
CsFsCl 1.01(10) [0.815] - 1.15 T E
CsFs 0.86(2) [0.520f 0.85 0.84 T E
CeFsH 0.72(5) [0.434% 0.72 0.77 T E
1,2,4,5-GF4H; b - 0.50 0.54 -
1,2,3,4-GF4H; 0.52(5) 4 0.55 0.55 E
1,3,5-GF3Hs b . 0.45 - -
1,3-GsF2Ha b - 0.26 - -
1,4-GsFoHy 0.25(5) 4 0.25 0.25 E
CeFHs 0.13(5) 4 0.10 0.10 E
CeClg 1.15(5) [0.915% 1.15 1.15 T E
CeClsH 0.85(10) [0.729 0.90 0.90 T, E
1,2,3,4-GClyH; b - 0.69 0.71 -
1,2,3,5-GClsH, b . 0.68 0.72 -
1,2,4,5-GCl4H; 0.65(5) [0.450f 0.66 0.70
1,2,3-GCl3H3 -b - 0.49 0.48
1,2,4-GCl3H3 b —d 0.45 0.45 -
1,3,5-GCl3H3 0.48(5) [0.340% 0.47 0.43 E
1,2-GsClyHg 0.30(5) [0.094% 0.23 0.25 E
1,3-GsCloHy4 0.29(5) 4 0.25 0.26 E
1,4-GsCloHy 0.29(5) 4 0.25 0.25 E
CsClIHs 0.17(5) 4 0.10 0.13 E
Tetrachloroethylene 0.65(5) 0.640 0.65 0.70 E, NIMS
Trichloroethylene 0.40(5) 0.400 0.40 0.50 E, NIMS
1,1-Dichloroethylene 0.15(5) 0.100 0.15 0.15 E
c-Dichloroethylene 0.10(5) 4 - 0.10 E
t-Dichloroethylene 0.10(5) 4 - 0.10 E
Vinylchloride 0.05(5) 4d - 0.05 E
1-Cl-naphthalene 0.30(5) 0.277 0.30 0.30 E
1-Cl-anthracene 0.83(10) 0.828 0.83 0.82 T E
2-Cl-anthracene 0.80(10) 0.802 0.73 0.79 T E
9-Cl-anthracene 0.86(10) 0.859 0.83 0.86 T E
Value in parenthesis are random uncertainties in the last figaras,41,15]

@ Methods: E, ECD; T, TCT; NIMS, negative ion mass spectrometry.

b Not evaluated.

¢ Significantly different from evaluated value.

d Not in the NIST table.
Table 7
Kinetic and thermodynamic properties for dissociative electron attachment
Species Indy) E; (eV) Q (eV) Ea (eV) E, (eV) In(A2) D(C—N or C-CI) (eV)
CH3NOz 36.3(3) 0.20 0.008 0.50(2) 1.00(5) 29.3(3) 2.68(5)
3-Cl-acetophenone 34.9(5) 0.03 0.99 0.67(5) 1.05(5) 28.5(3) 3.96(5)
4-Cl-acetophenone 34.8(3) 0.00 0.60 0.64(5) 1.05(5) 29.4(4) 4.01(5)
CeHsCl 35.1(3) 0.07 0.38 0.17(10) 0.73(5) 24.2(3) 4.09(5)
p-CsH4Cl2 35.2(3) 0.03 0.45 0.29(5) 0.72(5) 29.0(3) 4.03(5)
m-CgH4Clo 35.1(3) 0.04 0.81 0.30(5) 0.69(5) 25.7(3) 3.97(5)
0-CgH4Cl> 35.1(3) 0.03 0.70 0.30(5) 0.65(5) 25.7(3) 3.92(5)
sCgH3Cl3 35.6(3) 0.04 0.64 0.48(5) 0.91(5) 32.9(3) 4.04(5)
s-CeH2Clsy 35.8(3) 0.03 0.94 0.69(5) 1.10(5) 34.2(3) 4.02(5)
1-Cl-naphthalene 35.6(3) 0.14 1.01 0.34(5) 0.82(5) 29.7(2) 3.94(5)

The values in parenthesis are random uncertainties in the last figure. The other figures are given with the proper number of significia® 4igjures

pool. Using this procedure, reduction potentials and the CURES-EC values and the assignments are also included.
CURES-EC calculations, the ARvere evaluated for 80 hy-  Asterisks indicate the NIST values which are significantly
drocarbon moleculef,8]. lower than the selected values. The TCT value for pen-
In Table 2are the gas phase experimental and reduction tacene is confirmed by tH€; > and the CURES-EC values.
potential E, for the hydrocarbon molecules in NIST. The The NIST value for coronene was recently determined by
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Fig. 4. InKT®/?2 vs. 1000T illustrating the range of values determined in the electron-capture detector. The data for the nitrobenzenes were published in
[30]. The data for acetophenone was published3#]. The remaining data were published [B8,36]

assigning the first of two sets of peaks in the PES to the detector gave the value of 0.8eV. All of tH&,, except
ground state. If the first peak is for an excited state, the sec-for naphthalene, determined using the ECD in the linear
ond peak at about 0.8 eV can be assigned to the ground stateregion are the same as listed in the NIST table. The value
The higher value is supported by the reduction potential for naphthalene reported in the NIST table was determined
values and has been selected as thg [XEB]. The value for from the extrapolation of photoelectron spectra of hydrated
biphenylene determined by colllisional ionization is higher naphthalene anions and by electron transmission spectra.
than the selected reduction potential value but could be for The ECD value is confirmed by the values of the methyl-
the isomer acenaphthylene. The collisional ionization val- naphthalenes and the observation of the parent negative
ues for benzanthracene, coronene, and bghiperylene ion in negative ion mass spectrometry. The assignments of
are assigned to excited states. The ECD value for benzan+the hydrocarborE, and the observation of multiple states
thracene is selected as the AHEhe AE, for the others are  which are associated with the different types of C—H bonds
assigned to the CURES-EC aitd, values. TheE, for has been described in more detail in an earlier arfich.
cyclooctatetrene is interesting because the photoelectron

spectroscopy onset, 1.10eV is an upper limit that must 5.4. Evaluation of thermal charge transfer and

be corrected for the dramatic geometry difference in the electron-capture electron affinities

neutral to obtain aik, [59—62] The excited state value of

0.55eV has been obtained by ECD, TCT and collisional At present the largest number of about 400 or-
ionization methods. The photodetachment threshold valueganic molecular electron affinities have been deter-
and the ECD data support a value of 0.8eV. Some of the mined by the TCT and/or ECD methodd,3,10-13,
other selected AEhave been obtained from the multiple 28-41,63-66] The ECD method has been used to mea-
state analyses of the ECD data and have not been includedure electron affinities between 0.05 and 1.5eV as shown
in the NIST table. The lower value for acenaphthylene in Fig. 4 The TCT method has been used to measure
was determined using the constant current ECD that only values between 0.50eV for nitromethane and 3.2eV for
measured the excited state va[@€]. The analysis of data  tetracyanoethylene. Many TCT values were determined by
taken earlier in this laboratory using a constant frequency both the ion cyclotron resonance, ICR, and high pressure
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Table 8

Published electron-capture detector parameters

Species Indq) E1 (eV) Q Ea (eV)
CeFsNO2 [36.0] [0.01] 0.8 15+ 0.1
CgHsNO, 346+ 0.5 0.03+ 0.01 [1] 1.0+ 0.01
Acetophenone - - 1.0 0.338 0.002
(CHz)4CsH2 - - 1.0 0.07+ 0.05
Benzaldehyde - - 1.0 0.45% 0.005
Methyl benzoate - - 1.0 0.2¢ 0.10
Benzonitrile - - 1.0 0.26t 0.02
Benzophenone - - 1.0 0.68 0.05
CeFsCl [36.4] 0.36 [1] 1.01+ 0.10
CsFsCl (ex) 36.4 0.15 0.06 0.8Z 0.10
CeFs 347 0.04 0.04 0.86- 0.02
CesFe (eX) 34.9 [0.01] 1.0 0.6 0.05
CsClg [35.4] 0.04 0.03 1.15+ 0.05
CeClg (eX) [35.4] 0.02 0.70 0.82= 0.10
Tetracene [37] 0.95: 0.05 [1] 1.10+ 0.05
Tetracene (ex) [36] 0.8&- 0.05 1x 1074 0.88+ 0.05
Tetracene (ex2) [36] 0.65% 0.05 [1] 0.53+ 0.05
Naphthalene [34.2] 0.2 [1] 0.1% 0.05
Naphthalene (ex) [33.8] [0.6] [0.8] 0.1 0.10
CS, (bent) 31.2 0.1Gt 0.03 1x 1072 0.87+ 0.03
CS, (linear) 32.0 0.03 0.4 0.6% 0.04
Fo [35.5] [0.05] [1] [3.05]

F2 (33] [0.03] (1] (1.7]

Cl, [33] 0.06 [1] [2.45]

Cly [35.5] 0.30+ 0.05 [1] [1.1]

Bra [35.5] 0.28+ 0.05 [1] [2.56]

Bro [33] 0.03 [1] [1.4]

12 [35.5] 0.45+ 0.05 [1] [2.52]

I2 [33] 0.05 [1] [1.5]

(07} [24.9] [0.05] [1] 0.450+ 0.002
(o)) [24.9] [0.05] [0.5] 0.430+ 0.002
(07} [24.9] [0.10] 0.8 0.50+ 0.05
(o)) [34.7] [0.4] 0.01 0.70+ 0.05
0O, [35.2] [0.8] 0.02 0.75+ 0.05
(o)) [35.5] [0.9] [0.8] [0.95]

O, (ground state) [35.5] [1.9] [0.8] [1.07]

The values in square brackets are experimental values from other methods or have been estimated. Values without uncertainties are given to the proper
number of significant figuregl2,15,27,29,48-51,53]

mass spectrometry HPMS variarj&63-66] In the ICR values for nitrobenzene, pentafluoronitrobenzene, the nitro-
method, AG values are calculated from measured ion ra- toluenes, and the fluoronitrobenzenes determined by both
tios and known concentrations at a single temperature. Inagree within the random uncertainty specified in column
the HPMS method, measurements are made as a funcone. Single point ECD daté&{) and the independent ob-
tion of temperature so thatH and AS can be obtained  servation of the parent negative ions at 373 and 523K in
(AH = AG + TAS). For the ICR single temperature negative ion mass spectrometry (NMS2) indicate that the
method, a value oAS is assumed because measurements chloronitrobenzenes and the bromonitrobenzenes have an
are made at a single temperature. The combined random aneblectron affinity greater than 1eW7]. The CURES-EC
systematic uncertainties in the absolute values due to theand Ey» values for the dinitrobenzene isomers are es-
direct measurements and the uncertainties in the referenceecially significant since they support the lardes for
compounds are quoted af0.1 eV for the HPMS method. the paraisomer measured by both the ICR and NIMS
The uncertainties in specific values can be lower. At the procedures.

extremes, the uncertainties in the values can be as large The E; of chloroethylenes, chlorinated and fluorinated

as +0.2eV. The TCT value in the NIST table farbutyl benzenes and pentafluorobenzenes have been determined by
nitrobenzene should be reduced t® * 0.1eV because either or both the TCT and ECD methods. In the ECD data
it was scaled to an incorrect value of 2.2 eV for the of for the fluorobenzenes, two states are observed. The electron

SO. In Table 3areE, for nitro compounds determined by  affinities of the chlorobenzenes are 0.2-0.3 eV higher than
either or both the ECD and TCT methods. The CURES-EC previously reported due to a low€x,, value for the ground
andEy» values support the ground state assignments. Thestate. InTable 6are the electron affinities for the halogenated
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Table 9

Electron-capture detector parameters determined in this study

Species Ind) E1 (eV) Q Ea (eV)
2-F-CsH4COCHs 345 0.19 1.1 0.49: 0.05
4-F-CGH4COCH; 35.5 0.22 0.74 0.52 0.05
3-F-GsH4COCHs 35.6 0.14 0.91 0.58& 0.05
p-Diacetyl benzene [35.2] 0.08 [0.86] 1.4 0.10
p-Diacetyl benzene (ex) [35.2] 0.08 [1.07] 0.470.10
2-F-GsH4CHO 35.6 0.11 0.54 0.66 0.05
2-F-CsH4CHO (ex) 35.6 0.02 0.54 0.2% 0.04
4-F-CGsH4CHO 35.3 0.11 0.83 0.5# 0.07
4-F-GsH4CHO (ex) 35.6 0.08 1.34 0.4%& 0.05
3-F-GsH4CHO 35.2 0.09 0.30 0.66 0.07
2-CRAP 35.6 0.12 0.79 0.7% 0.05
2-CR-AP (ex) 35.6 0.04 0.79 0.62 0.04
3-CF3-AP 35.6 0.09 0.68 0.7 0.05
3-CR-AP (ex) 35.2 0.03 0.94 0.64 0.04
4-CR;-AP 35.2 0.10 0.17 0.8% 0.05
4-CRs-AP (ex) 35.4 0.04 1.00 0.6% 0.04
CegHsF 35.2 0.63 0.80 0.1% 0.05
CeHsF (ex) 35.2 0.20 0.40 0.0% 0.05
p-CeHaF2 354 0.39 0.22 0.25 0.05
p-CeHaF2 (ex) 35.4 0.19 1.00 0.1% 0.05
1,2,3,4-GHzF4 355 0.28 0.48 0.52- 0.05
1,2,3,4-GH2F4 (ex) 35.8 0.10 0.88 0.48- 0.05
CgHFs 34.9 0.17 0.31 0.72 0.05
CeHFs (ex) 355 0.05 1.04 0.43 0.05
CsFs 347 0.04 0.04 0.86- 0.02
CeFs (ex) 34.9 [0.01] 1.00 0.6% 0.05

Value in square bracket are assumed values. The uncertaintiesfir} &rid Q are less than 10%.
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Fig. 5. InKT3/2 vs. 10007 for homonuclear diatomic molecules. The oxygen data were publish@d j#9] while the halogen data were published37].
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Fig. 6. InKT%2 vs. 10007 for carbon disulfide and hexafluorobenzene illustrating two states. The data were publi§g@dan]

compounds. The ECD values higher than the TCT values arecould be for an excited state. The extension of the methods
selected as the AEThe CURES-EC values and the reduc- to larger aromatic systems is demonstrated by the data for
tion potential values support these assignments. The TCTthe chloronaphthalene and the chloroanthracenes. The gen-
value for GFsBr is lower than the CURES-EC value and eral trends for multiple substitutions can be obtained from

35 -
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25 1

20 -

15 A

Oxygen ion beam d
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Fig. 7. InKT®/2 vs. 10007 electron-capture detector, magnetron, ion beam and swarm data for multiple states and dissociative and non-dissociative
capture. The magnetron data were taken fi@n The ECD nitromethane, NO and,@lata were taken fron38,39] The data have been published in
[10,42] The G ion beam data came frof®1].
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Fig. 8. InKT®/2 vs. 10007 for acetophenones illustrating multiple states and dissociative and non-dissociative capture. The data were t§&3%d0]

the compounds witl; > data. For the chlorobenzenes data for the molecule based on the equal C—Cl bond dissociation
are available for all 12 of the possible isomers. The;AE energies. InTable 7are the kinetic and thermodynamic pa-
for the fluorobenzenes varies from 0.1 to 0.86eV. The AE rameters obtained from the least squares analysis for these
values of chlorobenzenes range from 0.17 to 1.1p4N. compounds. The C-CI bond dissociation energies are ob-
In the case of the lower chlorobenzenes and the chloroace-tained from the data in theregion. For comparison the val-
tophenones, dissociative electron attachment is observed irues for nitromethane are givgh0]. The range of the C-Cl
the ECD and NIMS data. The experimental bond dissocia- values is small which is anticipated since it is generally as-
tion energies for 3- and 4-chloroacetophenone, are 3.98 andsumed that the first aromatic C—Cl bond energies are similar.
4.01+0.05 eV, whereE,y(Cl) = 3.6134+0.0001 eV[15]. By The chlorobenzenes and 1-Cl-naphthalene also have a C-Cl
comparison, the CURES-EC AM1 values are both 3.97 eV. bond dissociation energy of about 4 eV.Table 8are the
This again shows agreement within experimental error and kinetic and thermodynamic parameters used to calculate the
exemplifies the power of computational chemistry programs curves inFigs. 4—6 For oxygen six states are assumed and
as a useful analytical tool for making predictions. The pre- parameters obtained in different experiments used to esti-
dicted temperature dependence for 4-chloroacetophenone isnate the parameters from the ECD data. For the halogens,
shown inFig. 7. In addition to thex andp regions, thereisa  the two activation energies are determined from the ECD
~v region at higher temperatures with a negative slope, consis-data using the estimated parameters and experimental elec-
tent with dissociation wher&, < E2. For compounds with  tron affinities.
similar dissociation energies ai, the temperature depen- In Table 9are parameters for the fluorobenzenes and the
dence will resemble that for the 3- and 4-Cl-acetophenones.acetophenones and benzaldehydes that have been analyzed
The CURES-EC AE for 2-Cl-acetophenone is predicted to in this paper. All of the values of I&y;) are 34.5-36.5,
be lower than for the 3- and 4-isomers. The relative values within an order of magnitude of (DeBA) = 36. All of
are supported by negative ion mass spectrometry data. Thehe Q values are within the reasonable range of 46 1.
NIMS data has a substantially higher abundance ofLI(  For the Cl-isomers, 4-F-acetophenone, 4-F-benzaldehyde
and (M-CI)) in the spectrum of thertho-isomer[47]. A and for the CI-APs thé&, reported in this study are higher
lower E; for the o-isomer requires a lower electron affinity than those previously reported using the single state model
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Fig. 9. InKT®2 vs. 10007 for chlorobenzenes and fluorobenzenes illustrating multiple states and dissociative and non-dissociative capture. The
fluorobenzene and chlorobenzene data were taken f8ond1]

[35]. The AR, calculated with the two-state model are in NO, > CN > CHO > C(CH)=0 > (COOCH3) > Cg > Cl

agreement with the theoretical calculations. > F > alkyl. The substitution of a GFgroup on these com-
pounds increases th& by about 0.4 eV, the substitution of
5.5. Substitution effects a Clincreases it by 0.20 eV and the substitution of an F in-

creases it by 0.15eV. However, the effect in thega posi-

Based on the selected valuesTmbles 1-6there are now  tion is much larger than in thmetaposition. The increase
sufficient data to establish general effects for the changesfor a nitro group ranges from 0.7 to 1.5 eV, that for the CN,
in the electron affinity upon substitutions on benzene. If we CHO, C(CH)=0, COOCH groups from 0.4 to 0.8 eV and
consider benzonitrile, methyl benzoate, benzaldehyde, ni-that for the halogens 0.1-0.3 eV. The largest nitro effect is
trobenzene, and acetophenone as parent molecules, the dafar substitution on benzonitrile in thgara position, 1.5eV.
demonstrates the order of change in the electron affinities For tetramethylbenzene and naphthalene, the alkyl groups
ranging from 1 eV for N@ to about zero for the alkyl groups  increase thdés,; from 0 to 0.1 eV whereas for the quinones
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Fig. 10. Adiabatic electron affinity of substituted benzenes vs. number of substitutents.

and nitrobenzene, the alkyl groups decreasecthigy about been used extensively to analyze these compounds. The
the same amount. The OGHnNd NH groups decrease the electron affinities of many of the chlorinated biphenyls and
Ea by small amounts. These general trends support the meanaphthalenes have been estimated from half wave reduc-
suredE,. These effects for a single substitution have been tion potentials but it was assumed that the solution energy
correlated with other substitution parameters in TCT and differences were constant. Now that improviegl for the
ECD studieq1,3,30,35] chlorobenzenes and CURES-EC calculations are available
The effect of the available multiple substitutions upon it is possible to estimate solution energy differences and
the electron affinities of benzene is shownFiy. 10 The obtain more accurat&,. The temperature dependence of
data available beyond a single substitution are for alkyl, F, these compounds is very important and has not been exten-
Cl, CN, and NQ@. The alkyl and halogen substituent effects sively studied. As a result, the calculations can offer clues
are linear but those of CN level off at the larger number of to the best conditions for analysis.
substituents. A similar saturation effect should be observed Prior to 1990, there were no estimates of the electron
for the NGO CHO, C(CH;)=0O and COOCH groups The affinities of the biologically significant purines and pyrim-
largest effect of fluoro substitution is fprdicyanobenzene  idines, adenine, guanine, cytosine, uracil, and thymine
and p-benzoquinone where four fluoro replacements in- AGCUT. At that time we applied substitution and extension
creases thé&, by 0.8eV. The increase in thg, is about of resonance effects to the parent molecules to estimate
the same for the CHO, C(CHO and COOCH groups the electron affinities. Uracil is dihydroxypyrimidine while
so that in general the absoluig for similarly substituted cytosine is amino-hydroxypyrimidine and guanine is amino
compounds are in the same order as for the parents, everand hydroxy-substituted purine. The values for the sub-
for mixed substituents. stituted compounds were found to be 0.5eV for cytosine,
higher for uracil, thymine, and adenine and the highest,
1.3eV for guanine. The next step was to estimate these
6. Calculation of the electron-capture detector guantities by measuring their reduction potential in apro-
temperature dependence tic solvents and scaling to the measured electron affinities
of acridine and anthracene. The values have now been
The ultimate objective of measuring the electron affinities scaled to a larger number of measured electron affinities
of molecules is to predict the sensitivity and temperature [9]. The resulting values were (C, 0.56eV; U, 0.80eV; T,
dependence of the electron-capture detector to compound®.79eV; A, 0.94eV; G, 1.51eV). These were confirmed
that might be analyzed. Many of the environmental pollu- by CURES-EC calculations and have been assigned to the
tants have multiple and mixed substutients. In general all AEa. The excited state dipole bourf,, which are less
of the pesticides are highly chlorinated organic compounds.than 0.1eV are listed in the NIST tables. Peaks at the
In addition, chlorinated biphenyls, naphthalenes, and diox- AEa; were observed in photoelectron spectra of hydrated
anes are among the most toxic compounds. The ECD hasuracil and cytosine. The parent negative ions have been
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observed for C, U, and T in negative ion mass spectrometry less than 0.2eV to th&, in going from naphthalene to
[11,68,69] the fully chlorinated naphthalene. The curves were drawn
with the ECD parameters for the 1-Cl-naphthalene given
6.1. Chlorinated naphthalenes, biphenyls, and pesticides in Table 7 The electron affinity of the dichlorocompound
was set to 0.6eV, the trichlorocompound to 0.75eV and
The electron affinity of 1-chloronaphthalene has been the tetrachlorocompound to 0.95eV. The bond dissocia-
measured as 0.30eV using the ECD. Based on a con-tion energies and kinetic parameters were kept the same.
stant solution energy difference, tit® of the octachlor- The experimental data fop,p-DDT, heptachlor, dieldrin
naphthalene is 1.33eV. The CURES-EC value for the and lindane are slightly higher but follow the temperature
octachloronaphthalene is 1.75eV. The differences in the dependence for perchloronaphthlef#8]. The pesticides
calculated and experimental values can be due to solu-undergo dissociative electron-capture as demonstrated by
tion energy differences so that a value 063+ 0.15eV negative ion mass spectrometry at 5234¢]. The nega-
is chosen. In this manner each chlorine atom contributestive ion mass spectrometry of the chloronapthlenes shows

40.0 T

C,,Clg
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Fig. 11. Calculated IKT%2 vs. 1000f for chlorinated naphthalenes, biphenyls, and pesticides. The pesticide and biphenyl data were tafg8]from
while the chloronaphthalene data were taken fi@i.
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dissociative electron-capture for the compounds with one dence of the compounds with two chlorines on the same
to three chlorines at both 273 and 523 K. However, those ring will be similar to the trichlorobenzenes. The fully chlo-
with four to eight chlorines do not undergo dissociative rinated compound will have temperature dependence like
capture. The ECD curves are clearly in agreement with this that of the hexachlorobenzene. However, the temperature
information. dependence of other chlorinated biphenyls will be difficult
The electron affinities of the chlorinated biphenyls to predict. The electron affinities of the compounds with one
are lower than those of the chlorinated napthalenes. Theor two chlorines on one ring and one on the other are about
C12Hs5Cls phenylpentachlorobenzene has an electron affin- 0.2—0.4 eV based on reduction potentials. In the negative
ity of about 1.0eV while that of &Clyg is only 0.2eV ion mass spectra, dissociative capture is observed at 373K
higher based on half wave reduction potentjéls The first and increases at 523 K. With two chlorines on each ring,
five chlorine atoms raise the electron affinity of biphenyl the electron affinities increase to the range of 0.3-0.7 eV
by about 0.8eV while the second five only increase the and the dissociative capture at 373 is diminished but at
electron affinity by about 0.2 eV. Thus, the substitution on 523K is still large. With three chlorines on a given ring,
the two rings is somewhat independent. The temperaturethe range of the values is 0.5-0.8 eV and the dissociative
dependence of the three isomers of the monchlorocom-capture at 523K is diminished. With four chlorines on one
pound will be similar to the corresponding-, o-, and ring and three on the other, the dissociative capture is less
p-dichlorobenzene data. Likewise, the temperature depen-than 1%. The isomers with eight and nine chlorines only
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<
=
304 ~
Adenine
25 1 0.95 eV
Cytosine 0.56 eV
20 1 Thymine 0.80 eV o Region
15 +
10 } } } t } } t i
0 0.5 1 1.5 2 2.5 3 3.5 4
(A) 1000/T
35 4+ Guanine 1.5 eV ¥ Region
Adenine 0.95 eV
30 4+ Thymine 0.80 eV
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-
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Fig. 12. Calculated IKT%/2 vs. 10007 for adenine, guanine, thymine and cytosine: (A) non-dissociative capture and (B) dissociative capture.
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show non-dissociative capture. Approximate curves for the and ECD procedures. The TCT method has been applied
chlorinated biphenyls are shown kig. 11B The data that  to values between 0.5 and 3.0eV. The ECD procedure

are shown were obtained using the PDE[2B]. has been applied to values between 0 and 1.5eV. Many
of the values reported in this article are the result of the
6.2. Adenine, guanine, cytosine, thymine and uracil analysis of ECD data in dissertations and theses. These

can now be order on line via the interr{@D]. Fewer than
The electron attachment cross-section for thymine is re- two-dozen organic moleculd, have been determined by
ported to be as large as that forSB7—-69] Thus with a the PES, magnetron and AMB methods. The CURES-EC
value of 0 = 1; A1 = Amax, E1 < 0.2eV and the assump- calculations and available half wave reduction potentials
tion of an excited state at about 0.5 eV, the curves shown support the assignment of the molecular ABubstitution
in Fig. 12 are calculated usingq. (8) Excited stateE, of effects have been calculated and support the assignments
C, U, and T have been postulated from electron impact for of AE; for molecules with multiple substitutions. More
C and T and PES data for hydrated ani¢®d,68,69] We accurate Ak are reported in light of the two-state model:
have obtained negative ion mass spectra for AGCUT us- (in eV) 4-F-benzaldehyde (87 + 0.05) and for acetophe-
ing liquid chromatography and found that at high tempera- nones 4-F-AP (B2 + 0.05); 2-CRk-AP (0.79 £+ 0.05);
tures, the molecules were deprotonated and formed the an3-CR-AP (0.79+ 0.05); 4-CR-AP (0.89+ 0.05); 3-CI-AP
ions of the radicals. On this basis, the electron affinities of (0.67 £ 0.05); and 4-CI-AP (064 + 0.05) and the Ak of
the radicals formed by losing a hydrogen atom were esti- chloro and fluorobenzenes range from 0.17 to 1.15eV and
mated as Ginn (3.38+£0.05eV) and (A, G, U, and RinH 0.13t0 0.86eV.
(3.48+ 0.05eV) [11,67] These values were subsequently A procedure can now be suggested to predict the tempera-
verified using CURES-EC. With the N—H bond dissociation ture dependence of the ECD response that can be used by the
energy, it is possible to calculate the quantlly— E, as analytical chemist to determine the temperatures at which to
about 0.5eV and to calculate the temperature dependenceperate the ECD for maximum response and minimum tem-
assuming dissociative electron attachment. The curves areperature sensitivity. The mechanism for electron attachment
shown inFig. 12and indicate a higher ECD response than must first be postulated to assign nominal rate constants and
if non-dissociative capture is assumed. For both cases, theto determine the thermodynamic equation to be used. The
response for cytosine is much smaller (three orders of mag-AE, and bond dissociation energies can be obtained using
nitude at 500 K) than that for the other compounds. The op- quantum mechanical calculations in the MCCI CURES-EC
timum temperatures for the analyses would be at the highestprocedure, which can then be used to predict the mechanism
temperature. The response factors for adenine and guanindor electron attachment. The temperature dependence can
reach saturation. The response for thymine is not at satura-also be predicted by analogy to the compounds with mea-
tion but will be large. Perhaps the most important part of sured ECD data. For example, the chlorinated biphenyls and
the calculation is the lower response predicted for cytosine. naphthalenes will be like the chlorobenzenes. The nitroace-
To our knowledge, there are no routine analyses of thesetophenones and compounds with ABreater than 1.1eV
compounds using the ECD. However, by comparison to the would be likep-diacetylbenzene. Those with Abetween
pesticides, high-resolution chromatography with high sensi- 0.8 and 1.1 eV would be like the trifluoromethylacetophe-
tivity should be possible for these compounds. nones. Those with AEbetween 0.6 and 0.8 eV would be like
tetra and pentafluorobenzene. Those withyMEtween 0.4
and 0.6 eV would be similar to the fluoroacetophenones or
7. Conclusions difluorobenzene. The nondissociative molecules with only a
single state would have data like AP. Although this proce-
The electron affinities of the main group elements, dure may not work for all cases, it is a useful tool for the
homonuclear diatomic molecules, aromatic hydrocarbons, analytical chemist who has no other information with which
other organic and small inorganic molecules, nitrocom- to plan an analysis.
pounds, carbonyl compounds and halogenated aromatic
molecules have been systematically evaluated. Three or
more experimental procedures have been applied to the
determination of electron affinities of nitrobenzene, ni- References
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