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Afinidades el etronicas de doze moléculas pequenas foram calculadas pela teoria de funcional
de densidade empregando dois funcionais diferentes(B88-P86 e B3LY P) combinados com trés
conjuntos de bases diferentes(6-31++G**, 6-311++G** e aug-cc-pVTZ). O método de fungdo de
Green para camada na valéncia exterior também foi empregado para os célculos de afinidades
€letronicas das moléculas. Duas mel hores aproximagdes foram obtidas com as combinacfes entre
(1)B88-P86 com 6-31++G**, e (2)B3LY P com 6-31++G**. As duas aproximacdes foram empre-
gadas para célcul os de afinidades €l etroni cas de algumas moléculas de tamanho média.

Electron affinities of twelve small moleculeswere calculated by density functional theory using
two different functionals(B88-P86 and B3LYP) combined with three different basis sets(6-
31++G** ; 6-311++G** ; aug-cc-pVTZ). Outer valence Green’ sfunction method is also employed
for calculation of electron affinities of the molecules. The two most efficient approacheswere found
to be the combination of (1)B88-P86 with 6-31++G** basis set and (2)B3LY P with 6-31++G**.
The two approaches were employed to calculate el ectron affinities of some medium size molecules.
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I ntroduction

Electron affinities(EA) of atoms and moleculesare one
of the fundamental properties. They are asimportant prop-
erties asionization energies. For instance, hardnessis pro-
portional to the difference between ionization energy and
electron affinity of a species'. Theoretical studies on elec-
tron affinities have been rather limited due to theoretical
and computational difficulties in comparison to treatment
of ionization energies. Also, electron affinities are more
difficult to measure experimentally than to measure ioni-
zation energies. Electron affinity is defined as the energy
difference between the lowest state of the neutral and the
lowest state of the corresponding negativeion. Theelectron
affinity thus defined is the adiabatic electron affinity. Ac-
curatecal culation of electron affinitieshasbeenachallenge
for theoretical and computational chemists.

Density functional theory(DFT) has been developed
significantly in the last two decades. It is considered to be
one aternative to the traditional methods such as ab initio
MO, Green's function and propagator techniques. We are
interested in investigating the reliability and usefulness of
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DFT in calculating electron affinities(EA) for molecules.
Zigler and Gutse found that the Local Density Approxima:
tion(LDA) in which a nonlocal correction proposed by
Becke gave the best agreement with experiment?. More
recently Boesch et al. reported that the three-parameter
hybrid Hartree-Fock/density-functional B3LY P combined
with the 6-311G(3d,p) basis set is the most accurate for
p-benzoquinone. Jursic* studied the electron affinities of
threeradicals CH3, CH30, and CN with over 20 function-
as and concluded that the BLY P and BPW91 functionals
gavethebest results (average deviation of 0.06 and 0.04 eV
respectively). In addition, Tshumper and Schaefer® calcu-
lated the electron affinities of 35 diatomic molecules with
six different functionals and concluded that the BLYP
provided the best agreement with experiment (average
deviation of 0.21 eV). In our investigation we choose a
number of diatomic and triatomic molecul es together with
several different approaches to calculate their electron af-
finities. From such investigation we can choose the best
approach of calculating electron affinities. Then we apply
the best approach for larger molecules.
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M ethods of Calculations

For our systematic study, we chosetwel ve diatomic and
triatomic molecules with accurately determined electron
affinities with uncertainty less than or equal to 0.008 V.
They are CH, CN, FO, SH, SO, OH, C:H, NCO, SO, O3,
NCSand SSO. Eight different theoretical approacheswere
tested. They arelisted in Table 1. The first six approaches,
I.A,-11.C, are based on density functional methods. They
aresix different combinationsout of two different function-
als; (1)B88-P86(pure DFT), and (11)B3LY P(hybrid) , and
threedifferent basis sets; (A)6-31++G**, (B)6-311++G**,
(C)aug-cc-pVTZ. The B88-P86 functional consists of
Becke's 1988 functional (abbreviated B88)® and Perdew’s
1986 gradient-corrected functional(P86)’. The B3 func-
tional is the Becke's 3 parameter functional® and LYP is
Lee, Yang, and Parr’s correlation functional®. The ap-
proaches I11.A and 111.B are both Outer Valence Green's
function(OV GF) method® with the two different basis sets
A and B. The basis set A is the 31 split-valence basis set
and the basis set B is the 311 triple split-valence™. The
basis set C is the Dunning’s correlation consistent triple-
zeta basis set augmented with diffuse functions'2. All cal-
culation were performed by using the GAUSSIAN94™
guantum chemistry computer program. The geometry of
neutral(M) as well as anion(M") form of a molecule were
fully optimized for each of the first six approaches, I.A .-
[1.C. Thetotal energies, E(M gptimized) and E(M gptimized), Of
M and M~ correspond to those optimized geometries with
the respective approach. In the Pople' s notation, our calcu-
lationsin the case of the approach |.A, for instance, can be
described asfollows;

for neutral (M) molecule: B88-P86/6-31++G**//B88-
P86/6-31++G**,

for anion (M’): B88-P86/6-31++G**//B88-P86/6-
31++G** ,
where the specification before // isfor the energy and that
after // is for the geometry used. The geometry was
optimized for M and M~ separately. In the case of the

Table 1. Definition of the eight approaches, I.A, 1.B, ..., 111.B, tested for
calculation of eectron affinities of twelve small molecules. The eight
approaches consist of the combination of the three different methods (1,
11, 111) listed in the first column and the three different Basis sets (A, B,
C) listed in the first line.

Method BasisA BasisB BasisC
| ILA/Il.A 1.B//1.B I.C/Nn.C
I ILA/ILA 11.B//11.B I1.C/NI.C
Il ILA//Exptl.  111.B//Exptl. -

where following notations are adopted: BasisA = 6-31++G**; BasisB =
6-311++G**; Basis C = aug-cc-pVTZ, and | = B88-P86(pure DFT); Il =
B3LYP(hybrid); 111 = Outer valence Green’s function(ab initio).

The specification before// is for the energy and that after // is for the
geometry used.
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approach 11.B, as another example, the Poplée's notation
becomes;

for neutral(M) molecule:
311++G**//IB3LY P /6-311++G**,

for anion(M"): B3LYP /6-311++G**//B3LYP /6-
311++G** |

For the remaining four approaches, similar procedures
to the cases of I.A and I1.B were adopted. Electron affin-
ity(EA) of the neutral molecule was calculated by taking
the difference of thetotal energies of its neutral form of the
molecule, E(Moptimized), @nd that of anion, E(M optimized)-
Therefore, the calculated electron affinities are adiabatic
electron affinities(EAad) in case of the first six approaches,
ILA-II.C.

EA a1 = E(Moptimized) - E(M optimized) 1)

In the case of the last two approaches, I11.A and I11.B,
of the OV GF method, experimental geometry of the neutral
molecules**1>, were employed both for the neutral form of
molecule and its anion form of the molecule. The OVGF
method cal culatesel ectron affinity withasingle cal culation
ontheneutral molecule. It doesnot requiretwo calculations
one for neutral and one for anion form of amolecule. The
electron affinity calculated with OV GF method is, there-
fore, vertical (EAver).

B3LYP /6-

EAvet = E(exptl. geom. of neutral) -
E(anion at the exptl. geom. of neutral) 2

Results and Discussion

Table 2 summarizes the results of electron affinity
calculations of the twelve small molecules with the eight
different approaches, 1.A-111.B. Roughly speaking, the av-
erage absolute deviation (AAD) of thefirst six approaches,
I.A-I1.C, is approximately 0.2 eV. The spread between the
highest (0.21 eV) and thelowest (0.15 V) among those six
isonly 0.06 eV. Since twelve cases is hot a large enough
sample size, we conclude that thereisno substantial differ-
ence among these six approaches and that all the six ap-
proaches have almost the same quality. On the other hand,
the larger errors, AAD’s of ca. 0.3 eV, were found for the
approaches|l1.A and 111.B, both of which are outer valence
Green’ sfunction methods. The difference of 0.1 eV in the
value of AAD’s may be considered significant, albeit ten-
tatively (because of our small samplesize), since onewants
to attain ashigh accuracy aspossiblein cal culating €l ectron
affinities. Asthe Green' s function method did not provide
reliable molecular electron affinities in comparison to the
other DFT methods, we will not consider any more the
possibility of the use of the Green’s function method for
calculations of EA’s below. Hence we direct our discus-
sions only to the first six approaches(l.A-11.C).

Although the first six approaches have almost the same
quality, wenotice somesdlight differencesamong them. The
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Table 2. Electron affinities (EA)* , in eV, for the twelve simple molecules calculated by using the eight different approaches, I.A-111.B, which result
from combinations of different functional and basis set (see Table 1 for the definition of the approaches).

d

LA I.B I.C I.A 11.B 1.c° I.A 11.B° obs.
CH 1561 1.561 1.588 1.330 1332 1.351 1.075 1.120 1.238 + 0.008
CN 3.884 3.928 3.897 4.034 4.072 4.045 3.594 3.643 3.862 + 0.004
FO 2.329 2.364 2.284 2.364 2.382 2.295 2272 1.827 2.272 + 0.006
SH 2.445 2.450 2.448 2.337 2.339 2.336 1.921 1.904 2.314344 + 0.000004
SO 1277 1.290 1.249 1.262 1274 1213 1.026 0.990 1.125 + 0.005
OH 1.885 1.982 2.068 1.760 1.770 1.841 2.380 2.221 1.827670 + 0.000021
CoH 3.180 3.179 3.158 3134 3.128 3.109 3.180 2.781 2.969 * 0.006
NCO 3.591 3.614 3.566 3.568 3.584 3.542 3.343 @ 3.609 + 0.005
SOz 1.533 1.546 1.438 1.625 1.634 1.496 0.629 0.606 1.107 = 0.008
O3 2424 2.455 2.362 2.723 2.744 2.639 2.082 2.003 2.1028 + 0.0025
NCS 3.536 3.557 3.519 3.506 3.523 3.486 3.022 @ 3.573+0.005
SSO 2.206 2.218 2.091 2.347 2.347 (a) 1.518 1.505 1.877 + 0.008
AAD® 0.174 0.192 0.165 0.205 0.210 0.151 0.304 0.289 (0)
Total CPU 2.7h 3.8h 76.7h 2.9h 3.7h 76.0h 56.8m 3.8h

time

* Adiabbatic electron affinity (Eq. 1) for approaches |.A-11.C; vertical electron affinity (Eq. 2) for approaches|11.A and I11.B.
a Cdculation was not successful; b. Eleven molecules only, no data of SSO isavailable; ¢. Ten moleculesonly, no data of NCO and NCS are available;

d. Ref. 17; e. AAD= Average Absolute Deviation

two smallest average absolute deviation were achieved by
the approach 11.C and I.C respectively. The difference of
the two AAD’s is only 0.014 eV (0.151 eV for I1.C and
0.165 eV for I.C) and is not considered significant. How-
ever, we note that these two approaches, 1.C and 11.C,
employ the basis C which is aug-cc-pVTZ whereas the
other four approaches, I.A, 1.B, I1I.A and 11.B, employ
6-31++G**(BasisA) or 6-311++G** (Bases B). The better
performance of 1.C and 11.C is consistent with the quality
of basis C being better than that of basis A and B for EA
calculations. The performance of abasis set dependson the
completeness profile of the basis, especially around the
diffuse part in case of EA calculations. The completeness
profileof aug-cc-pV TZ for carbon given by Chong'® shows
its high quality as a basis set. The number of contracted
Gaussian type basis in aug-cc-pVTZ(basis C) for the first
row atoms is 46, whereas the corresponding numbers of
6-31++G** (Basis A) and 6-311++G** (Bases B) are 19
and 23 respectively.

Total CPU timesto cal culate the twelve moleculeswith
each approach are listed in the last line of Table 2. The
smallest CPU time needed waswiththeapproach I11.A. The
total CPU time required with the approaches|.A, 1.B, I1.A,
[1.B areroughly the same. The approaches|.Cand 11.C are
the most time-consuming. The approaches|.Cand 11.C are
roughly 20 times more time consuming than the rest of the
approaches tested. The 1A, I.B, II.LA, and I1.B employ

density functional methods together with the basis set 6-
31++G** or 6-311++G**. The |.C and |1.C use the basis
set aug-cc-pVTZ which is substantially larger basis set
(more than twice) than 6-31++G**. Pople’s type of basis
sets, such as Basis Sets A and B used here, are especially
efficient for geometry optimization, for the following rea-
sons: (a) In the basis A and B, the primitive valence sand
p GTO's share the same set of exponents. This saves cpu
time for the evaluation of primitive integrals. (b) Pople’'s
basis sets use segmented contraction scheme, which saves
cputimeinintegral transformation. (c) BasisA and B have
only half as many CGTOs as Basis C. The approach I11.A
consumed theleast computing timeof al. Method I11.A did
not require too much CPU time because experimental
geometry was used for both parent and anion(i.e. no opti-
mization of geometry). On the other hand, all approaches
that belong to the methods | and |1 required geometry
optimization. We prefer not choose I11.A as our best ap-
proach due to the low accuracy in comparison to the other
approaches as discussed previously. We have to choose the
best approach out of the six, I.A-11.C. From Table 2, we
conclude that al six have about the same AAD, but that,
because of the large increase in CPU times, basisset C is
not recommended for general use. The other four are about
equal, with basis A being more economical. Therefore |.A
and |1.A are chosen asour recommended approacheswhich
will be used bellow.
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Since we found that |.A and I1.A are the recommended
approaches out of the eight tested, we used them to calcu-
late electron affinities of some larger molecules than any
of theonestested previoudly. Table 3listselectron affinities
of some medium size molecules. The moleculesin Table 3
are grouped into two categories. Group A and Group B.
Group A consists of five molecules. All the Group A
molecules belong to 1t -system. The Group B molecules
consists of two moleculesthat arefluorine compoundswith
o -system. When we used the approach |.A, we obtained
that average absolute deviation(AAD) for the Group A
moleculesis0.29 eV, while AAD of the Group B molecules
is1.26 eV. Agreement between theory and experiment for
the Group A moleculesisreasonable, whilethelarge errors
were found for the Group B molecules. The EA’s calcu-
lated with the approach 11.A are very much similar to those
calculated with I.A . Thereis no substantial change on the
calculated EA’ s going from the method |(B88-P86) to the
method 11(B3LY P). Finally we calculated vertical electron
affinitiesusing I1.A just for the sake of comparison. Experi-
mental geometry'**®> was employed for the calculation of
vertical electron affinity. Very good agreements between
theory and experiment were obtained for p-benzoquinone
and p-fluoranil (tetrafluoro-p-benzoguinone). Thevaluesof
adiabatic electron affinities of p-benzoquinone and p-
fluoranil calculated Boesh et al.® are close to those of
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vertical electron affinity listed in Table 3. They used an
approach similar, but not identical, to our 11.A. Agreement
between theory and experiment for maleicanhydride and
1,4-naphtoquinone are fair. Rienstra-Kiracofe and Schae-
fer 1118 calculated EA of tetracyanoethyleneto be 3.51 eV
using DZP++B88-P86. Our corresponding values(Table 3)
are very similar to this. The AAD of vertical electron
affinity calculated with 11.A is0.11 eV, which isabout 40%
of the AAD of adiabatic electron affinity calculated either
I.A or I1.A. Observed EA’s are adiabatic. Why calculated
vertical EA’ sagreeto experiment better than the cal culated
adiabatic EA’sis not known. The AAD’s of the Group B
molecules are all greater than 1.1 €V. Neither |.A nor [1.A
are capable of calculating reasonable value of EA. Ziegler
and Gutsev cal culated the adiabatic el ectron affinity(EA )
of SF4 to be 1.40 €V using LSDA, and 2.56 eV using
LSD/NL?. King et al.?° also calculated adiabatic electron
affinity of SF4. They obtained 2.54 eV using DZP++B88-
P86 and 2.45 eV using DZP++B3LYP. Our values 1.95 eV
of the adiabatic electron affinity of SF4 calculated with the
approaches|.A and I1.A areabout 0.5 eV smaller thanthose
obtained by King et al. These differences are due to the
difference of the basis set used. There aretwo experimental
data for SF4 available in the literature: 1.5 + 0.2 eVt and
2.35+ 0.1 eV Our calculated value of EA, 1.95 eV, of
SF4 is very close to the average of the two experimental

Table 3. Electron affinities(EA), in eV, for some molecul es calculated by using the approach I.A (B88-P86/6-31++G**) and approach I1.A (B3LY P/6-

31++G**).
Method I.A/I1.A? ILA/MAZ  1LA/Exptl®  Observed
EA17

Molecule

Group A

p-fruoranil 261 3.04 2.74 270+£0.1

p-benzoquinone 2.27 217 1.88 1.91 +0.06

Maleicanhydride 1.78 1.72 1.34 1.44+0.1

1,4-naphtoquinone 213 2.00 1.56 181+0.1

Tetracyano-Ethylene 3.49 348 3.3 317+ 0.2
29+0.1°

23103

AAD® 0.29 0.28 0.11

Group B

SF4 1.95 1.95 02 15+0.2
2.35+0.19

SFe 3.12 2.83 -0.3 1.05+£0.1

AAD® 1.26 112 1.33

a Adiabatic electron affinity (Eqg. 1); b. Vertical electron affinity (Eg. 2).

The separation before // is for the energy and that after // is for the geometry used.
c. AAD= Average Absolute Deviation; d. Ref. 24; e. Ref. 25; f. Ref. 21; g. Ref. 22.
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values. King et al.?° cal cul ated the adiabatic el ectron affin-
ity of SFeto be3.00 €V using theapproach DZP++B88-P36
and 2.66 eV using approach DZP++B3LY P. These values
are close to our corresponding adiabatic values of ap-
proaches I.A and Il.A listed in Table 3. Experimental
electron affinity of SFsis1.05+ 0.1 eV which is approxi-
mately 2 eV lower thanthe cal culated val ues. Klobukowski
et al.?® calcul ated the el ectron affinity of SFetobe 1.78 eV
using B3LYP with large basis sets that include f-type
polarization functions. To get better agreement between
theory and experiment in the cal culation of EA for thekind
of Group B moleculesthat we studied in Table 3, we have
to use large basis that include up to f-functions. The entire
Group A moleculesin Table 3 belong to 11 -system, while
those in Group B belong to g -system. Electron affinity of
TT-systems seem to be cal culated more accurately than that
of g -system by DFT.
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