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The molecular structures and electron affinities of theldX/CsHsX~ (X = N, S, NH, PH, CH, and SiH)

species have been determined using seven different density functional or hybrid-Haockelensity functional
methods. The basis set used in this work is of doubj#us polarization quality with additional diffuse s-

and p-type functions, denoted DZR-. These methods have been carefully calibratedem. Re. 2002

102 231). The geometries are fully optimized with each density functional theory (DFT) method, and discussed.
Harmonic vibrational frequencies were found to be within 3.2% of available experimental values for most
functionals. Three different types of the neutrahion energy separations reported in this work are the adiabatic
electron affinity (EAJ), the vertical electron affinity (E4q), and the vertical detachment energy (VDE). The
most reliable adiabatic electron affinities, obtained at the BZMBPW9IL1 level of theory, are 1.45 {8:N),

2.29 (GHsS), 1.57 (GHsNH), 1.51 (GHsPH), 0.91 (GHsCH,), and 1.48 eV (HsSiH,), respectively.
Compared with the experimental values, the average absolute error of the BPW91 method is 0.04 eV. The
B3LYP and B3PW9L functionals also gave excellent predictions, with average absolute errors of 0.06 and
0.07 eV, respectively.

Introduction desired result being a small difference between two large
energies; but recent work has shown that some carefully chosen
DFT methods are dependable for EA predictions. Though, for
DFT calculations of anions, there are some probféifsuch

as the unphysical asymptotic behavior of all their functionals
and the lack of a complete basis set limit of some anions, DFT
is indeed applicable to anions and provides EA predictions
within experimental error and achieves satisfying results. For a
general discussion of the reliability of DFT studies, the reader

Phenylnitrene radical, phenylthio radicalgHgPH radical,
anilino radical, benzyl radical, and phenyl silyl radical have been
studied both experimentally and theoretically because of their
intrinsic interest from the point of view of chemical structure
and bondindg:"1° Phenylnitrene as a reactive intermediate
produced upon thermal and photochemical decomposition of
phenyl azide has long been a source of fascination to both

i i i 14
organic and physical chemists.  Phosphorus compounds have is referred to the 2002 review of Rienstra-Kiracofe efdihey

the versatility and widespread use of organophosphorus com- )
pounds in such diverse applications as reagents in syntheticsqueSted that B3PW91 and BPWO1 methods might outperform

organic chemistry® ligands in organotransitionmetal com- the BBLY'_D’ BLYP, and BP86 functpnals. )
plexes, 6 and pesticides and pharmaceutiddiThe electron The object of the present study is to systematically apply
affinity (EA) is both a key spectroscopic value and vitally S€ven contemporary forms of density functional thébryp
important for use in the chemical cycle in order to determine determine the electron affinities and other properties of the
bond dissociation energy. Over the past decades, there are manfpsHsX (X = N, S, NH, PH, CH, and SiH) species. Of specific.
experimental studies for EA of above six radical& However interest is (a) the comparison of the theoretical electron affinities
there have been few theoretical studies. The thermochemicalith available experimental results; (b) the relationship between
properties and the ground or electronic states of the neutral andn€ neéutral €HsX species and their anions as reflected by the
anion species are indispensable tools for understanding chemicall'e€ types of energy separations, e.g., the adiabatic electron
reactivity and predicting the reaction mechanism. With this affinity (EAag), the vertical electron affinity (Eért), and the
motivation, we have carried out a detailed study of structures, Vertical detachment energy of the anion (VDE); (c) the predic-
thermochemistry, and electron affinities of the above radicals tions of other properties including vibrational frequencies; and
and their anions using density functional theory (DET). (d) the comparison of the dlffe_r(_ent DFT met_hods. In our paper,
When predicting molecular energies, structures, and electronthe experimental electron affinities are @w_hlch are available
affinities, there are many theoretical approaches, but considering®n the Internet as part of the NIST Chemistry Webb&bWe
both reliability and computational expense, the GGA density would like to establish reliable theoretical predictions for these
functional theory is effective for predicting electron affinities CeHsX species in the absence of experimental results and in
of many organic species such as phenyl radical, phenoxyl SOMe cases to challenge existing experiments.
radical, o-benzynéy? the radicals derived from the halide
benzené? and so on. The theoretical prediction of electron Theoretical Methods

affinities has historically been generally difficult due to the
y g y The seven pure DFT or hybrid HartreEock/DFT methods

* Corresponding author. Fax:t86-10-68914780. E-mail: xuwge0@  US€d in our study are (a) Becke's 1988 exchange funcfibnal
bit.edu.cn. with Lee, Yang, and Parr’s correlation functioffBLYP); (b)
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the half and half exchange functioffalvith the LYP correlation
functional (BHLYP); (c) Becke’s three-parameter hybrid func-
tionaP” with the LYP correlation functional (B3LYP); (d)
Becke’s 1988 exchange functional with Perdew’s correlation
functionaf® (BP86); (e) Becke’s three-parameter hybrid func-
tional with Perdew’s correlation functional (B3P86); (f) Becke'’s
three-parameter hybrid functional with Perdew and Wang’s 1991
gradient-corrected correlation functioffa{B3PW91); and (g)
Becke’s 1988 exchange functional with Perdew and Wang's
1991 gradient-corrected correlation functional (BPW91). 3 5

Restricted methods were used for all closed-shell systems, CeHsN - Cay 2A2 CeHsS Cpy “By
while unrestricted methods were employed for the open-shell CeHsN™ Cyy "By CeHsS™ Cyy 'A;
species. All the electron affinities and molecular structures have Figure 1. Optimized geometries for neutrabidsN and anionic GHsN—
been determined using the Gaussian 98 program ¥lithe and for neutral €HsS and anionic €HsS™. Carbon atoms are labeled
default numerical integration grid (75 302) of Gaussian 98 was from 1 to 6.
initially applied. . ) ) )

The standard doubléplus polarization (DZP) basis sets are al.* theoretically investigated the electronic spectra, structures,
constructed from the Huzinag®unning-Hay?! sets of con- stabilities, and vibrational frequencies of phenylnitrene using
tracted Gaussian functions by adding a set of five pure d-type &P initio quantum chemical techniques.
polarization functions for C, N, P, S, and Si and a p-type _ The equilibrium geometries of tié, ground states of neutral
polarization functions for Hdy(H) = 0.75,04(C) = 0.75, 0 CeHsN with C,, symmetry and théB; ground state of gHsN ™
(N) = 0.80, 0.4(S) = 0.70, ag(P) = 0.60, ando(Si) = 0.50]. are displayed in Figure 1 and geometric parameters are in Table
Since diffuse functions are important for the anions, the Dzp 3 of the Supporting Information. In our work, we also discover
basis was augmented with diffuse functions; each heavy atomthat BSLYP, BHLYP, B3P86, and B3PW91 results indicate the
received one additional s-type and one set of p-type functions *Az State is more stable than th&, state by about 2.08, 2.38,
and H atom received one s-diffuse function. The diffuse function 1.44, and 1.49 eV, respectively. TRA; state is the ground
orbital exponents were determined in an “even tempered sense’State and is in consistence with all previous work. .
as a mathematical extension of the primitive set, according to  For theCa, CeHsN molecular structure, there are no experi-
the prescription of Lee and Schaef@fo(C) = 0.0430,a,,(C) mental geometries for comparison, but there are two theoretical
= 0.0363,04(H) = 0.04415,a¢(Si) = 0.02729, andxy(Si) = values. Theoretical €N bond length of 1.383 A with the Dzd
0.02500]. The final basis sets are thus H (5s1p/3sip); C, N basis sets at the CISD level of theory was reported by Kim et
(10s6p1d/5s3p1d); and Si, P, S (13s9p1d/7s5pld). This extended!- in 19922 Subsequently, Hrovat et &lpredicted the €N
basis will be denoted as “DZP+". bond length to be 1.374 A using the 3-21G basis set, 8-electron/

All CHsX stationary point geometries were interrogated by 8-0rbit MCSCF calculations. Compared with the two ab initio
the evaluation of their harmonic vibrational frequencies at each 0ond length results, our present theoretical predictions (Table
of the seven different levels of theory. Zero-point vibrational 3 Of Supporting Information) of 1.3311.340 A are significantly
energies (ZPVEs) are evaluated at the seven levels (Table 1 ofShorter and might be more reliable. ,
Supporting Information). These differences may be used as The planar anion gHsN™ also hasC,, symmetry, with the
corrections to the adiabatic electron affinities. The total energy C—N bond distances predicted to be 1.307328 A by the
of six radicals and ZPVE corrected total energy are displayed different DFT methods. From Table 3 of the Supporting
in Table 2 of the Supporting Information. Information, we can see that the neutral and anion geometries

The electron affinities are evaluated as the difference of total (C~N bond length) are indeed quite similar, with a slight
energies in the following manner: the adiabatic electron affinity decrgase by ab_ou_t 0.015 A fro_m the neutral to the anion. In
is determined as Ef = E(optimized neutral)— E(optimized addition, thg optimized geometries for the seven DFT methods
anion); the vertical electron affinity, as E& = E(optimized vary only slightly among each other.
neutral) — E(anion at optimized neutral geometry); and the 1 he theoretical ERy EAwn and VDE, as well as the
vertical detachment energy of the anion, as VBEE(neutral experimental electron a_lfflnlty glata, are listed in Table 1. The
at optimized anion geometry} E(optimized anion). range of EAqcorrected is predicted from 1.01 to 1.96 e_V with

the seven DFT methods. The BHLYP method predicts the
smallest EAq (1.01 eV), and the B3P86 method predicts the
largest EAq (1.96 eV). There are several experimental studies

A. CeHsN and CgHsN™. Phenylnitrene, ¢HsN is one of the electron affinity for the phenylnitrene. In 1984, Drzaic
interesting and important reactive intermediate in chemistry. and Brauma¥$? reported the experimental adiabatic electron
There have been a number of studies of phenylnitrene in bothaffinity of the triplet phenylnitrene neutral to be 3347 0.3
gas and condensed pha$é%:3¢ Its gas-phase electron spectrum  kcal/mol (1.461+ 0.013 eV) via photodetachment spectroscopy.
was first reported by Porter and Wa#dn the late 1960s. In In 1992, Travers et & obtained the EA of phenylnitrene to
1990, a discussidrof the photochemistry of the ground-state be 1.450+ 0.020 eV. Later (1993), McDonald and David8on
triplet phenylnitrene was reported in both gas and condensedreported the most accurate electron affinities to date for
phases. phenylnitrene, 1.429 0.011 eV using negative ion photoelec-

In addition, elucidating the energies for different electronic tron spectra. Our B3LYP (1.41 eV), BLYP (1.39 eV), B3PW91
states of phenylnitrene has been the goal of several experimen{1.38), and BPW91 (1.45 eV) results are close to the more recent
tal>37 and theoreticd 438 studies. Theory and experiment are (and more reliable) experimental result (1.429.011 eV) °
in good agreement on the relative ordering of the lowest energy The B3LYP and BPWO1 result are closely matched by the
states. On the theoretical aspect, there are several methods texperimental value (only deviating about 0.02 eV). From the
study the properties of thesBsN radical. For instance, Kim et above result, we can see that the application of the employed

S12

Hg Hjo

Hy

Results and Discussion



Electron Affinities and Other Properties ofldsX J. Phys. Chem. A, Vol. 110, No. 3, 200899

TABLE 1: Adiabatic and Vertical Electron Affinities of the Neutral C ¢HsX and Vertical Detachment Energies of Their Anions
in electronvolts (kilocalories per mole in parentheses)

compd method Ed corrected EAq EAvert VDE

CsHsN B3LYP 1.37 (31.6) 141 1.30 (30.0) 1.43(33.1)
BLYP 1.34 (30.8) 1.39 1.28 (29.5) 1.39 (32.1)
BHLYP 0.98 (22.5) 1.01 0.89 (20.6) 1.05 (24.2)
B3P86 1.92 (44.2) 1.96 1.85 (42.6) 1.99 (45.8)
BP86 1.55 (35.7) 1.60 1.49 (34.4) 1.61 (37.0)
B3PW91 1.34 (30.9) 1.38 1.27 (29.2) 1.41 (32.4)
BPW91 1.41 (32.4) 1.45 1.35(31.0) 1.46 (33.8)
Expt. 1.429+ 0.01P

CsHsS B3LYP 2.26 (52.2) 2.29 2.22 (51.3) 2.30 (53.1)
BLYP 2.14 (49.3) 2.17 2.10 (48.5) 2.18(50.3)
BHLYP 2.03 (46.7) 2.05 1.98 (45.7) 2.07 (47.7)
B3P86 2.83(65.2) 2.86 2.79 (64.3) 2.87 (66.2)
BP86 2.38 (54.9) 241 2.34 (54.0) 2.42 (55.7)
B3PW91 2.27 (52.4) 2.30 2.23(51.5) 2.31(53.3)
BPW91 2.25(52.0) 2.29 2.22 (51.1) 2.29 (52.8)
Expt. 2.26+ 0.10

<2.470+ 0.06'

CeHsNH B3LYP 1.50 (34.6) 154 1.45(33.4) 1.55 (35.8)
BLYP 1.44 (33.2) 1.49 1.39 (32.1) 1.49 (34.3)
BHLYP 1.14 (26.3) 1.17 1.08 (24.9 1.20 (27.7)
B3P86 2.06 (47.4) 2.10 2.00 (46.2) 2.11 (48.7)
BP86 1.66 (38.3) 1.71 1.61 (37.2) 1.71 (39.4)
B3PW91 1.49 (34.3) 1.53 1.43 (33.0) 1.54 (35.6)
BPW91 1.53(35.2) 1.57 1.48 (34.1) 1.58 (36.3)
Expt. 1.61+0.13

1.7044 0.0.30

CsHsPH B3LYP 1.45 (33.3) 1.49 1.41 (32.6) 1.48 (34.1)
BLYP 1.37 (31.6) 1.42 1.34 (30.9) 1.40 (32.4)
BHLYP 1.16 (26.7) 1.20 1.12 (25.9) 1.20 (27.6)
B3P86 1.99 (45.9) 2.04 1.96 (45.1) 2.03 (46.8)
BP86 1.60 (36.9) 1.65 1.57 (36.1) 1.63 (37.6)
B3PW91 1.44 (33.2) 1.48 141 (32.4) 1.48 (34.0)
BPW91 1.47 (33.8) 151 1.43(33.1) 1.50 (34.6)
Expt. 1.52+ 0.04

CsHsCH; B3LYP 0.80 (18.5) 0.87 0.75 (17.2) 0.86 (19.9)
BLYP 0.77 (17.7) 0.84 0.72 (16.6) 0.82(18.9)
BHLYP 0.43 (10.0) 0.49 0.37 (8.49) 0.50 (11.5)
B3P86 1.34 (30.8) 1.40 1.27 (29.4) 1.40 (32.3)
BP86 0.97 (22.4) 1.05 0.92 (21.2) 1.02 (23.6)
B3PW91 0.77 (17.8) 0.84 0.71 (16.4) 0.83(19.2)
BPW91 0.83(19.2) 0.91 0.78 (18.0) 0.89 (20.4)
Expt. 0.912+ 0.006

CeHsSiH, B3LYP 1.45 (33.4) 1.52 1.06 (24.4) 1.93 (44.4)
BLYP 1.37 (31.7) 1.44 1.02 (23.5) 1.80 (41.6)
BHLYP 1.20 (27.7) 1.27 0.76 (17.6) 1.73 (40.0)
B3P86 1.95 (45.0) 2.02 1.56 (35.9) 2.44 (56.3)
BP86 1.56 (36.1) 1.63 1.20 (27.7) 2.00 (46.2)
B3PW91 1.40 (32.3) 1.47 1.01 (23.3) 1.89 (43.5)
BPW91 1.42 (32.7) 1.48 A 1.06 (24.4) 1.86 (42.9)
Expt. 1.4354+ 0.0043

aValues are corrected for ZPVE and were obtained with the BZPbasis set® Reference 5¢ Reference 69 Reference 40¢ Reference 41.
fReference 79 Reference 8" Reference 9! Reference 10.

DFT techniques to the PHN is better and satisfying. The geometries of the neutral and anion are quite similar, with the
theoretical vertical electron affinity EA{CsHsN) predicted by most noticeable difference being a decrease for the bond angle
BPW91 is 1.35 eV, and the vertical detachment energy VDE A(1,6,5) of about 3.Dfrom neutral to anion. This suggests the

(CgHsN™) is 1.46 eV. The values of Ef EAver, and VDE are “last” electron in the anion electron resides at the electronegative
close to each other due to the small differences in geometry sulfur atom, causing the decrease in angle to provide more space
between the neutral and the anion. for the extra electron density. Indeed, the Mulliken atomic
B. Ce¢HsS and GHsS™. The phenylthio radical, or thiophe-  charge on the sulfur increases fron0.14 for the neutral to
noxy radical, GHsS, with C,, symmetry for the?B; ground —0.77 for the anion. Compared with the neutral species data,

state is a planar structure. The optimized geometries of thethe C—S bond length of the anion lengthened by about 0.021
neutral and its aniond, symmetry for the!A; ground state) A.
are given in Figure 1 and Table 4 of the Supporting Information.  The theoretical EAy, EAver, and VDE values, as well as the
For the G-S bond length, our present theoretical predictions experimental results, are listed in Table 1. Richardson &t al.
(1.712-1.735 A) are quite acceptable. The BLYP method estimated an upper limit for EA(CsHsS) to be<2.470+ 0.060
provides the longest bond distance (1.735 A). There are noeV. The experimental E4ywas obtained to be 2.26 0.10 eV
experimental data available. by Taft and Bordwefl in 1988. We predicted the EAvalue
The anion GHsS™ is also predicted to have a planar structure for the phenylthio radical ranges from 2.03 to 2.83 eV. The
with Cp, symmetry. There are no experimental data available. EA,q4 value predicted by DZ#+ B3LYP and BPW91 (2.29
Our results (Table 4 of the Supporting Information) predict the eV with ZPVE for the phenylthio radical is a noteworthy match
C—S bond distance to be between 1.733 and 1.757 A. The of the experimental result (the average absolute error being 0.03
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C¢HsNH Cg 2A"
CeHsNH™ C, 'A’

CeHsPH C4 2A"
CeHsPH™ C, 'A’
Figure 2. Optimized geometries for neutralg@sNH and anionic

CeHsNH™ and for neutral gHsPH and anionic gHsPH~. Carbon atoms
are labeled from 1 to 6.

eV); B3PW91 (2.30 eV) and BPWI1 (2.29 eV) predict more
reasonable values within experimental e &L, YP (2.17 eV)

is also satisfying, having a little bigger deviation (0.09 eV).

The EAert value is predicted to range from 1.98 to 2.79 eV,

while the VDE values vary from 2.07 to 2.87 eV. Except for

B3P86 and BHLYP, the predictions of the other DFT methods
are reasonable. The values for {AEA e, and VDE are fairly

close to each other, due to the small differences in geometry

between neutral and anion.

C. CeHsNH and CgHsNH ™. Anilino radical, GHsNH, has
not received much theoretical attention. T symmetry
structure of théA"" ground state for the neutral anilino radical
and theCs symmetry structure of théA’ ground state for the
anionic GHsNH™ are shown in Figure 2 and Table 2. There

Xu and Gao

state of anion gHsPH™ are displayed in Figure 2 and Table 3.
For the G CgHsPH planar structure, the theoreticat-€ bond
lengths are in the range from 1.789 to 1.813 A. No experimental
geometries are available for eitheglsPH or GHsPH™. The
anion GHsPH™ also hasCs symmetry with planar structure.
The C—P bond lengths are predicted from 1.795 to 1.818 A.
These distances are about 0.005 A longer than their neutral
counterparts; thePH bond distance of the anion is also longer
than the neutral’s. This is different from the anilino radical
(CeHsNH) species. The bond anghky6,12,13) of the neutral
and anion change about ©.@ompared with each other, while
changes of thé\(1,6,5) andA(2,3,4) angle are relatively large,
being about 3.2 and ZZetween the neutral and the anion
species, respectively (Table 3).

Our theoretical neutralanion energy separations for the
phenylphosphide ion, as well as experimental electron affinity
data, are shown in Table 1. The adiabatic electron affinityd£A
is predicted to be 1.202.04 eV. Compared with the experi-
mental value (1.52: 0.04 eV) given by Berger and Brauntan
in 1992 from their electron photodetachment study, the present
DzP++ BPW91 EAy4 value provides the most favorable
comparison with the experimental result, of which the absolute
erroris only 0.01 eV. The B3LYP (1.49 eV) and B3PW91 (1.48
eV) methods are also considered to be the more reliable,
deviating about 0.03 and 0.04 eV, respectively. The,gA
ranges from 1.12 to 1.96 eV. The range of VDE is from 1.20
to 2.05 eV. The values for Efy EAver, and VDE are fairly
close to each other, due to the small differences in geometry
between neutral and anion.

E. CeHsCH, and CgHsCH,~. The geometries of théB;

present study, the trend of the bond distances is BEYBP86
~ BPW91> B3LYP > B3PW91~ B3P86> BHLYP (Table

shown in Figure 3 and Table 5 of the Supporting Information.
Both are planar structures with,, symmetries. There are no

2). It is interesting to compare the anion’s geometries to those €Xperimental geometries available for eithegHECH, or

of the neutral. With an extra electron, the bond lengths of the
C—N and N-H of the neutral and anion are still basically similar

CeHsCH,~. There are a number of studies for benzyl radical;
for example, Vanermen et &.calculated (STO-3G level) the

to the neutral species. It is also noteworthy that the geometriesPlanar geometry of the benzyl radical and gained understanding

obtained via seven functionals are all similar. As for bond
angles, for instancé\(6,12,13), it is predicted to be 109.5
(BHLYP), 109.1 (B3LYP), 108.4 (BP86), 108.7 (BLYP), 108.4
(BPW91), 108.9 (B3P86), and 1089 (B3PW91) for the
neutral, while, for the anion, being 108.2, 107.9, 108.5, 107.8,
107.4, 107.8, and 107.4respectively. The bond angles are
about 0.99 smaller than their neutral counterparts. Unlik®,-
12,13),A(1,6,5) andA(2,3,4) angles change about 3.9 and®3.1
between the neutral and the anion, respectively.

The theoretical EAy EAver, and VDE for GHsNH, as well
as the experimental electron affinity data, are given in Table 1.
The range of EAyis predicted from 1.17 to 2.10 eV with the

seven DFT methods. The BHLYP method predicts the smallest

EA.q(1.17 eV), and the B3P86 method predicts the largestEA
(2.10 eV). In 1979, experimental electron affinities of 161
0.13 eV were reported by Bartmess et‘awith a pulsed ion

that it was more stable than the tetrahedral configuration around
the benzylic carbon atom. Spectra of the benzyl radical have
been obtained in matrix&s4>and in the gas phadé*’In 1992,

the planar geometry and frequencies of the benzyl radical were
again calculated at the 6-31G** level using Hartrdeck
methods by Gunion et aP We find that the differences in
geometries between the neutral and the anion are quite small,
in particular bond lengths (Table 5 of the Supporting Informa-
tion). The G—C;2 bond length decreases slightly by about 0.013
A from the neutral to the anion. The value Af1,6,5) bond
angle decreases 3.7The optimized geometries for the seven
DFT methods vary only slightly among each other.

There have experimentally been a number of studies of the
electron affinity for the benzyl radical, ranging from as low as
0.75887 eV to as high as 2.3300.069 eV’ 9414852 Bartmess
et al*! reported the adiabatic electron affinity ofgdCH,

cyclotron resonance spectrometer. After several years, Drzaicradical to be 0.9Gt 0.10 eV in 1979. The EA value for the

and Braumah presented the experimental adiabatic electron
affinity of the anilino radical to be 39.3 0.7kcal/mol (1.704

benzyl radical of 0.863t 0.013 eV was obtained by Drzaic
and Braumahwith an electron photodetachment study in 1984.

+ 0.030 eV) via photodetachment spectroscopy. The BP86 still In the early 1990s, Gunion et 3kstimated the most accurate

well predicts the electron affinity of anilino radical (0.006 eV
higher) within experimental error, and our BPW91 (1.57 eV),
B3LYP (1.54 eV), and B3PW91 (1.53 eV) results slightly
underestimated the experimental value (1.704.030 eV) and
are also reasonable.

D. CgHsPH and CgHsPH™. The equilibrium geometries of
the 2A"" ground state of neutral gBlsPH and the'A’ ground

electron affinities to date for thes8sCH, radical, 0.91204
0.0060 eV using ultraviolet photoelectron spectra. The majority
of these values place the electron affinity at about 0.90 eV.
Perhaps the best results are those of Bartmessatiadl Gunion

et al? Our theoretical neutralanion energy separations for
benzyl radical are given in Table 1. The adiabatic electron
affinity EA4qis predicted to be 0.491.40 eV. We can see that
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TABLE 2: Optimized Geometry for the CsHsNH and the Corresponding Anion CsHsNH ™~ 2

B3LYP BLYP BHLYP B3P86 BP86 B3PW91 BPW91
CeHsNH
C1—C 1.389 1.399 1.380 1.385 1.396 1.386 1.395
C1—Cs 1.440 1.454 1.428 1.435 1.450 1.437 1.448
C5—Cs 1.439 1.452 1.426 1.434 1.448 1.435 1.447
Ce—Ni2 1.346 1.356 1.338 1.341 1.352 1.343 1.351
Nio—hys 1.029 1.039 1.017 1.027 1.039 1.028 1.037
A(2,3,4) 120.0 120.0 120.0 120.1 120.1 120.1 120.0
A(3,4,5) 120.4 120.4 120.3 120.3 120.4 120.3 120.4
A(1,6,5) 117.6 117.4 117.8 117.6 117.4 117.7 117.4
A(6,5,11) 117.4 117.4 117.6 117.4 117.3 117.4 117.3
A(6,12,13) 109.1 108.7 109.5 108.9 108.4 108.9 108.4
CeHsNH~

Ce—Mi2 1.341 1.355 1.326 1.336 1.351 1.337 1.349
Nio—his 1.028 1.039 1.016 1.026 1.039 1.027 1.036
A(2,3,4) 117.0 117.1 116.8 116.9 117.0 116.9 117.0
A(3,4,5) 122.1 122.0 122.2 122.1 122.0 122.1 122.0
A(1,6,5) 113.7 113.8 113.8 113.7 113.7 113.6 113.6
A(6,5,11) 116.9 116.9 117.0 116.8 116.8 116.9 116.9
A(6,12,13) 108.2 107.9 108.5 107.8 107.4 107.8 107.4

a All bond distances are in angstroms, all bond angles are in degrees, and all results were obtained withttfebZB set.

TABLE 3: Optimized Geometry for the CsHsPH and the Corresponding Anion GHsPH™2

B3LYP BLYP BHLYP B3P86 BP86 B3PW91 BPW91
CeHsPH
C1—C 1.397 1.407 1.387 1.392 1.404 1.394 1.402
C1—Cs 1421 1.434 1.409 1.416 1.430 1.417 1.428
Cs—Cs 1.420 1.433 1.408 1.415 1.429 1.416 1.427
Ce—P12 1.801 1.813 1.789 1.792 1.805 1.796 1.804
prz—hus 1.427 1.439 1.414 1.426 1.440 1.427 1.438
A(2,3,4) 119.7 119.7 119.7 119.7 119.7 119.7 119.7
A(3,4,50 120.3 120.3 120.3 120.2 120.3 120.3 120.3
A(1,6,5) 117.8 117.6 117.9 117.9 117.8 117.9 117.8
A(6,5,11) 119.4 119.3 119.5 119.4 119.3 119.4 119.3
A(6,12,13) 96.0 95.8 96.4 95.8 95.5 95.9 95.7
CeHsPH~

Ce—P12 1.806 1.818 1.800 1.795 1.809 1.799 1.807
pr2—his 1.435 1.447 1.422 1.433 1.447 1.435 1.445
A(2,3,4) 117.5 1175 117.6 117.5 117.5 117.5 117.5
A(3,4,5) 121.3 121.3 121.3 121.3 121.3 121.3 121.3
A(1,6,5) 114.7 114.6 114.9 114.7 114.6 1145 114.6
A(6,5,11) 118.4 118.4 118.5 118.3 118.3 118.4 118.3
A(6,12,13) 95.9 95.9 96.0 95.7 95.6 95.8 95.7

a All bond distances are in angstrom, all bond angles are in degree, and all results were obtained with-the 12413 set.

C12 H14

Hjo
Hog
C¢HsCH, C,, 2B, CeHsSiH, C, 2A'
C6H5CH2- CZV lAl CGHSSiHZ- Cs IA'

Figure 3. Optimized geometries for neutralgdsCH, and anionic
CgHsCH,~ and for neutral gHsSiH, and anionic GHsSiH,~. Carbon
atoms are labeled from 1 to 6.

reasonable prediction (0.87, 0.84, and 0.84 eV). The values of
EAas EAver, and VDE are fairly close to each other due to the
small differences in geometry between the neutral and the anion.
F. CgHsSiH, and CgHsSiH,~. The Cs symmetry structure
of the 2A’ ground state for the neutralgBsSiH; radical and
the Cs symmetry structure of th\’ ground state for the anionic
CeHsSiH,~ are shown in Figure 3 and Table 4. The structure
of the phenyl is still basically planar, but Sitdnd SiH~ both
turn up a small angle. For the neutraHgSiH, radical, the
C—Si bond distance is predicted to be 1.852 (BHLYP), 1.861
(B3LYP), 1.864 (BP86), 1.870 (BLYP), 1.865 (BPW91), 1.853
(B3P86), and 1.857 A (B3PW91); the-SH bond lengths are
1.476, 1.487, 1.499, 1.496, 1.497, 1.486, and 1.488 A; and the
bond angleA(13,12,14) is found to be 111.7,111.6, 111.8, 111.5,
111.7,111.8, and 112°/respectively. In the present work, we
also found that the dihedral angB(H11—Cs—Cs—Si12)) is only
about 2.8, while D(Cs—Cs—Sii2—H14) is predicted to be about

several theoretical values are in accord with each other, except28°. The GHsSiH,~ displaysCs symmetry, and it has longer

for the B3P86 result (1.40 eV) and that of BHLYP (0.49 eV).

Compared with the experimental value (0.9120.0060 eV)?

C—Si and Si-H bond distances than the neutral. We obtain an
A(13,12,14) value of the anion to be about 96king reduced

the BPW91 result (0.91 eV) is most reasonable and satisfactory,by about 15.0. However, the dihedral angleB(H;;—Cs—Cs—
of which the absolute error is only 0.002 eV. In addition, the Si;) andD(Cs—Cs—Siio—H14)) increase by about 4.1 and 18.3
B3LYP, B3PW91, and BLYP methods also provided more respectively.



1002 J. Phys. Chem. A, Vol. 110, No. 3, 2006

Xu and Gao

TABLE 4: Optimized Geometry for the CsHsSiH, and the Corresponding Anion GHsSiH, ™2

B3LYP BLYP BHLYP B3P86 BP86 B3PW91 BPW91
CeHsSiH,
Ce—Sh2 1.861 1.870 1.852 1.853 1.864 1.857 1.865
Sito—hi3(Sh2—hua) 1.487 1.496 1.476 1.486 1.499 1.488 1.497
A(13,12,14) 111.6 111.5 111.7 111.8 111.8 111.7 111.7
D(11,5,6,12) —2.6 —2.7 —2.7 —2.6 —2.7 —2.6 —2.6
D(5,6,12,14) 28.4 285 28.5 28.1 28.1 28.2 28.1
CgHsSiH,~
Co—Sl12 1.938 1.946 1.933 1.925 1.935 1.930 1.935
Sito—hua(Siz—hia) 1.535 1.545 1.524 1.534 1.546 1.536 1.545
A(6,12,13) 97.8 98.2 97.5 97.5 97.9 97.6 98.0
A(13,12,14) 96.8 96.9 96.8 96.6 96.7 96.6 96.7
D(11,5,6,12) —6.6 -7.3 —5.8 —6.6 —7.2 —6.6 —-7.2
D(5,6,12,14) 44.5 44.7 44.0 44.6 44.8 44.6 44.8

a All bond distances are in angstroms, all bond angles are in degrees, and all results were obtained withttteb@ZB set.

The theoretical EAy, EAver, and VDE, as well as the
experimental electron affinity data, are listed in Table 1. The
range of EAgis from 1.27 to 2.02 0 eV from the seven different
functionals. In 1988, the experimental electron affinity of
phenylsilyl radical was first reported by Damrauer et®and
found to be 1.34t 0.22 eV. Compared with the more accurate
experimental value (1.4354 0.0043 eV) given by Wetzel et

slightly below or near the experimental values, while the others
consistently overpredict values, with BHLYP being the highest,
as it might expect because of its 50% Hartr€®ck exchange.
Comparison of our results for the neutral with Hayes and
Sheridan’s IR frequenciék allows us to rank the methods
according to average absolute percent error from experiment:
BPW91 (0.8%), BLYP (1.1%), BP86 (1.2%), B3LYP (2.1%),

al1%in 1989 from gas-phase equilibria and electron photode- B3PW91 (2.5%), B3P86 (2.6%), and BHLYP (5.7%). These
tachment spectroscopy, the BLYP method (1.44 eV) predicts results are quite good excluding that of BHLYP. Clearly, the
the most reliable and reasonable value; the absolute error is onlyresult of the BPW91 method shows excellent agreement; those
0.0046 eV. The B3PW91, BPW91, and B3LYP methods should of the BLYP and BP86 methods are acceptable; the results of
also be recognized as the more reliable value based on the abov83LYP, B3PW91, and B3P86 are slightly worse but also
studies, and their results are 1.47, 1.48, and 1.52 eV, respecreasonable. The three pure methods give substantially better
tively. The B3P86 method predicts the largest correctedsEA  frequency predictions in this case.

(2.02 eV), which deviates 0.58 eV higher, while the BHLYP e theoretical harmonic vibrational frequencies for neutral

method predicts the smallest correctedgfL.27 eV), which phenylthio radical is listed in the Supporting Information, Table

deviates 0.17 eV lower. o 7. Shibuya et a¥° assigned three experimental frequencies in
The geometries of six anion molecules are fairly similar 10 he gas by LIF: 430+ 20 (C-S stretch), 610+ 20 (ring

their corresponding neutral species. Furthermore, each DFTdeformation) and 116% 20 cnt! (C—H deformation). BHLYP
functional predicted overall geometries consistent with the other yregicted the largest harmonic vibrational frequencies.

functionals. The BLYP method usually gave the longest bond

. . Our theoretical results of anilino radical's harmonic vibra-
distances, and the BHLYP method usually predicted the shortest.. : ) i
bond lengths. We confirm that DFT may predict very good tional frequencies are given (see Table 8 of the Supporting

eometries for both the neutral and anionic basic aromatic Information). The predication values of the BPWS31, BP86, and
?adicals BLYP methods is very similar, while those of three hybrid DFT

The BPW91, B3PW91, and B3LYP methods gave excellent g;setllw;)d; tif é?nzztﬁueea;h.,?tggg;hﬁi B;kiY:ngneStEgglesrt'”
agreement with experimental electron affinities in all species. play g : » 1P

Nonetheless, we can rank the functionals by the average absoluté btained three vibrational freguenmes of Fhe ground sta}g, that
error with ZPVE correction from experiment (in electron- 'S, 1505 (C-S styetch), 533 (ring deformation), and 1167:¢m
volts): BPWO1 (0.04), B3LYP (0.06), B3PW91 (0.07), BLyp (C~H deformation). ,
(0.09), BP86 (0.13), BHLYP (0.35), and B3P86 (0.52). Obvi- The theoretlca! V|bra_t|onal frequenmes for the neutrgl&
ously, BPW91, B3LYP, and B3PW91 methods are outstanding PH rad|pal and its anion species are shown Tablg 9 of the
choices for electron affinity predictions including the phenyl Supporting Information. For the BP86 result of the anion, there
radical’s organic rings. The accuracy of these three DFT method @ré two vibrational frequencies that are doubtful and are not in
functionals is impressive. agreement with results of other methods. BHLYP predicts the
G. Vibrational Frequencies. Harmonic vibrational frequen-  highest harmonic vibrational frequencies
cies of GHsX/CgHsX ™ predicted with each functional are Our predicted harmonic vibrational frequencies for both the
available in Tables-611 of the Supporting Information. Travers  benzyl radical and its anion are presented in Table 10 of the
et al3” gave two vibrational mode frequencies for the neutral Supporting Information. In 1993, Baskir et ¥l.assigned
phenylnitrene radical: 515 (ring-breathing) and 1300~&m  frequencies for 14 IR-active fundamentals of the benzyl radical
(C—N distortion). Later, Mcdonald and Davidsoalso con- from an infrared argon matrix absorption spectrum. We
firmed ring-breathing vibrational mode. In 1990, the first compared our frequencies to those of Baskir et al. Ranking the
complete infrared spectrum of phenylnitrene radical was reported methods according to average absolute percent deviation from
by Hayes and Sherid®4.They did not give vibrational modes experiment we obtain the following: BPW91 (1.4%), BP86
but reported tentative assignment or approximate value. (1.4%), BLYP (1.8%), B3PW91 (3.6%), B3P86 (3.8%), B3LYP
Table 6 of the Supporting Information lists the experimental (3.9%), and BHLYP (7.0%). Our predicted harmonic vibrational
IR harmonic vibrational requencfédor the GHsN radical. Our frequencies for the neutral radical show good agreement with
theoretical frequencies agree quite well with experiment. Among the experimental results. As in the case gHEN, we can see
the various functionals, BPW91, BLYP, and BP86 predict values that three pure DFT methods give the best agreement and are
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very similar, while the BHLYP frequencies again show the (6) Taft, R. W.; Bordwell, F. GAcc. Chem. Red.988 21, 463.

i i ; (7) Drzaic, P. S.; Brauman, J.J. Phys. Chem1984 88, 5285.
Iargﬁst E|sagr<_aer:1e_nbt with eiq;enment._ o th o (8) Berger, S.; Brauman, J.J. Am. Chem. Sod992 114, 4737.
e theoretical vibrational frequencies for the neutral phe- (9) Gunion, R. F.; Gilles, M. K.; Polak, M. L.; Lineberger, W. @t.

nylsilyl radical and anion species are reported in Table 11 of J. Mass Spectrom. lon ProcessE392 117, 601.
the Supporting Information. The BHLYP again predicts the _ (10) Wetzel, D. M.; Salomon, K. E.; Berger, S.; Brauman, J. lam.

. ntorma ; Chem. Soc1989 111, 3835.
highest harmonic vibrational frequencies. (11) Schuster, G. B.; Platz, M. ®dv. Photochem1992 17, 69.

In any case, the theoretical frequency values for the anion  (12) Breslow, D. S. InAzides and NitrenesScriven, E. F. U., Ed.;
are smaller than those for the corresponding neutral radicals,Academic Press: New York, 1984; p 491.

Qi H i H (13) Meijer, E. W.; Nijhuis, S.; Von Vroonhoven, F. C. B. M. Am.
and this is consistent with the fact that anions have weaker bondsChem. Soe1988 110, 7200,

than ne,u”al radicals, since the anions have longer equilibrium (14) Bayley, HPhotogenerated Reagents in Biochemistry and Molecular
separation than the neutrals. Biology, Elsevier: Amsterdam, 1983. _
In general, there is good agreement between available 19§175)C'\r<|artt:h, Jléduanced Organic ChemistrjicGraw-Hill: New York,
; ; ; i~ v ; ; Chapter 16.
expenmgntal frequepues and predicted harmonllc vibrational (16) Collman, J. P.: Hegedus, L. ®rinciple and Applications of
frequencies. All fl{n9t|0na|5 except for BH_LYP consistently gave  organotrasition Metal ChemistryUniversity Science: Mill Valley, CA,
reasonable predictions, never exceeding more than a 3.9%1980; Chapter 3.

ver. | rror. The BHLYP meth h lar rror (17) (a) Emsley, J.; Hall, DThe Chemistry of Phosphorusarper &
average absolute erro € ethod had large erors : New York, 1976. (b) Kosolapoff, G. M.; Maier, LOrganic

apd ConSiStemly pred[ctgd vibrational frequencies with the Phoéphorus Compoungdd/iley-Interscience: New York, 1972; Vol. 1. (c)
highest magnitude deviations from experiment. The three pureKirby, A. J.; Warren, S. G.The Organic Chemistry of Phosphorus

DFT methods achieved the remarkable success at predictingElsevier: New York, 1967.
(18) (a) Hohenberg, P.; Kohn, Whys. Re. B 1964 136, 864. (b) Kohn,

vibrational frequencies aspect. W.; Sham, L. JPhys. Re. A 1965 140, 1133. (c) Kohn, W.: Becke, A.
) D.; Parr, R. GJ. Phys. Chem1996 100, 12974.
Conclusions (19) Rienstra-Kiracofe, J. C.; Tschumper, G. S.; Schaefer, H. F.; Nandi,
. . S.; Ellison, G. B.Chem. Re. 2002 102 231.
Carefully selected DFT methods applied with the BZP (20) Xu, W. G.; Gao, A. F. JChem. Phys.in press.

basis set are capable of reliably predicting the structures and (21) Weimer, M.; Sala, F. D.; Gting. A. Chem. Phys. Let2003

; i ; 372, 538.
EAs of six GHsX species. The BPW91 method is the most (22) Jensen, FJ. Chem. Phys2002 117, 9234.

reliable method for predicting.the glectron affi'nities for these (23) Mallard, W. G., Linstrom, P. J., EdNIST Chemistry WebBook:
molecular systems. The adiabatic EAs (with ZPVE) are NIST Standard Reference Database Numbey §8tional Institute of
predicted to be 1.45 @ElsN), 2.29 (GHsS), 1.57 (GHsNH), Standards and Technology: Gaithersburg, MD, 2000 (Feb) (http:// web-
1.51 (GHsPH), 0.91 (GHsCH), and 1.48 eV (gHsSiHy); The bo‘(’;‘;{)"sé-ggg’é)’ A DPhys. Re. A 1988 38, 3098,

B3LYP and B3PW91 method are also the more reasonable for (25 Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1993 37, 785.
predicting the electron affinities forg8lsX species. In addition, (26) The BH and HLYP method implemented in the Gaussian programs

the BLYP method is regarded as reasonable. The B3P86 metho I_ﬁ‘fpghsw{i%rh”‘i‘;'ﬁoto-?;Ei’;(eLIS?@%ﬁ;ﬁj‘l%gﬁofgggg'gx(ggﬁafi‘; s
gives the most deviation (the average absolute error being 0.52,5per: Becke, A. D‘j, Chen){_ Phys1993 98, 13'?72? Y
eV). Our theoretical EA values are in good agreement with the = (27) Becke, A. D.J. Chem. Phys1993 98, 5648.
available experimental results. ggg Eefgewy j E?h\),/\f- Re-ghl%g 33’3 8?5922:321,57;?2644
: : : erdew, J. P.; Wang, Yhys. Re. , .
All fu_nctlonals_ predict reasonabl_e geometries f_or_the neutral (30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
and anion species and show relatively small variations amongm. A; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

themselves. In addition, harmonic vibration frequencies also Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

show very reasonable agreement with available experimentalP-; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
data, excluding BHLYP. The HF/DFT hybrid functionals tachecas: Boterman o A ma oy G o i
’ g : y Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

produce higher vibrational frequencies than the pure DFT D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
exchange functionals, which has also been observed in theOrtiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
resent studies P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
P . . Lo . . Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P.
We hope that our theoretical predictions will provide strong M. w.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
motivation for further experimental studies of these important Head-Gordon, M.; Replogle, E. S.; Pople, J@aussian 98, Résion A.9

; ; ; Gaussian, Inc.: Pittsburgh, PA, 1998.
phenyl species and their anions. (31) (a) Huzinaga, SJ. Chem. Phys1965 42, 1293. (b) Dunning, T.

H. J. Chem. Phys197Q 53, 2823. (c) Huzinaga, SApproximate Atomic
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