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We predict the adiabatic electron affinities ofand GO based on electronic structure calculations, using

a large triple€ basis set with polarization and diffuse functions (TZ2Rgiff) with the SCF, CCSD, and
CCSD(T) methods as well as with the aug-cc-pVDZ and aug-cc-pVTZ basis sets. Our results imply electron
affinities for GO and GO; EA(C;0) = 0.93 eV+ 0.10 and EA(GO) = 2.99+ 0.10. The EA(GO) is 0.41

eV lower than the experimental value of 1.340.15 eV, while the EA(GQO) is 0.94 eV higher than the
experimental value of 2.0% 0.15 eV. Optimized geometries for all species at each level of theory are given,
and harmonic vibrational frequencies are reported at the SCF/fzARfPfand CCSD/aug-cc-pVDZ levels.

1. Introduction unresolved continuum that extended over roughly 0.75 eV and
C:0 and GO are members of the important,@ cluster was described as “essentially unanalyzable”; an E&)Gvas

family. Like the G, series, members of the,G series are likely estimated as 2.0{;& 0.15 eV. o )
interstellar moleculesBoth GO (tricarbon monoxide) and.O In the years since 1986, sophlstlcated theoretical mthods
have been studied by various experimental techniqu&s have been developed. thfat provide fqr accurate compu?atlon of
first recognized by DeKock and Weltner in 1971 using matrix molecular electron affinities. Theoretically, no examinations of
isolation IR spectroscoi/Later, Berke and Fier demonstrated the GO and GO electron affinities have been presented other
that GO can be an important ligand in inorganic compouds. than that of Kannari, et al., who predicted an electron affinity
Gas-phase {0 was first generatédn 1983, and subsequently Of 2.73 eV for GO at the CISD/[5s4p2d1f] ANO levéf
CsO was observed in interstellar sp&cA. mechanism for its Kannari et. al. concluded that a “remeasurement on the electron
interstellar production has been propo&esince these initial  affinity of the GO molecule may be helpful”. Recently, we
investigations, 0 has been investigated using matrix-assisted have computed the electron affinity of4@ with six density
|R,7,8 microwave Spectroscoﬁylll flash vacuum pyro|ys|é2’ functionals: B3LYP, BBP86, BHLYP, BLYP, BP86, and
and Fourier transform IR spectroscoldy:4 Likewise, GO has LSDA, with a DZP++ basis?! These results all over-predict
been examined with electron spin resonatamatrix isolation the experimental value by at least 0.74 eV (BLYP). In contrast,
IR spectroscopy? and Fourier transform microwave spectros- identical predictions with the same six functionals show close
copy!’ but has not yet been observed in interstellar space. Theagreement to experiment (within 0.16 eV for all functionals
C4O anion has been observed using an RF ion #apherwise, ~ except B3P86 and LSDA) for the EA(CC®).
except for photoelectron experiment described next, there isno  Previously, the electron affinity of BO was called into
other experimental record of;O~ or C,O™. guestion by two of ug® and our high level CCSD(T)/aug-cc-

In 1986, the photoelectron spectroscopy of the carbon oxide pVQZ results suggested that the experimental value was wrong.
anions was studiet’. The GO~ and GO~ ions were prepared  Indeed, the EA(BO) was re-determin&dand the new photo-
by decomposition of carbon suboxide in a high-pressure electric electron experimental value was found to be within 0.02 eV of
discharge, and the 488-nm photodetachment spectra wereour predicted EA. This close agreement demonstrates that high-
studied: GO~ + hwagg nm— CnO + € (n = 3, 4). Since both level CCSD(T) results can closely agree with accurate methods
anions were derived from an G&=CO discharge, the ions  such as photoelectron spectroscopy. On the basis of this previous
were assigned the structures [CCC@hd [CCCCOY. Neither success and the uncertain nature of the experimental EA’s for
the photoelectron spectra ok@" nor that of GO~ could be C30 and GO, we present here high-level ab initio predictions
analyzed. The spectrum oG~ featured a long 608- 35 cnT?! for the electron affinities of these species.
progression that disappeared into the noise at high kinetic
energies. The first vibronic feature was chosen as the origin of :
the GO~ spectrum, with the EA(€D) assigned as 1.34 0.15 2. Theoretical Methods
eV. Due to the apparent large geometry change between the Double- and tripleZ basis sets with polarization and diffuse
anion and the neutral species, this value should be regarded asunctions were employed in this study. Specifically, we em-
an upper limit and more properly should be reported as EA- ployed the (10s6p/5s3p) contracted trigi&aussian functions
(Cs0) = 1.34+ 0.15 eV. The spectrum of the,0~ was an of Dunning® augmented with two sets ofl polarization
functions and one set of f polarization functionsy(C) = 1.50
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of Lee and Schaeféf. [as_qi(C) = 0.04812, as—qif(O) = experimental data, one can expeg©Qo exhibit polyacetylene-
0.08993,0p4iff (C) = 0.03389,0,5—4iff (O) = 0.05840] We refer like bonding. As in carbon monoxide, we anticipate the first
to the total basis as TZ2ffliff, and it may be designated C,0- excited state of €D to be™a3II and to be described as
(11s7p2d1f/6s4p2d1if).
Additionally, the correlation-consistent polarized valence |&°TIC= [coref (50)%(60)%(70)%(80) x
double- and triple: (cc-pVDZ and cc-pVTZ) sets of Dunnifg (17)4(90) (27)*(37)* (2)
augmented with diffuse functions following Kendall et&{aug-
cc-pVDZ and aug-cc-pVTZ) were employed. The aug-cc-pvVDZ :
and aug-cc-pVTZ basis sets may be designated C,0(10s5p2d/ <
4s3p2d) and C,0(11s6p3d2f/5s4p3d2f), respectively. Pure an- (=
gular momentum functions (5d, 7f) were used in all cases. O U O
Geometry optimizations were performed using analytic gradi-
ent techniques at the self-consistent field theory (SCF) and a ' c-C-C-0
coupled cluster with single and double excitations (CC33)
and CCSD with perturbative triple excitations (CCSDEF§§-33 Little is known about the gD~ anion, although we anticipate
levels of theory. With the CCSD and CCSD(T) methods, all it to be an X1 state with the configuration:
electrons were correlated, and no virtual orbitals were deleted.
SCF harmonic vibrational frequencies were computed using IX “TIC= [coref (50)°(60)%(70)*(80) x
analytic second derivatives and CCSD harmonic vibrational (17)*(90)*(27)*(37)* (3)
frequencies via finite differences of analytic first derivatives.
A restricted open-shell Hartred-ock reference was used. .v
Molecular geometries were considered converged when the = 9 &) A"
RMS gradient fell below 10’ hartree/bohr. All computations L
were performed using the ACES Il ab initio program sys#ém. Q - R Q‘
Finally, analysis of @O and GO structural isomers was (G I el
performed using density functional theory (DFT). Specifically, () O O
we employed the BP86 functiofat3” with a DZP++ basis, CURVES
which was constructed by augmenting the Huzira@anning G - A
set of contracted doublg-Gaussian functiod$3°with one set 0 C\@(/
of d polarization functionsdy (C) = 0.75,04 (O) = 0.85] and Q
a set of even-tempered s and p diffuse functians Ji#(C) =
0.04302,(15—diff(o) = 0.08227,ap—diﬁ(c) = 0.03629,0~p—diff(o)
= 0.06508]. All DFT computations were performed in an  The |inear 2T species will distort into two Renner-Teller
identical manner as those in our previouwOEA results* and components. Bending in the “radical” plane alleviates the
were obtained using GAUSSIAN 94. disfavorable interaction between the radical carbon and the
oxygen lone pair while retaining favorable “allylic-like™-€C—C
bonding. This?A’ species will be lower in energy relative to
3.1. Bonding and Configurations.The carbon oxides show  the linearIT state. On the other hand, bending perpendicular to
an interesting alternation in molecular properfie€The “even” the “radical” plane does not alleviate the radical carborygen
oxides: GO, G0, GO, ... are all X3~ species, while the  lone pair interaction and reduces any allylic-like bonding. This
“odd” oxides: CO, GO, G0, ... are all X:=+ molecules. The  2A" species will be higher in energy than thHd species. For
C30 molecule can be represerftédy the following expression:  closed-shell species such as CO an®Ghe electron affinities
are expected to be small. Since the EA(CO) is negative, we
- anticipate the EA(€O) to be small, and it is probably less than
. @(\@ Q 1leV.
M‘@@ Matrix isolated EPR and IR spectroscopy have established
. Q C U that GO and GO are triplet ground-state molecul®st® We
can describe the O molecule as Xz

X M C-C-C-0-

3. Results and Discussion

)
000

X 'zt c.c-co -
IX 33~ 0= [core]”® (60)%(70)%(80)%(90)*(100)? x
2:8 (inlsc:)minant configuration that describes the ground state of (l7t)4(27t)4(110')2(37t)2 (4)

X 15 0= [coref (50)4(60)4(70)3(80)X (1) (90)X 27" (1) E; YR, E ;%% . YRV -

The experimental microwa¥e*! and IR absorptioh’813.14 0 0 0
spectra of XI=* C;0 establish the ground geometry and four % % C.C.C.CO

of the vibrational fundamentals. The experimentgD@eometry

[re(CCC=0) = 1.150 A, r{(CC=CO) = 1.306 A,r{(C=CCO) The X 3=~ configuration shows resonance between two

= 1.254 AJ9 is consistent with the resonant configuration in structures with both unpaired electrons on either the C or O
eq 1. The unusually short=20 bond is only slightly larger atoms; localization of the electron pair maximizes the pp’
than carbon monoxidé and shorter than the=€0 bonds in exchange integralK,y, and minimizes the triplet energy.
both formaldehyde and ketene. Botl=C bonds are slightly ~ Although there are differences in eletronegativity between
shorter than the €C bond in ethylene but certainly longer than carbon and oxygen, one might expect an average structure which
the G=C of acetylene. From the above bonding picture and the would exhibit a cumulene-like bonding. In addition to the ground
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X 33~ state, there will be a pair of low-lying ¥A and b=+
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are shown in Table 2. On the other hand, CCSD/aug-cc-pvVDZ

electronic states also arising from the configuration given in eq harmonic frequencies show degenerate imagihbfsequencies

4; thealA~ state is
SRS @R
D.

a 'a c-c-c-c-0

The GO~ anion is likely to be X2IT and will have as a dominant
configuration
IX 2T10= [core] (60)%(70)4(80)%(90)*(100)? x

(L)' (27) (120)%(37)° (5)

0 00 0000

X M C-C-C-C-0°

Since EA(GO) = 2.289+ 0.018 eV$5 it is likely that EA-
(C40) will be greater than 2.5 eV. In addition to tAd ground
state, we anticipate that there will be a low-lyif)j" electronic
state of GO~ which can be described as

|A 22* 0= [core] (60)4(70)%(80)%(90)4(100)*(110)* x
(L)' (27)*(37)* (6)

00 00d

X ¥ cc-cc-0
Two other excited configurations:

[core]™® (60)%(70)*(80)%(90)*(100)? x
(17)*(27)*(110)*(37)*(4n)" (7)

which, according to Hund’s Rules, has a low-lyifig state,
and

[core]'° (60)%(70)%(80)%(90)%(100)? x
(1) (27)*(110)*(37)*(120)" (8)

for which a low-lying#=~ state may also be anticipated.

3.2 Theoretical Results.Previous theoretical studies have
predicted ground-state neutrak@ to be linear with al=*
ground staté:*-53 Indeed, harmonic vibrational frequencies
determined with SCES~47.51 CEPA#4% and DFT (BLYP}?

of 81 for C30 and 234 for C40O. Following the imaginary
eigenvector for each leads to nonlinear, degenévteC;0
structures and nonlinear, degener&é& C,O structures which
are 0.001 and 0.002 eV beloE* C30 and 3=~ C,0,
respectively. These (tationary points are shown in Figure 1.
It is not suprising that other methods (SCF, DFT, etc.), all of
which include less electron correlation than CCSD, fail to
characterize the linear;O and GO structures as transition
states-the difference in energy between the linear and nonlinear
structures is too small to be reliably obtained with a lower level
of theory.

Although the above results suggest thaOCand GO are
nonlinear, they are essentially linear (or “floppy” molecules)
nonetheless. Indeed, at the CCSD/aug-cc-pVDZ level the bond
distances of the nonlinear structures are no more than 0.001 A
different than the linear structures. Furthermore, all angles are
within 12 degrees of linearity. Botschwina had noted that the
C—C—C bending potential in §O is “rather shallow™?
Certainly, the potential energy surface about the angles@ C
and GO is very flat in the linear region, as evidenced by the
very small energy differences between the linear and nonlinear
structures. Because energy differences of thousandths of an eV
will not affect our theoretical electron affinity predictions, we
discuss only the linear 0 and GO species from this point
on. However, the fact that neitheg@ or G,O is rigidly linear
may account for the large amounts of “noise” seen in the original
photoelectron spectra.

For linear GO, at all levels of theory, we see a relatively
short C-0 bond which is consistent with the %+ diagram 1.
Furthermore, at the CCSD(T)/aug-cc-pVTZ level, the middle
C—C bond is 0.025 A longer than the terminus-C bond.
This alternation in bond length was expected, as discussed in
the previous section. Furthermore, both the@ and middle
C—C bonds are within 0.009 A of the experimental bond lengths
of Brown et al'® However, the terminal EC bond over-predicts
experiment by 0.018 A. It is worth mentioning that Brown et
al. note that the center of mass condition was not fulfilled to
their satisfaction in their substitution structure determination
using Kraitchman’s equations. In addition, i@ is not truly
linear, a structure determination which assumes linearity would
be slightly skewed. Indeed, their MP3/6-31G* bond lerigjth
was also too long, by 0.017 A, in that instance. The work of
both Tang et at.and Brown et al? gives a rotational constant
(Bg) of 4810.9 MHz. Our CCSD(T)/aug-cc-pVTZ geometry
corresponds to &, of 4793.0 MHz, which is in reasonable
agreement with the experimental value. Moreover, comparing
our ab initio results to those of Botschwina and Reisen&uer,
who combined experimental ground-state rotational constants
and theoretical vibratioarotation coupling constants to obtain
a By of 4801.0 MHz, yields even better agreement. In fact,
Botschwina and Reisenauer suggest a geometry (which they

methods all predicted real harmonic frequencies for the linear believe is accurate to within 0.0005 A) R{CCC=0) = 1.1473
structure. Similarly, earlier theoretical studies have predicted A, r{(CC=CO) = 1.2965 A,r(C=CCO) = 1.2717 A, which

the most stable geometries of@to be linear, with cumulene-
like bonding in a3Z~ electronic ground sta#®:21.5254Real
harmonic frequencies were reported with the SEMP22° and

DFT2152 methods. As mentioned previously, experimental

studies of GO also support a linear, cumulene-like structti¥.
In Table 1 we report our optimized geometries for th& C;0
and3z~ C,0 linear ground states.

Our SCF and BP86/DZP+ harmonic vibrational frequencies
for both thel=* C;0 and3Z~ C4O linear species are real and

is within 0.003 A of our best results for all three bond lengths.
This excellent agreement demonstrates that the CCSD(T)/aug-
cc-pVTZ method describes the;@ system well.

For linear GO, one notes that the middle<C bonds are
nearly identical in length, with the terminal-€C bond being
roughly 0.03 A longer. All three EC bonds are longer than
the triple bond in acetylene but shorter than the double bond in
ethylene®* The C—0O bond is 0.013 A longer than the—-@
bond in GO and approximately the same length as that of



2276 J. Phys. Chem. A, Vol. 104, No. 11, 2000 Rienstra-Kiracofe et al.

TABLE 1: Optimized Geometries for Cs0 (X 1X+), CsO0~ (X 2), C;0~ (X 2A’), C,0 (X 3£+), C,O0~ (X 2), and C,0~ (A 2z+)a

method/basis ru ra I3 01 0
Ci0 (X 1=F)
SCF/aug-cc-pVDZ 1.124 1.302 1.260 - -
SCF/TZ2Pf+diff 1.117 1.293 1.247 - -
SCF/aug-cc-pVTZ 1.118 1.294 1.248 — -
BP86/DZPt+ (ref 58) 1.176 1.316 1.301 - -
CCsSD/aug-cc-pVDZ 1.155 1.318 1.288 - -
CCSD/TZ2Pi-diff 1.140 1.297 1.264 - -
CCSD/aug-cc-pVTZ 1.139 1.294 1.261 - -
CCSD(T)/aug-cc-pVDZ 1.165 1.320 1.299 - -
CCSD(T)/TZ2P##-diff 1.151 1.299 1.275 - -
CCSD(T)/aug-cc-pVTZ 1.150 1.297 1.272 - -
expt (ref 10) 1.150 1.306 1.254 - -
C;0™ (X 210)
SCF/aug-cc-pVDZ 1.189 1.271 1.316 — -
SCF/TZ2Pf+diff 1.180 1.262 1.303 - -
SCF/aug-cc-pVTZ 1.182 1.262 1.303 - -
CCsSD/aug-cc-pVDZ 1.217 1.310 1.320 - -
CCSD/Tz2P#diff 1.202 1.289 1.295 - -
CCsSD/aug-cc-pVTZ 1.200 1.287 1.292 - -
CCSD(T)/aug-cc-pvVDZ 1.225 1.318 1.327 - -
CCSD(T)/TZ2Pftdiff 1.209 1.296 1.302 - -
CCSD(T)/aug-cc-pVTZ 1.208 1.294 1.300 - -
C:0™ (X 2A")
SCF/aug-cc-pVDZ = — — —
SCF/TZ2Pf-diffP - - - - -
SCF/aug-cc-pVTZ - - - - -
BP86/DZPt+ (ref 58) 1.235 1.378 1.295 148.4 166.4
CCSD/aug-cc-pvDZ 1.216 1.399 1.280 138.9 164.9
CCSD/TZ2Pi-diff 1.201 1.376 1.255 139.7 167.5
CCSD/aug-cc-pVTZ 1.200 1.368 1.254 140.6 169.3
CCSD(T)/aug-cc-pvVDZ 1.225 1.398 1.292 139.1 163.4
CCSD(T)/TZ2P1-diff 1.211 1.375 1.266 139.9 166.3
CCSD(T)/aug-cc-pVTZ 1.210 1.366 1.265 141.0 168.3
method/basis ri ra rs ra
C,0 (X327)
SCF/aug-cc-pvDZ 1.134 1.288 1.269 1.320
SCF/TZ2Pi-diff 1.127 1.280 1.259 1.308
BP86/DZP++ (ref 21) 1.190 1.304 1.308 1.337
CCsSD/aug-cc-pVDZ 1.168 1.304 1.298 1.330
CCSD/TZ2Pf+diff 1.154 1.284 1.278 1.306
CCSD(T)/aug-cc-pVDZ 1.178 1.308 1.306 1.336
CCSD(T)/TZ2Pf+diff 1.164 1.288 1.286 1.312
C4O (X 210)
SCF/aug-cc-pvDZ 1.185 1.249 1.337 1.269
SCF/TZ2Pi-diff 1.177 1.240 1.328 1.256
BP86/DZP++ (ref 21) 1.229 1.281 1.351 1.304
CCSDl/aug-cc-pVDZ 1.215 1.275 1.353 1.294
CCSD/TZ2P#-diff 1.200 1.254 1.334 1.269
CCSD(T)/aug-cc-pVDZ 1.222 1.283 1.355 1.303
CCSD(T)/TZ2Pf+diff 1.208 1.261 1.335 1.278
C40 (A 22
SCF/aug-cc-pVDZ 1.201 1.232 1.371 1.209
SCF/TZ2Pi-diff 1.193 1.222 1.363 1.198
CCSD/aug-cc-pVDZ 1.228 1.259 1.376 1.248
CCSD/TZ2Pf-diff 1.213 1.238 1.357 1.225
CCSD(T)/aug-cc-pvVDZ 1.234 1.269 1.373 1.259
CCSD(T)/TZ2Pf+diff 1.219 1.247 1.354 1.236

_2All bond lengths are in Ary refers to the &0 bond, and each successiyeafers to a GC bond starting from the oxygen terminus. FeOC
(X 2A"), 0, is the O-C—C angle and); is the C-C—C angle with an &-C—C—C torsion angle of 180 degre€sNot a minimum at this level.

carbon dioxide¢”* These results are in accordance with a to this mode. Our results for geometry optimizations of the linear
cumulene-like bonding picture, as shown in diagram 4. C30~ and GO~ anions are presented in Table 1. The linear
Both the GO and GO anions aréll ground states. Kannari  structures of both anions possesdhelectronic state, which
et al. studied two geometric structures fogCC: a linear can be expected to suffer from the Renner-Teller effet.
structure and a bent “V"-shaped structé?elhey concluded Analysis of thelIl-type vibrational bending modes with our
that the linear structure was the global minimum, with the bent previous six DFT resul®d and the current SCF harmonic
structure being less stable by about 4 kcal ThoAlthough they frequencies (see Table 2) show thgCC is a “case A” Renner-
obtain a single imaginary frequency ofi@it the MP2 level for Telle’” molecule with respect to all sets of bending modes;
the linear species, they report no stationary point correspondingthat is, all three doubly degeneral& harmonic vibrational
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TABLE 2: Harmonic Vibrational Frequencies at the SCF/TZ2Pf+diff, BP86/DZP++, and CCSD/aug-cc-pVDZ Level3d

C:0 (X 1=%) C;0~ (X ) C0™ (X 2A")
mode symmetry SCF BP86  CCSD SCF BP86 CCSD SEF  BP8G- CCsD
w1 I, 121 139 8i 193 370 366 - 212 163
w2 I, 121 139 81 288 192 125 - 216 224
w3 I, 688 551 592 391 251 240 - 498 554
w4 I, 688 551 592 711 561 589 - 885 911
ws =+ 1031 915 956 993 876 914 - 1686 1770
we >+ 2151 1867 1972 1513 1561 1585 - 1857 1952
we =+ 2470 2259 2321 2145 2046 2047 - - -
ZPVE 10.4 9.2 9.2 8.9 7.8 7.9 - 8.0 8.0

C40 (X327) C,O (X ) C,O0~ (A=)
mode symmetry SCF BP86 CCSD SCF BP86 CCSD SCF
w1 I, 105 121 234 129 143 261 92
w2 IT, 105 121 234 142 87 175 92
w3 I, 461 298 141 468 358 182 660
w4 I, 461 298 141 488 336 152 660
ws I, 646 444 500 594 492 453 754
we I, 646 444 500 683 420 527 754
w7 =+ 827 737 769 803 721 745 788
wg =+ 1502 1390 1454 1578 1398 1452 1591
w9 >+ 2136 1891 1990 2037 1852 1921 2311
w10 =+ 2447 2224 2307 2395 2186 2266 2380
ZPVE 13.4 11.2 11.2 13.3 11.4 11.0 14.4

a All values are in cm?. Zero point vibrational energies (ZPVE) are in kcal molNote: IT, normal modes represent bending in the plane of
the SOMO, and1, normal modes represent bending perpendicular to the SOMO FHngtdtes only)® Not a minimum at this levek w; is A"

symmetry all others are 'Ad Reference 58.
168.7
(@ — 1.318 ‘D 1155 ‘B
N\ N

179.8
1A' C;0 [0.001 eV below ‘=]

24’ €307 [0.30 eV below A1)

173.2

1.168
O S T

177.0 178.7
34" C,0 [0.002 eV below 2

2A" C,0° [0.005 eV below 1]

177.6

@ 1.294 /@ 1‘3534@ 1.275 @ 1.215//@

176.3

179.4

27" C,0° [0.0005 eV below 1]

Figure 1. NonlinearC; structures of g0, GO, C,0, and GO~. All
values are from CCSD/aug-cc-pVDZ.

(261 and 17%). Likewise, although SCF suggestsCC is
linear, both BP86/DZP+ and CCSD/aug-cc-pVDZ results
agree that g0~ is a “case C” Renner-Tellet molecule; that

is, it has one atractive bending potential, leading to a nonlinear
structure of lower energy that results from a single imaginary
frequency (ca. 374). (See diagram 3.)

The two nonlinear structures of40~ (2A’ and 2A’"") are
shown in Figure 1. As in the case of the parent neutral, both
structures are essentially linear and lie just 0.08%5'Y and
0.0005 £A") eV below the lineafIT state. The bond distances
of each nonlinear structure are within 0.002 A of the linear
distances, and all angles are within 11 degrees of linearity
indicating that GO~ is essentially linear. Again, the energy
differences between the two nonlinear structures and the linear
structure are extremely small and likely impossible to be detec-
ted with SCF and current DFT functionals. As with@ we
chose only to study the linear,O~ structure with higher levels
of theory. Nonetheless, both Renner-Teller components will be
populated in a mass-selected beam. Detachment of such a popu-
lation will lead to a congested,O~ photoelectron spectrufd.

Examining linear GO~, we observe a very sharp decrease
over the parent neutral in bond lengths and r, and a
correspondingly large increase in lengths of tgeand C-O
(r1) bonds. Again, the changes were anticipated, as seen from
diagram 5 in section 3.1, namely, that the additional electron
partially destroys the cumulene-like bonding observed0.C
Such changes in geometry between the neutral and anion are
significant as they often are noticed in photoelectron spectra.

The GO~ species does have a significantly bent minimum
(?A") that is about 0.20.3 eV below the lineafIT state (See
Figure 1). This difference is large enough to be detected by
BP86/DZP++ (other functionals likewise agre® but is still

modes are split into distinct, real frequencies. On the other hand,overlooked at the SCF level. Table 1 gives the optimized

CCSD/aug-cc-pVDZ frequencies suggesOC is a “case D”

Renner-Telle¥’ molecule; that is, it has two attractive bending
potentials, leading to two distinct nonlinear structures of lower that in the linear structure; however, the middle Cbond (p)
energy that result from different imaginary harmonic frequencies increases by about 0.08 A, and the terminat@bond (k)

geometry for?A’ CzO~, which is significantly different than
[T C30~. The C-0O bond (k) is nearly identical in length to
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TABLE 3: Ab Initio Predictions for the Adiabatic Detachment Energies of C;0 and C,02

Rienstra-Kiracofe et al.

method/basis neutral energy anion energy detachment energy
Cs0 (X 1=H) Cs0™ (X )
SCF/aug-cc-pVDZ —188.35200 —188.35559 0.10
SCF/TZ2Pf-diff —188.40071 —188.40122 0.01
SCF/aug-cc-pVTZ —188.39658 —188.39744 0.02
CCSD/aug-cc-pvVDZ —188.91794 —188.94477 0.73
CCSD/TZ2Pf+diff —189.11363 —189.13883 0.69
CCSD/aug-cc-pVTZ —189.11672 —189.14423 0.75
CCSD(T)/aug-cc-pvDZ —188.95260 —188.97779 0.69
CCSD(T)/TZ2P1-diff —189.15550 —189.17920 0.64
CCSD(T)/aug-cc-pVTZ —189.16039 —189.18705 0.73
C30 (X 1= C:0™ (X 2A")
BP86/DZP++ (ref 58) —189.42553 —189.47246 1.28
CCSD/aug-cc-pvVDZ —188.91794 —188.95593 1.03
CCSD/TZ2Pf+diff —189.11363 —189.14828 0.94
CCSD/aug-cc-pVTZ —189.11672 —189.15252 0.97
CCSD(T)/aug-cc-pvDZ —188.95260 —188.98834 0.97
CCSD(T)/TZ2P1-diff —189.15550 —189.18808 0.89
CCSD(T)/aug-cc-pVTZ —189.16039 —189.19467 0.93
C40 (X327) C,O (X 2I0)
SCF/aug-cc-pVDZ —226.14166 —226.21910 2.11
SCF/TZ2Pfdiff —226.19862 —226.27521 2.08
BP86/DZP++ (ref 21) —227.45951 —227.56924 2.99
CCSD/aug-cc-pvDZ —226.83045 —226.93462 2.83
CCSD/TZz2Pf-diff —227.06784 —227.17351 2.88
CCSD(T)/aug-cc-pvVDZ —226.87034 —226.97546 2.86
CCSD(T)/TZ2P1+-diff —227.11699 —227.22357 2.90
CCSD(T)/aug-cc-pVTZ//CCSD(T)/TZ2Rdiff —227.12375 —227.23350 2.99
C40 (X 327) CiO- (A =h)
SCF/aug-cc-pVDZ —226.14166 —226.17026 0.78
SCF/TZ2P#-diff —226.19862 —226.22821 0.81
CCSD/aug-cc-pvVDZ —226.83045 —226.88131 1.38
CCSD/TZz2Pf-diff —227.06784 —227.12205 1.48
CCSD(T)/aug-cc-pVDZ —226.87034 —226.92127 1.39
CCSD(T)/TZ2P#-diff —227.11699 —227.17115 1.47
CCSD(T)/aug-cc-pVTZ//CCSD(T)/TZ2Rdiff —227.12375 —227.18133 1.57

aTotal energies are given in hartrees and detachment energies in eV. Note that the reported values are not zero-point corrected.

decreases by about 0.04 A. The-O—C angle 6y) is strongly Nonetheless, the presence of the linéar and the benA”

bent (about 140 degrees) in the opposite direction of the lessstates below the detachment threshold is significant, as most
bent G-C—C angle 0,); that is, the?A’ C30~ is in a “trans” anions do not have any bound excited states. One might expect
configuration. Certainly, these geometry changes are consistentsimilar excited states for other members of th®©C(n > 4, n

with the original photoelectron spectrum. is even) family.

The electronic configuration of the O~ (4IT) anion was The results of our predicted adiabatic electron affinities for
given in eq 5. The first excited state represents promotion of C3O and GO (reported in Table 3) converge upon definite
an electron from the Id orbital to the 3r orbital. This gives values. We find EA(@D) = 0.93 and EA(GQO) = 2.99 eV.
an excited?’=" state with the electronic configuration given in  The estimated error a£0.10 eV accounts for both inadaquacies
eq 6. Our best result places this state at 1.42 eV higher than thein the level of theory and the fact that linear species gdC
ground?IT state. In addition to théE" state, we investigated C4O, and GO~ are not truly linear. The §D value is 0.41 eV
both quartet states of the configurations given in eqs 7 and 8. lower than the experimental value and is consistent with the
A stability analysis performed at the SCF level and an EOM- large geometry change in the original spectrum. Th® f&sults
CCSD/aug-cc-pVDZ examination at the@ (2[1) geometry are similar to our previous DFT wotkon C,0, which reported
revealed no other excited states below 2.83 eV (the detachment BP86/DZP-+ EA of 2.99 eV. As may be expected, the SCF
threshold). Thus, it is not surprising that at the SCF/T Z2dkff results, which lack electron correlation, differ greatly from the
and CCSD/aug-cc-pVDZ levels we were unable to locate a higher-correlated levels of theory, and thgdCSCF results are
bound structure for thé&=~ state. The g0~ (“II) state is 2.68 deceptively close to the experimental value. As may be
eV (SCF) and 3.01 eV (CCSD) above tRH ground state, evidenced from the zero-point vibrational energies given in
which is above the predicted detachment threshold at both levelsTable 2, zero-point corrections to the predicted electron affinities
of theory. Nonetheless, we observed an imaginary frequencyshould be minimal at best. Finally, the adiabatic detachment
of 795 at the SCF levetindicating the presence of a bent potential of the first excited state o0~ appears to converge
Renner-Teller species. Such a species was indeed located andpon a value of 1.5 0.10 eV. This value is 0.48 eV lower
is a minimum with an G-C;—C; angle of about 130 degrees than the reported experimental value for the electron affinity
and essentially linear ££C3—C,4 bonds using CCSD/aug-cc-  of C40. Thus it appears that the@~ A 2=+ excited state was
pVDZ. This G (PA") species is 0.94 and 1.11 eV lower than not active in the experiments of Oakes and Elligdn.
the 42 state at the SCF/TZ2Riff and CCSD/aug-cc-pVDZ Despite both experimental and theoretical evidence that both
levels, respectively. No further examinations of this state were C,0 and GO~ are linear or nearly so and thaj@is a ground-
performed, as it is too high in energy relative tgaC (3I1) to state triplet, the inconsistency between the experimental pho-
account for the 2.05 eV feature observed by Oakes and Ellison.toelectron spectrutf and our hitherto discussed theoretical
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TABLE 4: Ab Initio Predictions for the Adiabatic Electron Affinites (in eV) of Various Structural C 4,0 and C,0~ Isomers?

isomer/method neutral (energy) AE anion (energy) AE EA (eV)

linear

BP86/DZPt++ (ref 21) —227.45951 0.0 —227.56924 0.0 2.99

CISD/IMP2/DZP —226.85805 0.0 —226.95848 0.0 2.73
“diamond”-shaped

BP86/DZPt++ —227.43624 145 - - -

CISD/IMP2/DZP —226.83904 12.0 - - -
“V"-shaped

BP86/DZP++ - - - - -

CISD/IMP2/DZP —226.83601 13.8 —226.94903 6.0 3.08
“T"-shaped

BP86/DZP++ —227.42797 19.8 —227.52834 25.6 2.73

CISD/IMP2/DZP —226.82995 17.5 - - -

aTotal energies are given in hartrees, relative energies in kcal'm@lSD//MP2/DZP results are from ref 20. See Figure 2 for optimized
geometries of the “T"-shaped and “diamond”-shaped isomers and Figure 3b for a pictorial representation of this table.
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Figure 2. BP86/DZP++ optimized geometries of structural isomers 2.99 eV 3.08eV 273 eV 1.57eV®

of C4O0/C,O™. All distances are in angstroms and bond angles in degrees.

(a) “Diamond”-shaped structure JO, 'A;], and (b) “T"-shaped

structure [GO, *Aq; C4O™, 2B4]. 50

— 20

results prompted us to consider whether any structural isomers —— 1.0 B, "T"-shaped
of C4O and GO~ may account for the observed EA of 2.05
eV. As mentioned earlier, Kannari et al. concluded that the linear
C40 and GO~ structures were each the global minimum on | oo
their respective potential energy surfaces, with an electron g, v
affinity of 2.73 eV at the CISD//MP2/DZP levé!.They also Figure 3. Detachment energies (eV) oG~ (a) and various gD~
reported a bent “V-shaped isomer for both the anion and neutral mgjeties (b). All values are at the BP86/DER level, exceptCCSD-
species, which gave an electron affinity of 3.08 eV. While (T)aug-cc-pvTZzCISD//IMP2/DZP (ref 20), andCCSD(T)/aug-cc-
Kannari et al. did locate two other structural isomers of neutral pVTzZ//CCSD(T)/TZ2P#-diff.

C40, they failed to find corresponding,O~ structural isomers.

Having already examined the linear isomers using the BP86/ structural isomer is less stable than the linear structure and that
DZP++ level of theory! (See Tables 1 and 3), we explored all isomers (including the linear species) yield electron affinities
the isomeric structures first examined by Kannari et al. Our DFT greater than the laser photon energy (2.540 eV) used in the
optimizations of both the neutral and anion “V"-shaped struc- original experiment. While it may be possible that an excited
tures led to the linear isomers in both instances. It seems uncleaistate in the “V”- or “T"-shaped anion could account for the
whether these isomers exist at all or rather if they are not minima observed spectrum, the likelihood of such a bizarre occurrence
on the BP86/DZP+ potential energy surface. Nonetheless, the being observed physically seems minute.
results of Kannari et al. show that they could not account for
the experimentally observed EA. 4. Conclusion

Besides the “V"-shaped structure, and in agreement with
Kannari et al., we located a “diamond’-shaped isomer (See Our findings are strong evidence that the reported value for
Figure 2a) for the neutral species only. We also located the “T”- the electron affinity of @O (1.34+ 0.15 eV) is somewhat high.
shaped structure that Kannari et al. reported for neuts@.C ~ The more likely value for EA(€O) is 0.93+ 0.10 eV, and this
Additionally, we were able to find the corresponding “T"-shaped is consistent with the experimental spectrtin.
anion isomer (Figure 2b). The “T"-shaped isomers may result  The experimental photoelectron specttfiof C,O~ contains
from the perpendicular addition of,Qor C,— for the anion) to a feature at electron kinetic energy 0.490.15 eV which
CCO. The BP86/DzZf+ results suggest an electron affinity translates into an effective binding energy of 2:069.15 eV.
of 2.73 eV for this isomer. But our computational result for the electron affinity ofis

Our DFT results, together with those of Kannari et al., are 2.994 0.10 eV, which is not compatible with a binding energy
summarized in Table 4 and shown in Figure 3b. Note that each of 2.05 eV. A 488 nm laser will not be able to photodetach

FYYVIN VPV VYV VYV VIV VIV VIV IV VIV VRN “V".shape,db
nc,o
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such a strongly bound anion because the photon energy (2.540 (15) Van Zee, R. J.; Smith, G. R.; Weltner, W., JrAm. Chem. Soc

eV) is less than the electron binding enerfiy.ss < EA(C40)
=~ 3 eV. One way out of this dilemma would be that thgdC
ion beam produced by the;O, high pressure electric discharge
contained a population of electronically excitegdC anions,
A 23+ C40~. If the term value for this species were roughly

T«A 2=t C,07) = 0.94 eV, detachment of these metastable

1988 110, 609.

(16) Maier, G.; Reisenauer, H. P.; Sééa U.; Balli, H. Angew. Chem.,
Int. Ed. Engl 1988 27, 566.

(17) Ohshima, Y.; Endo, Y.; Ogata, J. Chem. Physl995 102, 1493.

(18) Watanabe, N.; Shiromaru, H.; Negishi, Y.; Achiba, Y.; Kobayashi,
N.; Kaneko, Y.Z. Phys. D1993 26, S252.

(19) Oakes, J. M.; Ellison, G. Bletrahedron1986 42, 6263.

(20) Kannari, H.; Aoki, K.; Hashimoto, K.; Ikuta, £hem. Phys. Lett.

anions could be the source of the observed photoelectrons: A1994 222 313.

2+ C4O0” + hwags— 32~ C4O + €7, since [2.99-0.94= 2.05
eV]. However, our estimated term value for &+ C,O~ is

1.42 eV, and this is not consistent with this interpretation.

Furthermore, although analysis of structurgD8C,0O~ isomers

(21) Brown, S. T.; Rienstra-Kiracofe, J. C.; Schaefer, HJFPhys.
Chem 1999 103 4065.

(22) Tschumper, G. S.; Schaefer, HIJFChem. Physl997 107, 2529.

(23) Rienstra, J. C.; Schaefer, H. F..Chem. Phys1997 106, 8278.

(24) Wenthold, P. G.; Kim, J. B.; Jonas, K.; Lineberger, WJCPhys.
Chem. A1997 101, 4472.

suggest “T"-shaped and (perhaps) bent “V"-shaped isomers, both  (25) Dunning T. H., JrJ. Chem. Phys1971, 55, 716.
are less stable than the linear structure and also correspond to (26) Lee, T. J.; Schaefer, H. B. Chem. Phys1985 83, 1784.

electron affinities greater than the laser detachment threshold.

These, then, are likewise inconsistent the original spectrum.

Certainly, our results presented here imply that the electron
affinity of C40 is incorrect. However, a satisfactory explanation

(27) Dunning, T. H. JrJ. Chem. Phys1989 90, 1007.

(28) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Chem. Phys
1992 96, 6796.

(29) Purvis, G. D.; Bartlett, R. J. Chem. Phys1982 76, 1910.

(30) Rittby, M.; Bartlett, R. JJ. Phys. Chem1988 92, 3033.

(31) Gauss, J.; Lauderdale, W. J.; Stanton, J. F.; Watts, J. D.; Bartlett,

of the 2.05 eV feature observed in the photoelectron experimentr. J.Chem. Phys. Lettl991, 182, 207.
has not been found. In the past 13 years, new ion sources have (32) Watts, J. D.; Gauss, J.; Bartlett, RChem. Phys. Let1992 200,

been developed, and the resolution of the electrostatic analyzersl'

(33) Watts, J. D.; Gauss, J.; Bartlett, R.JJ.Chem. Phys1993 98,

has improved by an order of magnitude. Consequently the g71s.

negative ion photoelectron spectrum shoud be revisitef®C
+ hwss1 nm— C40 + €. These experimental efforts may require
more extensive theoretical explorations of thqO@C,0~
potential energy surfaces.
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