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Abstract

Dissociative ionization of several linear, cyclic, and branched molecules was used to gegéraitel G, carbon clusters.
However, mass spectra from collisionally activated dissociation (CAD) and neutralization—reionization (NR) under a wide
variety conditions were indistinguishable, indicating only one isomer or same mixture of isomers. Likewise, CAD and
NR spectra of Gt and G* from 13CH,=CH-CH=13CH, and CH-'3C=CH, show completd?C/A3C scrambling. CAD
cross sections are consistent with'cCg™ ions as mainly linear isomers and Cions from cyclic precursors as mainly
cyclic. CCSD(T) ab initio and B3LYP density functional theory calculations with large basis sets yielded structures anc
energies for a variety of cationic, neutral, and anionic carbon clusters and transition states for some cationic rearrangeme
The calculated enthalpies of formation, dissociation energies, ionization energies, and electron affinities mostly agree wi
currently accepted experimental data. However, CCSD(T) calculations indicate adiabatic ionization energidl{@e@V)
and G isomers (10.48, 10.82, and 10.86 eV) that differ >1 eV from recent measurements. (Int J Mass Spectrom 217 (200
81-96) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction of polynuclear aromatics, diamond films [7], and
soot [2,8] has been the subject of extensive theoreti-
Carbon clusters were first studied spectroscopically cal and experimental research; the latter was mostly
using emission from interstellar clouds and other focused on ionic species, although spectroscopic
cosmic environments [1,2]. As reviewed [3,4], the studies of matrix-isolated neutral carbon clusters
chemistry of G molecules and ions in plasmas (car- have been also reported [9]. Following our prelim-
bon arcs, laser ablation) [2,6] and in the formation inary study [10], there have been recently reports
on & [11] and G [12] neutral carbon clusters that
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cyclic cationic precursors and analyzed by NRMS
following conversion to anions and cations.
Theoretical calculations have predicted for small
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stable cyclic structures are indicated fo5—g° neu-
trals and G* ions by coulomb explosion techniques
[32], and, from the same laboratory, fosG® neu-

C,.0 species that odd-numbered clusters have lower trals by electron affinity measurements [32¢,33]. The

electron affinities, closed shell ground states, and
higher stabilities. For the cationic,C counterparts,

a similar order of stability was indicated, whereas for
C,,~ anions an opposite trend was found [4,5,14-16].
Although stable ¢° and G+ (n < 10) structures
were first predicted to be non-cyclic, more recent ab
initio calculations showed stability also for cyclic
isomers [4,5,15] with the two isomers close in en-
ergy for G* [15,17], G [15,18], and G* [15]. In
addition, most recent high-level studies [19-23] have

latter values were much lower than those reported
earlier [28], possibly because the cyclic isomers
were present in<10% concentration [32c], with
the admixture dependent on laser/graphite interac-
tion conditions [33]. Almlof and co-workers [290]
noted that the structures obtained in frozen inert
gas matrices may differ from those in the gas phase
[29h]. Additionally, cyclic G* was indicated by
infrared spectra using an argon matrix [34], and a
second, presumably cyclic,7E isomer by differ-

agreed on the existence of branched structures forences in bimolecular reactivity [27] and ion mobility

C4°, C41, and G~ species that were in general sub- [31]. All these studies utilized high-temperature for-

stantially less stable than the most stable linear or mation from elemental carbon of theses clusters,

cyclic isomers. whose formation entropy should favor linear isomers
In experimental studies, carbon vaporization, with [4].

and without post-photoionization, yielded mass spec-
tra with more abundant odd-numbered,C and
even-numbered C clusters [4,23-27] as predicted
by theory. This is more indicative of the relative sta-
bilities of C,* and G,~ than of G,°. As pointed out
for C,* spectra by Bowers and co-workers [25], the

actual G° abundances measured by mass spectrom-

etry depend significantly on ionization cross sections
and G, stabilities. However, the high relative stabil-
ity of C30 is supported by its preferential loss from
both G, [4,25-27] and G~ [24]. Mass-selected,C
clusters undergoing metastable [25], collisionally ac-
tivated [26,27a], and laser dissociation [4] also favor
formation of G+ species of odd-numberedl val-
ues. Threshold dissociation energies gf Gspecies
were measured by collisionally activated dissociation

In a different approach that could avoid the
entropic preference, Lifshitz and co-workers [26]
utilized dissociative electron ionization of cyclic per-
chlorinated molecules to generatg™Cwith n = 3,

5, 6, 7, and<10, but found no evidence that this
method gave different isomeric structures than those
generated by carbon vaporization. A more spe-
cific method of preparation of linear,C anions
was reported recently that utilized fluoride-induced
desilylation of trimethylsilylated diyne precursors
[11,12].

Here, we have extended the cationic approach in
an attempt to prepare linear, branched, and cyclic
C, T ions. Of these, € and G were studied most
extensively because their isomers are predicted to be
stable and of closely similar energies [4,15-23]. Fur-

(CAD) and showed the odd-numbered clusters to be ther, with NRMS [13], these mass-selected cations

more stable than the even-numbered ones up=ta9,
in qualitative agreement with theoretical predictions
[15a].

Concerning isomeric characterization, evidence for
open chain ¢%, C,*, and G,~ has come from pho-
toelectron [28], infrared [29], microwave [2,30], and
electron [9] spectroscopy, low-energy, T dissoci-
ations [25], and ion mobility values [31]. However,

are then utilized to form the corresponding neu-
trals and anions. Product abundances from their
competitive unimolecular dissociations are used to
evaluate basic thermodynamic values proposed for
C.%, C,m and G~ [4,5,35-37], for which ma-
jor disagreements still exist. Additional theoretical
calculations have been performed to guide these
experiments.
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2. Experimental Geometries were optimized with spin-unrestricted
density functional theory calculations using Becke’s
Using a tandem double-focusing (EB-EB, £ hybrid functional (UB3LYP) [41], and the 6-331
electrostatic, B= magnetic sector) mass spectrome- G(2df) basis set. Stationary points were characterized
ter described in detail elsewhere [38], ions formed by by harmonic frequency calculations as local min-
70eV electrons were accelerated by 10 keV, mass se-ima (all real frequencies) or first-order saddle points
lected by MS-I (EB), and underwent charge-exchange (one imaginary frequency). Improved energies were
collisions with a neutral target gas in the first collision obtained by single-point calculations using B3LYP
cell (Cls-l) to form fast neutrals. The calcium neutral- gnd Duning’s tripleé correlation-consistent basis set
ization experiments employed a special furnace for furnished with diffuse functions, aug-cc-pVTZ [42].
vaporization temperatures up to 8@and special  |n an additional set of calculations, single points
care to minimize Hg background (a reason that Xe were obtained by spin-unrestricted coupled-cluster
was used as a high IE target instead of Hg) [38b]. calculations [43,44], using single, double, and per-
Residual ions were deflected electrostatically, and the turbational triple excitations of valence electrons,
fast neutrals were made to undergo collisional reion- UCCSD(T)/aug-cc-pVTZ. Spin contamination in the
ization in Cls-Il to yield cations or anions. Negative DFT calculations was low, as judged from th&?)
ions were also formed by charge reversal of the pre- pperator expectation values that were 0.75-0.77 for
cursor cations with benzene in Cls-Il. The resulting doublets, 2.00-2.02 for triplets, and 3.75-3.76 for
ions were separated by kinetic energies in E-Il and de- quartets. Spin contamination in the UCCSD(T) calcu-
tected. For cross section values, the neutral beam flux|ations was largely reduced by annihilation of higher
was measured using a retractable channeltron multi- spin states through projection [45] that gay&)

plier at Cls-Ill before E-Il. The designatiofNR™, Na  within 0.02 of those expected for pure spin states.
(85%T)/& (70%T) indicates a spectrum from cation

neutralization with Na at 85% precursor beam trans-
mittance, followed by residual ion deflection (slash) 4. Results and discussion
and reionization to cations with£{at 70% beam trans-
mittance. Data acquisition, reduction, and computer 4.1. Theoretical calculations of carbon cluster
control employed a PC-based computer system [38c]. structures and energies
Specific ion precursors included: hexabromoben-

zene €-CgBrg), hexachlorobenzenec-CsCle), ben- Although a large number of carbon clusters have
zene ¢-CgHg), hexachlorocyclopentadiene CsCle), been addressed by previous theoretical calculations
1,3-butadienert-C4Heg), hexachloro-1,3-butadiene-(  [5 11,12,14-22], those were carried out at widely dif-
C4Clg), 1,4-dibromo-2-butynetCsHaBr2), 1-bromo-  ferent levels of theory and are therefore difficult to

2-methylpropenei{C4H7Br), 1,2,-dibromo-2-methyl-  unify to provide a coherent description of the systems
propane i-C4HgBr2), propene 1-CsHe), and cyclo-  ynder study here. Ab initio calculations of carbon clus-
propane ¢-C3Hg). Hp'3C=CHCH='3CH; was syn-  ters are notoriously difficult because of a multitude

thesized adopting the procedure for the corresponding of bound electronic states for the singlet and triplet
14C-isotopomer [39]. All other compounds, including  states in G° and doublet and quartet states isfGand

CH,=13C—CH, were obtained commercially. C,~, and often necessitate the use of multireference
configuration interaction methods to obtain the correct
3. Calculations electronic state [46]. Density functional theory calcu-

lations tend to provide ground electronic states and are
Standard ab initio calculations were performed therefore useful for geometry optimization of carbon
using the Gaussian 98 suite of programs [40]. clusters. As a case in point, starting from the MRD-CI
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Table 1

Optimized geometries and harmonic frequencies
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Species Symmetry  Electronic Geometry Harmonic frequencies (ch)?
group state Bond length (A) Bond angle®)
C1-C
C, Doch tny 1.246 1873 ¢g)
Cot Dooh 4Ty 1.403 1334 ¢)
Co™ Dooh 2ng 1.258 1842 ¢)
Co Dooh 4Ay 1.427 1178 ¢g)
C1-C-C3
Cs Doch Ixg 1.287 135 fu), 135 (ry), 1242 ¢g), 2144 6y)
Cs Coov Sm C1-Cp: 1.284 235 £), 397 (r), 484 @), 1223 ¢)
Cy—C3: 1.296
Cst Deoh 25y 1.287 100 £y), 100 (ry), 1232 ¢ g)
Cs* Dooh(Cav) 4By 1.263 277 §1), 1345 ), 1915 fp)
Cs~ Dooh 2% 1.301 277 fu), 419 @y), 1198 ), 1763 ¢ y)
Cs~ Dooh (Cav) A, 1.306 445 &), 1172 @), 1521 b2)
G,
T
C3 Dan Y 1.363 60 11684€), 1168 €), 1614 ¢})
Cst Coy 2B, 1.310 66.7 73543), 1239 by), 1658 &)
Cst (TS)  Cu ’B, 1.288 136.0 i112 @), 1365 @1), 2343 by)
Cst Dan WY 1.388 60 11821p), 1182 1), 1554 &)
Cs™ Cay 2p; 1.356 68.8 7734y), 913 (2), 1554 @)
Cz~ Cay ‘A, 1.369 70.1 278kp), 674 @), 1461 @)
C1-Co-Cs—Cy
Ca Deoh 1y, C1-Cp: 1.306 150 fu), 212 (ry), 302 (rg), 489 (ry),
Cp—Cz: 1.290 939 ¢g), 1603 @), 2125 @)
Ca Deoh 3% C1-Cy: 1.304 178 fu), 178 (ry), 385 (rg), 385 (rg),
Co—Cz: 1.286 942 §g), 1597 Gy, 2123 G g)
Cyt Doch 23, C1—Cy: 1.364 113 fu), 148 (wy), 259 (rg), 335 (rg),
Cp—Cg: 1.254 891 ¢g), 1323 ), 2140 @ g)
C4™ Deoh I C1-Cp: 1.270 222 fru), 243 (ry), 445 (1), 515 (rg),
Cp—Cg: 1.333 923 §g), 1775 ), 2097 G g)
/Cz\
G G
\C 4/
Ca D2h Aq C1-Cp: 1.442 G-C—Cz: 117.6 312 Kay), 502 (2u), 949 @g),
Cp—Cy: 1.493 G-C3-Cy: 62.4 1013 Kzg), 1285 f1y), 1391 bru)
Cs Cay 3A C1-Cp: 1.434 G-C—Cz: 85.8 616 &), 640 @), 641 @),
Co—Cy: 1.435 G-C3—Cy: 85.7 704 b), 711 (), 1316 §)
Cyt Cs 2N C1-Cp: 1.370 G-C-C3: 11.3 317 &), 422 @), 569 @),
Co—Cz: 1.491 G-C1—C4: 71.8 1101 &), 1203 &), 1309 &)
Cy~ Dop szg C1—Co: 1.448 G-C-C3: 119.6 121 l3g), 485 (2u), 513 su),
Co—Cy: 1.457 G-C3-C4: 60.4 996 fg), 1208 p1y), 1308 &g)
C,—C
/ Ne
CI («4
Cyt (o7 4Bl C1—Co: 1.275 G-C-Cs: 149.9 217 &), 452 @), 512 (),
C>—Cs: 1.305 1064 &), 1934 @y), 2114 by)



A. Fura et al./International Journal of Mass Spectrometry 217 (2002) 81-96 85

Table 1 Continued

Species Symmetry Electronic Geometry Harmonic frequencies (ch)?
group state
Bond length (A) Bond angle®)
G
/CI_CZ
o
Cy Cs A7 C1—Cy: 1.326 G-C—Cs: 140.3 79 &), 237 @’), 696 @),
C1—Cs: 1.485 G-C1-C4: 162.5 871 &), 1298 &), 1673 @)
C]_—C4: 1.412
Cy Cav 3A; C1-Cy: 1.387 G—C1—Cs: 108.0 199 ¢), 199 @), 337 @),
C4—C—Cr—Cz: 116.6 1090 ¢), 1090 €), 1173 @)
C4T (TS) Cov (Cs) 274 C1—Cyp: 1.377 G-C—Cs: 150.4 11112 ), 276 (1), 300 (),
C1—Cs: 1.430 786 &1), 1195 @1), 1479 @1)
C3—Cy: 1.413
(:4Jr Coy 4A2 C1—C: 1.377 G—-C1—C3: 152.8 230 bz), 340 bl), 839 @1),
C1—Cs: 1.433 851 lpp), 1328 @1), 1689 @)
C3—C4: 1.311

aUncorrected B3LYP/6-314G(2df) frequencies.

geometry for ground-state,C [46], our B3LYP op- are pyramidized at the central carbon atom. We find

timization yielded the42§ ground state of the ion, the electron configuration for the branched singlet to

and likewise ground-state geometries of desired spin be 1A” as opposed tdA’ reported previously from

multiplicity were obtained for other species. The op- B3LYP calculations with a smaller basis set.

timized geometries, electronic state assignments, and We found two local minima for doublet£<, e.g.,

harmonic frequencies are summarized in Table 1. the most stable cyclic isomer @5 symmetry and
Three local minima were found fors, e.g., the the linear isomer. This order of stability was reversed

linear singlet and triplet, and a cyclic triplet of which

(12g)C30 is by far the most stable neutral structure

(Table 2). In line with previous studies [17a,20] we Table 2 _

obtained a cyclic?(Bz) and linear %Eu) structure for Relative energies of neutral carbon clusters

Cz*t of very similar energies (Table 3). A transition Structure Symmetry Electronic  Relative energy

. . . rou state
state for G isomer interconversion was found to be group B3LYP® CCSD(Ty
only 5kJ/mol above the less stable linear isomer, indi- ¢,0
cating an extremely facile isomerization. Foy Gthe Cyclic Con 1Aq 0 0
linear doublet {I1g) is the by far most stable struc- ~ Linear = Do 129 5 43
followed by the cyclic double? hile the Branched  Cs A au M2
ture, followed by the cyclic oq etf1), while Cyclic Dok 3%, ~70 6
quartet structures are substantially less stable. Linear Cov 3A 108 115
Linear, cyclic, and branched structures were found Branched Csy A 403 365
to be local minima for the singlet and triplet states C5°
of C40 (Table 1) in keeping with previous studies (L:'”elf"“ Boch ;Eg 88 8%
. . . 0 yclic 3h 1
[5,11,15]. The cyclic singlet is the most stablg~“C Linear Do 311, 204 222

isomer, followed closely by the linear triplet which —

. | aAt OK in units of kJ/mol.

1S Onlly 6kJ/mol less Stabl_e from our (_:CSD(T) cal- bCalculations with the aug-cc-pVTZ basis set including
culations. The branched singlet and triplet structures B3LYP/6-311+G(2df) zero-point corrections.
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in B3LYP calculations that made the linear isomer
26 kJ/mol more stable. At our level of theory, the
slightly puckeredCs structure for cyclic G© was
lower in energy than the plan&y, structure reported
recently [11]. In addition, we find branched Cstruc-
tures Cs or Cypy) to be first-order saddle points with
one imaginary frequency (Table 1). The energy of the
C,y saddle point{A; state) relative to the most stable
cyclic C4T isomer AE = 108 kJ/mol) was substan-
tially lower than for the?B; state reported as a local
minimum (AE = 169 kJ/mol) by Blanksby et al. [11].

These differences may be due to the different basis sets Cyclic

used to find the stationary points, which was 6-31G(d)
in [11] and 6-313%G(2df) in the present work. Never-
theless, the existence of a local energy minimum for
the lower-energy branched doublet structure appears to
be in doubt. We found no low-lying local energy mini-
mum for linear quartet £, which was a saddle point
for degenerate isomerization of a bey, structure.
The latter is another low-energy isomer that is calcu-
lated to be only 62 kJ/mol abovéX’)C4*. In addi-
tion, we found a branched quartet Cto be a local en-
ergy minimum (Table 1) which was 119 kJ/mol above
the most stable cyclic doublet,€ isomer (Table 3).

Table 3
Relative energies of cationic carbon clusters

Structure Symmetry Electronic Relative energy
group state B3LYPP CCSD(TP
Cyt
Cyclic Cs 2pn 0 0
Linear Dooh 2Ig —24 10
Branched Cy, 2Aq 99 108
Lineal® Dooh 4X 25
Bent Coy 4B, 22 62
Branched Cyy, 4A, 86 119
Cst
Cyclic Coy 2B, 0 0
Linear Doch 23, 34 4
TS Cay 2B, 35 5
Cyclic Ds3n Y 31 58
Linear Doch (Cov)  (4B1) 130 169

aAt OK in units of kd/mol.

bCalculations with the aug-cc-pVTZ basis set including
B3LYP/6-311G(2df) zero-point corrections.

CFirst-order saddle points.
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Table 4
Relative energies of anionic carbon clusters

Structure  Symmetry Electronic  Relative energy
rou state
group B3LYP®  CCSD(TP
-
Linear Dgon 2g 0 0
Cyclic  Dap 2Byyg 167 125
Linear Dgon AL 269 278
C3™
Linear  Dgon 2q 0 0
Cyclic  Cyy 201 58 43
Linear Dgoh (Cov)  (%A2) 130 169
Cov 4By 309 293

aAt 0K in units of kJ/mol.
bCalculations with the aug-cc-pVTZ basis set including
B3LYP/6-31H-G(2df) zero-point corrections.

Linear doublets were the most stable structures for
both G~ and G~ (Tables 1 and 4). Cyclic doublets
and quartet structures were also found as local min-
ima but were substantially less stable than the linear
doublets.

4.2. Carbon cluster electron affinities and
ionization energies

The structures and energies for the most stable
neutral and ionic isomers allowed us to calculate the
pertinent adiabatic ionization energies and electron
affinities that were compared with experimental data
(Table 5) and further used to evaluate ion dissociation
energies (Table 6). The electron affinities show very
good agreement with experimental data for C [47],
Co [48,49] and G [48,50,51], where the CCSD(T)
data are within 0.04-0.08 eV of accurate values from
photoelectron spectra of anions. Interestingly, the
calculated EAs for ¢ allow us to reinterpret the pho-
toelectron spectrum of £ reported by Neumark and
co-workers [48]. The main low-energy peak in the
spectrum (corresponding to EA 3.882eV) agrees
very well with the calculated electron affinity of the
linear triplet, £3)C4 (3.82¢eV, Table 5). A less in-
tense peak (corresponding to EA4.173 eV) that was
assigned by Neumark and co-workers i(zﬁg)C4°,
coincides with our calculated electron affinity of
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Table 5
lonization energies and electron affinities of carbon clusters
Neutral lon Energ§® Reference
B3LYP/aug-cc-pVTZ CCSD(T)/aug-cc-pVTZ Experimental
(eP)C eP)ct 11.54 11.18 11.26 [35]
épP)C ¢s)c 1.37 1.22 1.263 [35,47]
(@Fp[e (“zg)C2" 11.79 11.80 11.92 [53]
11.41 [52]
12.15 [54]
(@Fp[e (@ryley 4.36 3.18 3.273 [48]
3.265 [49]
(*zg)Cs (’zy)Cat 12.22 11.79 12.97 [57]
11.1 [55]
12.1 [56]
(®Mg)Cs (?zy)Cat 10.10 9.49 -
(A))Cs (3B,)Cs™ 11.03 10.86 -
(*xq)Cs (?Tg)Cs~ 2.20 1.95 1.995 [48]
1.981 [50]
1.950 [51]
(*2g)Cs (PTig)Ca* 10.48 10.48 12.54 [57]
(*Ag)Ca (CANC,* 10.81 10.82 -
(®%g)Cs (2Tg)Cqs* 11.25 10.86 -
(t2g)Ca (PTIg)Cq™ 4.50 4.20 4.173 [48]
(®%g)Cs (?Tg)Cq~ 3.73 3.82 3.882 [48]
3.70 [51]
(*Ag)Ca (?B2g)Ca™ 2.69 2.45 -

aAt 0K adiabatic values in units of electron volt (eV).
bElectron affinities given as positive values.

(1EJ)C4° (4.20eV, Table 5). The preferential forma- to the most stable bent isomer 0§ Cis likely to face

tion of (3%;)C4° upon photoionization of(1g)Cs~ substantial Franck—Condon effects which may influ-
is not due to Franck—Condon effects, because the ence the experimental measurements. The calculated
equilibrium structures ofl(z:ar) and @zg*)c40 are ionization energies of £ span 10.48-10.86eV de-

very similar. Rather, the peak intensities in the photo- pending on the neutral isomer (Table 5). These values
electron spectrum were affected by energy-dependentare substantially smaller than the single experimental
electron detection efficiency. The most stable cyclic determination by Ramathan et al. (12.54eV [57]).
isomer, £Ag)C4?, is calculated to have a substantially The reason for this discrepancy is unclear.
lower electron affinity (2.45 eV) and was not observed
in the photoionization measurements [48]. 4.3. Isomer characterization for CAD

The calculated ionization energies are in good and NR spectra
agreement with experimental data for 35] and G
[52-54]. The IE for G° is bracketed by the values CAD (02 (50%T)) of 10keV G*—C;* clusters
from older measurements [55,56], but substantially gave the spectra shown in Fig. 1 that were in agreement
lower than the more recent datum of Ramathan et al. with the CAD (air) spectra of 8keV £, CsT, Cgt,
[57] (Table 5). We note that ionization of linear® and G ions [26,27a]. However, our4£2 and G
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Table 6
Dissociation energies of carbon clusters
Reaction Relative enerfly
B3LYP® CCSD(TP Experimentdl
Cﬂo
(*=4)C2 — (P)C+ (3P)C 503 588 605
505 59F
843 838
(*2g)Cs — CP)C+ (*2{)C2 829 698 697
700 734
(Ag)Cs — CP)C + (*=g)Cs 447 461 490
467 566
(*Ag)Cs — 2(37)C2 788 585 582
591 705
C50 — Clo + C40 - - 682
Cs0 — G0 + C30 - - 567
CGO N Clo +C50 — - 480
C50 — Czo + C4o - - 557
Ce® — C3% +C5° - - 350
Cn+ e
(*z4)C2" — (P)C+ (?P)CF 551 525 542
(®B2)Cs* — (3P)C+ (*z4)Cat 735 692 680
(®B2)Cs™ — (*P)CF + (*£f)C2 798 644 616
(CA)Cst — (CP)C + (3By)Cst 548 550 448
(CANCst — (2P)CH + (12g)C3 517 496 367
CANCt — (*3)C2" + (P3g)C2 796 669 522
C,~©
(zgh)C — (*s)c + (GP)C 777 763 799
(Mg)Cs~ — (*S)C + (*=4)C2 909 768 768
((Tg)Cs™ — (?P)C+ (*%¢)Ca™ 620 579 574
(CMg)Cs™ — (*S)C + (12g)C3 741 705 743
(Tg)Cs™ — (PP)C + (*T1g)C3~ 661 635 672
(CMg)Ca~ — (*T)C2 + (*5g)C2~ 793 640 641
Cs™ — C1% +C4 - - 581
Cs— - C~ + C40 - - 834
Cs™ — C% +C3™ - - 649
Cs~ — Gy~ +C3° — — 526
Cs~ — C1% +Cs™ - - 610
Cs~ — C1~ +Cs° - - 762
Ce™ — G0 +Cy4 - - 586
Cs~ — Co~ +C40 - - 646
Ce~ — C3™ + C3° - - 562

ln units of kJ/mol.

bCalculations with the aug-cc-pVTZ basis set including B3LYP/6-BG{2df) zero-point corrections.

CAt OK values in upper lines from [37], 298.15K values in lower lines from the NIST database [35].
dAt OK relative energies in upper lines, 298.15K relative energies in lower lines.

€At OK relative energies for cations and anions.

CAD spectra were independent10%) of the wide precursor ions to increase their internal energy. The
variety of precursor molecules used. Further, these CAD spectra of @ from c-CgClg andc-CgBrg, and
spectra were not significantly changed by collision- of C;* from toluene and cycloheptatriene were also
ally activating (He (50%T), first field-free region) the closely similar.
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Fig. 1. CAD spectra, @ (50%T), identical £10%) for the same ) B ) )
ion from the listed precursors: (A) & from n-CzHg, n-C4Clg; Fig. 2. Charge reversalNR™ spectra, GHs (30%T), identi-
(B) Cs* from n-CgHg, n-CaClg, c-C3Hs, c-CsCls; (C) Cat cal (£20%) for the same ion from the listed precursors: (A-F)
from n-C4He, n-C4H4Br2, n-C4Cls, i-C4Hs, i-C4H7Br, i-C4HgBr2, C1*-Cs*, respectively, as in Fig. 1, excepy Cis from n-Cy4Cl,
¢-CsClg, c-CgHg, and c-CsClg; (D) Cs* from c-CsCls; (E) Cot i-C4H7Br, and c-CsClg. Higher trace is amplified 10-fold.
from ¢c-CsClg and c-CgBrs; (F) C;+ from toluene and cyclohep-
tatriene.

error. The G charge-exchange spectraNR™ CgHg
NR mass spectra have been used successfully to dif-(30%T), Fig. 2) gave similar¥20%) data for G and
ferentiate a multiplicity of isomers for cations whose Cy4™, irrespective of the precursor used, and this was
CAD spectra were closely similar, such as those of also true £10%) for neutralization of ¢ with Xe,
C4Hs and GH4 [58]. However, our NRMS studies  Na, or K followed by reionization ((70%T), Fig. 3).
with the wide variety of G* precursors (Figs. 2 and All C,* spectra from neutralization with xenon
3) found no isomeric differences outside experimental (70%T, IE= 12.1 eV) are dominated by the reionized
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Fig. 3. *"NR™ spectra, Y/Q (70%T), Y = neutralization target, identical10%) for the same ion from the listed precursors: (A)C

(B, G, L) &F; (C, H, M) G™; (D, I, N) C4*; (E, J, O) G*; (F, K, P) G+; with (A—F) Y = Xe (70%T), (G-K) Y= Na (85%T),

(L-P) Y = K (90%T). Precursors as in Fig. 1, except™Cis from n-CzHg and n-C4Cls and also fromc-C3Hg and ¢-CsClg with K
neutralization; Gt is from n-C4Clg, i-C4H7Br, and c-CsClg and also fromc-CgClg with Na and K neutralization. Numeric values for
precursors are the percentge of the value with no collisions (value for Ca neutralization in parenthesis). Product values are relative peak
areas, corrected for dissociation after reionization indicated in the Xe spectra, and averaged for the multiple measurements.
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precursor peak, with fragment peak abundances energy (IE), thus removing less energy from the ion
closely similar to those in the corresponding CAD in the electron transfer process [60]. Using Na or K
spectra. This is consistent with the formation of these (IE = 5.14 or 4.34eV) greatly reduced the reion-
fragments by dissociation of cations after reionization, ized precursor peak for &£Cg (Fig. 3), consistent
not by neutral dissociation [59]. More excited neutrals with a corresponding extent of neutral dissociation.
can be formed by using a target of a lower ionization However, the fragment relative abundances were still



A. Fura et al./International Journal of Mass Spectrometry 217 (2002) 81-96

independent£10) of the precursor molecule used for
all C,* ions studied.

The surviving precursor concentration from an in-
termediate extent of £ dissociation should yield a
more sensitive test of isomeric identity than the rela-
tive abundances of the;G° products, as dissociation
could be preceded by isomerization of th€’ @recur-
sor [11]. Neutralization with calcium (IE 6.11eV)
did provide partial G° dissociation (Table 7), but
TNR™* spectra from five different precursors still had
closely similar abundances of reionized™Cas well
as G-z fragment ions.

As a further test of the £ ion structure formed
from a linear precursor, [1,4C5]-1,3-butadiene was
used in an attempt to generafe-12c-12C-13Ct. Its
CAD (02 (70%T)) and NR (K (90%T)/@ (70%T))
spectra showed intensity ratios fan/g = 24):(mz =
25):(m/z = 26) of 1.3:4.7:1 and 1.1:4.3:1, respec-
tively, and ratios for vz = 37):(m/z = 38) of 0.99:1
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an isomerization through cyclization and ring open-
ing, thus scrambling the carbon atoms in the final car-
bon cluster. Isomerization in< has been addressed
recently by Blanksby et al. [11] who reported sub-
stantial &75%) yet incomplete!3C scrambling in
B¢ 12c12c 3¢t produced by charge reversal from
the anion. Scrambling further increaseci®9% upon
neutralization of the anion followed by reionization of
C40. Since stable ¢ does not undergo carbon scram-
bling [11], the previous data indicated that the isomer-
ization must have occurred in the cation and, to a lesser
extent, in G° formed by collisional neutralization.
Similar to G, the CAD (He (70%T)), NR (K
(90%T)/& (70%T)) NR (K (90%T)/He (70%T)),
and charge-reversal (Bg (30%T)) spectra of
12c_13c12c+ from propene-2-3C also showed sub-
stantial scrambling. The intensity ratios afvg =
24):(m'z = 25) in these spectra were found to be
1:2.1, 1:2.0, 1:2.2, and 1:2.1, respectively; complete

and 1.00:1, respectively. For these peak abundancesscrambling should give 1:2. This is consistent with

single bond dissociation dfC-2C-12C13Ct with-
out isomerizationwould yield 0:1:0 and 1:0 ratios,
respectively. By contrastyith complete scrambling

the facile interconversion of linear and cycligT
(vide supra) that should rapidly scramble HH€ la-
bel in non-dissociating ions. Note that the lifetimes of

these ratios should be 1:4:1 and 1:1. Hence, the CAD C3™ submitted to CAD and NR were20 s, which
and NR data indicate an almost complete scrambling should provide sufficient time for carbon scrambling.
of the carbon atoms. The scrambling may occur dur-

ing ion formation by dissociative ionization, following  4.4. CAD and NR efficiencies

neutralization, or upon collisional activation or reion-

ization. Since the " cations are formed by consec- As reported earlier [4,25-27], the relative yields of
utive losses of several hydrogen or halogen atoms, C,™ in CAD spectra (Fig. 1) are consistent with the
it is possible that an ionic intermediate can undergo expected higher stability of the odd-numbered cationic
clusters. The relative efficiencies for CAD of,€
(Table 8) also reflect this stability relationship, as-
suming increasing dissociation cross section with in-
creasing size, as found for metastable ierl(—°s

Table 7
TNR™* spectra of G, Ca(~85%Tf/O, (70%T)

Precursor Relative abundafice o ) e i

- lifetime) dissociations. Although mass discrimination

z [61] could affect the summed product cation abun-

12 24 36 48 dances from CAD of ¢, the value for GT is well
n-CsHe 5 16 56 23 below those of G+, Cs*, and G*. Metastable ion
n-C4Clg 6 16 60 19 studies found a small [26] or significant [25] decrease
o-CsCls 6 14 60 21 in the cr tion for £ versus G+, but still
CaHs 5 19 56 1o e cross section fo ersus G, but s
¢-CsClg 7 17 58 18 greater than the value fors¢ (C4+ was not mea-

sured). For ion—molecule reactions of laser-generated

aTransmittance from 69@ Ca vaporization. ) . A i
C;1 ions, two-thirds were found to be unreactive with

bos Relative to the sum of reionized ion intensities.
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Table 8

Conversion efficiencies in CAD and NR spectra

Cluster Gt > C_,t2 C,t - C.,0P C,t - Cg © c° - c.,td C,~ — Cou™
Ci — 15.4 0.40 5.2 —

Cy 0.28 12.6 0.90 2.1 <1

Cs 0.42 9.8 0.23 1.8 18

Cy 1.8 7.7 0.24 0.90 25

Cs 1.8 6.3 0.09 0.60 37

Ce 2.8 4.9 0.14 0.30 20

Cy 0.80 - - - -

ac,™ CAD, O, (50%T), efficiency: total ¢+ product ion abundance in percentage of unattenuated precursor ion intea29o(
relative).

bC,* neutralization, Xe (70%T), efficiency: total G0 flux in percentage of unattenuated precursor ion intensity0gs relative).

¢C,™ charge reversal, §g (30%T), efficiency: total G,~ abundances in percentage of unattenuated precursor ion inte@0pq
relative).

d4¢,0 (from Xe (70%T) neutralization of £") reionization, @ (70%T), efficiency: total C,* abundances in percentage of unattenuated
precursor ion intensity420% relative).

€C,~ dissociation efficiency in charge reversal spectigh£(30%T): total C.,,~ product ion abundances in percentage of survivgr.C

D,, indicating that the majority of ions have the cyclic this effect appears to be due to the drop in neutraliza-
structure [27]. The relatively low degree of fragmen- tion efficiency, Gt — C,°, which follows the same
tation for Gt — C_7™ (Table 8) indicates thatC trend. The negative effect of cluster size should be far
is unusually stable and/or of smaller physical cross less for G° — C,~ than for the highly endothermic
section for undergoing collision. Either reason is con- C,° — C,* process.

sistent with a possibly higher fraction of cyclic iso-

mers for G* prepared by dissociative ionization of 4.5. Dissociation energetics

cyclic precursors. As a corollary, this also implies that

Cs* and Gt are mainly the linear isomers. For the The thermochemical data inferred from experimen-
even-numbered, less stablg'Cand G+ clusters, the tal and computational studies were checked to predict
increase in ¢ — C-, ™ CAD efficiencies should be  competitive product formation upon unimolecular
due primarily to increasing size, consistent also with dissociations following neutralization (Fig. 3). This

a linear structure for £'. assumes minimal entropy requirements, and kinetic
The Gt — C<,™ neutralization efficiency (Ta- energy release measurements foftCmetastable
ble 8) decreases quite regularly from (15.4%) to ion dissociations indicate negligible reverse activa-

Cs (4.9%); the increasing physical cross section ap- tion energy [25,26]. It should be noted that these
parently is more effective in producing scattering than comparisons can only be qualitative, because of se-
electron transfer. The € — C.,* reionization ef- rious mass discrimination against smaller product
ficiency decreases even more dramatically from C ions. For example, on the basis of ion dissociation
(5.2%) to G (0.3%) despite decreasing |IE values. energies (Table 6), [C] in the Gt NR spectrum
Neither the Gt — C,* nor G,° — C,* efficien- (Fig. 3) should be more abundant tharp{q. How-
cies reflect the odd/even nature of the cluster, consis- ever, the smaller £ products are expected to be
tent with the fact that odd clusters are more stable for scattered more efficiently when excess excitation en-
both G,% and G, *. In contrast, the efficiency of form-  ergy is converted to the kinetic energy of products.
ing C,~ from C,* favors the even-numbered clusters. Offsetting this somewhat, the smalle, Cfragments
Although the efficiency for ¢+ — C,~ drops sub- have higher reionization efficiencies (Table 8), and
stantially from G (0.90%) to G (0.14%), most of their abundances are also increased by secondary
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product dissociation, as shown by K and Na NR favored over{C;°+ C4°} by 115 and 96 kJ/mol from

spectra.

For C,° NR data (Fig. 3 and Table 7), formation

of {C1° + C3°} is favored over that of 26°. This
agrees with the dissociation energies for both neutral by {C;° + Cs°}, and {C° + C4°}. This ordering is
and cationic dissociations. For the former, our calcula- consistent with the relative abundances of products in

tions predict{010 + C3°} formation to be 124 kJ/mol
less endothermic than 2CThis is corroborated by

experiment and theory, respectively, which is reflected
by the spectra (Fig. 3). Forg€ dissociation, the ther-
mochemical data prefer formation of 2T followed

the Na and KFNR* spectra of §° (Fig. 3).
The TNR™ spectra of GT (Fig. 2) show substan-

the revised enthalpies of formation [37] of the dis- tially less dissociation than those fraMNR™. In part
sociation products (Table 9) that prefg€;° + C3°}

by 92 kJ/mol. Post-reionizations& dissociations also

prefer {[C1°] + [C3*]} and {[C1T] + [C3%]} over

{[C291+[C21]*} by 119 and 173 kd/mol, respectively.

For Gs° dissociation, the formation c{szo + Cso} is

Table 9
Enthalpies of formation of (2, C,*, and G~
Species AHs 0P
B3LYP CCSD(T) Experimentél
Neutrals
C,° - - 711
Cy° 920 834 817
C3° 699 830 831
C4° 846 1049 1052
Cs? - - 1081
Ce° - - 1312
Cations
Ct 1824 1790 1797
Cot 2058 1972 1967
Cst 1878 1967 1902-1998
Cyt 1889 2093 <2302
Cst - - <2264
Ce™ - - 2248
Anions
Ci1™ 579 593 589
Co™ 499 527 502
C3™ 605 642 639
C4™ 669 687 677
- 812 -
Cs™ - - 807
Ce™ - - 908

aAt OK in units of kd/mol.

PFrom the calculated enthalpies of formation, ionization ener-

gies, and electron affinities.

®From experimental enthalpies of formation ([37] unless stated

otherwise), ionization energies, and electron affinities.
dFrom €=¢)Cs°% — (PMg)Cs~.
eFrom (Ag)Cs° — (2B2g)Ca™.

this is due to less excitation in intermediatg®@ipon
electron transfer from benzene (K& 9.25eV [35]).

In addition, both theory and experiment predict highly
endothermic dissociations of,C (Table 6). Most dis-
sociation energies exceed the electron affinity of the
C,~, so that energized anions can be expected to au-
todetach an electron (and become undetectable in the
mass spectra) rather than dissociate on the anion po-
tential energy surface. This implies that the dissoci-
ations observed in th& NR™ can be assigned to a
small fraction of energetic & of above-threshold in-
ternal energies. The product distribution qualitatively
follows that observed in the Na and KNR™; the
main dissociations are € — {C3° + C1°}, Cs0 —

{C30 + G0 and G° — {C3% + C3°) corresponding

to lowest threshold energies.

4.6. NR energy deposition

Neutralization of Gt with alkali metal targets
deposits substantial internal energy into the neutral
clusters formed. This can be approximated &% <
IE(C,% — IE(target), with target IECa Na, K) =
6.11, 5.14, and 4.34 eV. An additional vibrational en-
ergy can be deposited through Franck—Condon effects
due to a mismatch of the ion and neutral potential
energy surfaces [62]. Although Franck—Condon ef-
fects >100 kJ/mol have been reported for collisional
electron transfer in some systems [63], much smaller
effects can be expected for,€ — C,° where the
differences between the ion and neutral geometries
are mostly small (Table 1).

The neutralization of € by Na (K) should produce
C30 with E* = 6.1 (6.9) eV. This causes 53% (75%)
C3P dissociation that requires 7.22 eV (697 kJ/mol) at
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the thermochemical threshold (Table 6). Note that sta- between the calculated and experimental ionization
ble Gt precursors may contain up to 542 kJ/mol in- energies of @ and G° [57] that should be revisited.
ternal energy (lowest ion dissociation threshold, Table
6), which, when combined with the energy acquired
upon neutralization, can provide the excitation energy
for dissociation. However, comparison of the Xe (neg-
ligible excitation upon neutralization) and Na (K) NR
spectra (Fig. 3) clearly shows that the energy due to
exothermic electron transfer has the predominant ef- o :
fect on cluster dissociation. J.R. Eyler, C. Lifshitz, K. Raghavachari, M.M. Ross,
Neutralization of the most stablA’)Cs™ by and C.L. WiIkiQs, and the generous financial sup-
Ca, Na, and K should producéﬁ(g)C40 with 4.71, port of the Office of NavaI'Research ('Grant No.
5.68, and 6.48eV, respectively. For Ca neutraliza- M00014',90"]'1948) an.d, for instrumentation the Na-
tion this results in 77-82% dissociation, for Na and tional Science Foundation (Grant No. CHE-9014883),

K the dissociation is >95% complete. The dissocia- and the National InSFitUteS of Heglth _(Grant No.
tion thresholds in](Ag)C4° are 4.78 and 6.06 eV to GM-16609). Computations at the University of Wash-
form {C10 + C30} and {C° + C,0}, respectively ington Computational Chemistry Center were jointly
(Table 6), consistent with the dissociations observed supported by the NSF (Grant No. CHE-9808182) and

on NR. Likewise, dissociations ofs€ and G° are University of Washington.
greatly enhanced by exothermic neutralization with

Na and K (Fig. 3). An exception is £ for which References
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