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The reactions of C2-, C4
-, and C6

- with D2O and ND3 and of C4
- with CH3OH, CH4, and C2H6 have been

investigated using guided ion beam tandem mass spectrometry. Hydrogen (or deuterium) atom transfer is the
major product channel for each of the reactions. The reaction threshold energies for collisional activation are
reported. Several of the reactions exhibit threshold energies in excess of the reaction endothermicity. Potential
energy calculations using density functional theory show energy barriers for some of the reactions. Dynamic
restrictions related to multiple wells along the reaction path may also contribute to elevated threshold energies.
The results indicate that the reactions with D2O have the smallest excess threshold energies, which may
therefore be used to derive lower limits on the C-H bond dissociation energies of the C2nH- and C2nH (n )
1-3) linear species. The experimental lower limits for the bond dissociation energies of the neutral radicals
to linear products areD0(C2-H) g 460( 15 kJ/mol,D0(C4-H) g 427( 12 kJ/mol, andD0(C6-H) g 405
( 11 kJ/mol.

1. Introduction

Polyynyl radicals, C2nH, have received extensive study
because of their importance in combustion processes1-3 and
astrophysical environments.4-7 Although these radicals have
been characterized spectroscopically8-15 and theoretically,16-22

the C2n-H bond dissociation energies are not experimentally
well-established. Accurate theoretical calculation of the energies
is also problematic because of the complex electronic structures
of C2nH radicals, which have low-lying2Σ and 2Π electronic
states mixing acetylenic and cumulenic electronic struc-
tures.1,18,19,21Pure rotational spectra of the negative ions C2nH-

(n ) 2, 3, 4) have recently been detected in the laboratory and
interstellar space,23-26 among the first molecular anions identi-
fied in astronomical sources. While the electron affinities of
the polyynyl radicals are accurately known,8-10,27,28the C-H
bond dissociation energies of the anions are poorly established.

In this work, we use guided ion beam tandem mass
spectrometry29 to measure the reaction threshold energies for
hydrogen atom transfer reactions of C2n

- (n ) 1-3), reaction
1.

The HX (or DX) neutral reagents employed are D2O, ND3 for
n ) 1, 2, and 3 and also CH4, C2H6, and CH3OH for n ) 2.
The measured reaction threshold energy,E0, for collisional
activation of reaction 1 is an upper limit for the true reaction
endothermicity, which can be related to the bond dissociation
energies of HX and HC2n

- according to eq 2.

When D0(H-X) is known, the measured threshold energy
provides a lower limit for the bond dissociation energy of HC2n

-,
eq 3.

The C-H dissociation energy of the neutral radical can then
be obtained from the anionic value via eq 4,30

using electron affinities that have been measured by photoelec-
tron spectroscopy.8-10,27,28The experimental lower limit forD0-
(H-C2n

-) therefore also gives a lower limit forD0(H-C2n).
The H-X bond dissociation energies and electron affinities for
C2n and HC2n are summarized in Table 1 along with other
relevant literature thermochemistry.8-10,27,28,31-38

Only limited information about hydrogen atom transfer reac-
tions of carbon cluster anions is available. Bohme39,40 found
that the reactions of C2- with H2O, CH4, and H2 have rate
constants less than their measurement limit of 10-12 to 10-13

cm3 s-1. Bierbaum and co-workers41 found that the reactions
of Cx

- (x ) 2, 4-10) with molecular H2 are immeasurably slow
at room temperature,k < 10-13 cm3 s-1. To our knowledge,
the only reported hydrogen atom transfer reactions of C2n

- (n
) 1-3) anions are with H2S for C4

- and C6
-, which react near

the collision rate to form C2nH- and HS- as the major
products,42,43 and with benzenethiol for C4- giving HC4

- as a
minor product channel.43

Endothermic ion-molecule reactions activated by transla-
tional energy often exhibit a threshold energy equal to the
thermochemical endothermicity, providing an important means
for ion thermochemistry determinations.30,44,45Strictly, however,
the reaction threshold energy is an upper limit for∆rH.
Endothermic and thermoneutral SN2 reactions of anionic halide
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C2n
- + HX f HC2n

- + X (1)

E0 g ∆H0 ) D0(H-X) - D0(H-C2n
-) (2)

D0(H-C2n
-) g D0(H-X) - E0 (3)

D0(H-C2n) ) D0(H-C2n
-) + EA0(C2n) - EA0(HC2n)

(4)
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atoms, for example, with a double-well potential and central
barrier along the reaction path exhibit dynamic restrictions for
translational activation that raise the observed threshold energies
above the endothermicity or barrier height.29,46,47In this work,
we employ density functional theory calculations of the potential
energy surfaces for hydrogen atom transfer reactions to elucidate
the reaction dynamics and we report coupled-cluster calculations
of energies for comparison with experimental values.

2. Experimental Methods

Experiments are performed with our guided ion beam tandem
mass spectrometer, which has been described previously.29 The
pure carbon cluster anions C2n

- (n ) 1, 2, 3) are generated by
a microwave discharge with acetylene as precursor gas and
helium as buffer gas. For C2-, an alternative method is also
applied, in which O2 is the precursor gas to generate O- in the
microwave discharge and C2H2 is added downstream. Acetylene
and O- react to form C2- among other species.8 The ions are
thermalized to room temperature by∼2 × 105 collision in the
flow tube (∼350 mTorr helium).

The structures of C4- and C6
- generated in our ion source

are certainly linear. Photoelectron spectroscopy of C4
- and C6

-

using various sources (laser vaporization of graphite27,48 and
pulsed electric discharge of C2H2 and CO2)49 identify only the
linear species. Ion chromatography with a laser vaporization
source50 also found only linear species for Cx

- (x ) 5-9).
Theoretical calculations51,52indicate that Cx- clusters are linear
up to x ) 9. Some ring and bent structures do exist in high
level ab initio calculations on the anions,51,53-55 but the most
stable isomer is about 130 kJ/mol higher than the linear structure.
Under our thermal source conditions at 300 K, such high energy
isomers will not exist. Hence, we may assume that all generated

C4
- and C6

- ions are linear. Calculations56,57 indicate that the
first electronically excited states of C4

- and C6
- are 1.24 and

2.15 eV higher than their ground states, respectively, and are
therefore unlikely to be present. The A2Π excited-state of state
of C2

- lies at 0.49 eV, however, and has been shown by
photoelectron spectroscopy to be populated in a similar flow
tube reactor source.8

The desired carbon cluster anions are mass selected by a
magnetic sector mass spectrometer and injected into a radio
frequency octopole ion beam guide at a set translation energy,
where the anions react with the target gas. Reactant and product
anions are collected by the octopole and mass analyzed by a
quadrupole mass spectrometer and channeltron ion detector.
Reaction cross-sections are calculated from the relative abun-
dances of reactant and product ions.58 The laboratory ion energy
is measured by retarding energy analysis and verified by a time-
of-flight measurement59 and then converted to the relative
collision energy in the center-of-mass (c.m.) frame.58 To obtain
strictly single-collision conditions, the cross sections are mea-
sured at three reactant gas pressures in the gas cell and
extrapolated to zero pressure.

The single-collision reaction cross section,σ(E), is modeled
with the CRUNCH program60 using an empirical threshold
law,58,59

whereEi is the internal energy of reactant statei with fractional
Boltzmann population gi, σ0, andN are adjustable parameters,
andE0 is the 0 K reaction threshold energy. Equation 5 is further
convoluted over the thermal motion of the target gas (300 K)
and the measured ion kinetic energy distribution (0.15-0.25
eV full-width at half-maximum typical) using the double integral
method.58,61 The parametersσ0, N, and E0 are obtained by a
nonlinear least-squares fit of the model to the data.

The vibrational and rotational frequencies of the reactants
used for the internal energy calculations are taken from
calculations, as summarized in the Supporting Information. It
is generally accepted that reactant vibrational energy is available
to promote endothermic ion-molecule reactions near the
reaction threshold energy and should be included in eq 5 to
obtain accurate 0 K threshold energies.62,63 However, the role
of rotational energy is still an open question.63 Because inclusion
of rotational energy as fully available for promoting reaction
raises the apparent 0 K threshold energy that results from fitting
eq 5, for the purposes of this work, we include rotational energy
to obtainE0 as anupper limit for ∆H0. If it is determined later
that rotational energy should not be included, then the reported
E0 values should be systematically reduced (and the bond
dissociation energy limits increased) by about 6.2 kJ/mol (2.5
RT).

3. Hydrogen Atom Transfer Threshold Energies

Figures 1-3 show the single-collision cross sections for
reaction (1). Hydrogen atom transfer to form HC2n

- is the main
product channel for C2n

- (n ) 1, 2, 3) reacting with the various
neutral reagents. For C4

- + CH3OH, a weak CH3O- product is
also observed with a threshold energy of about 3 eV, well above
the threshold for HC4-; this minor process is not considered
further here. Reaction threshold energies,E0, from the fits of
eq 5 are presented in Table 2.

For the reactions of C2- with D2O and ND3 (Figure 1), a
small reaction cross section for HC2

- at low energies that

TABLE 1: Literature Thermochemical Values

species D0/kJ mol-1 ref

HO-H 492.01( 0.29 37
DO-D 501.2( 0.4 a
N2N-H 444.1( 1.1 37
D2N-D 454.8( 1.2 a
CH3-H 432.72( 0.14 37
CH3O-H 434.6( 2.2 37
C2H5-H 416.7( 1.0 38

EA0 (exp)/eV ref EA0 (theory)a,b

C2 (1∑) 3.269( 0.006 8 3.224
C2H (2∑) 2.969( 0.006 8 2.993

2.956( 0.020 9
C4 (3∑) 3.882( 0.010 27 3.873
C4H (2∑) 3.561( 0.010 10 3.653

3.558( 0.015 9
C6 (3∑) 4.180( 0.001 28 4.223
C6H (2∏) 3.796( 0.005 10 3.971c

3.809( 0.015 9

DfH0/kJ mol-1 DfH298/kJ mol-1 ref

C2 (1∑) 817( 8 817( 10a 36
C4 (3∑) 1052( 16 1062( 16a 36
C6 (3∑) 1312( 18 1327( 18a 34
HCCH 228.0( 0.8 227.2( 0.8 32
HC4H 449( 20a,d 450( 20d 33
HC6H 666( 40a,d 670( 40d 33

a Isotopic vibrational zero-point energy corrections and thermal
enthalpy corrections use unscaled frequencies from B3LYP/aug-cc-
pVTZ calculations (see Supporting Information) and reference state
values from Gurvich et al.32 b This work, CCSD(T)/aug-cc-pVQZ//
CCSD(T)/aug-cc-pVTZ except as noted. The ground electronic states
of C2n

- and HC2n
- are 2Σ and 1Σ, respectively.c CCSD(T)/aug-cc-

pVQZ//B3LYP/aug-cc-pVTZ.d Group additivity estimates.

σ(E) )
σ0

E
∑

i

gi(E + Ei - E0)
N (5)
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decreases with increasing energy is observed in addition to the
main endothermic channel that rises from the threshold. Pulsing
the ion beam, which would remove collisionally slowed ions
that might become trapped in the octopole,64 was applied and
the feature was still present, eliminating trapped ions as a
possible source of the low-energy feature. The low-energy
behavior may therefore be associated with an exothermic
process. An alternative ion formation method, C2

- made from
the C2H2 + O- reaction, was applied to react with D2O with
both pulsed and continuous modes. Both features are still
present, although the relative magnitude of the low-energy
feature varies somewhat with ion source conditions. These
observations are consistent with having a small portion of the
C2

- ion beam in an internally excited state, presumably the
C2

-(A2Πu) electronic state mentioned above. Because the cross
section of the low-energy feature goes to zero below the
threshold of the endoergic process, its presence does not affect
our threshold energy determinations for the ground state.

The reported uncertainties forE0 for the D2O and ND3

reactions represent estimates of(2 combined standard uncer-
tainties.65 The error bars include the uncertainties for the
laboratory ion energy measurement, the statistical error from
the least-squares fits, the uncertainty of molecular parameters
in the model ((15% for calculated frequencies), the reproduc-
ibility of data taken on multiple occasions, and the reproduc-
ibility of the threshold fits over various energy ranges. For the
other neutral reactants, only one or two experiments were
performed and the uncertainty is estimated conservatively at
(0.2 eV.

The measured reaction threshold energies may be used to
derive lower limits to the bond dissociation energies for HC2n

-

using eq 3. The results are presented in Table 2 for each reaction.
The lower limits forD0(H-C2n

-) are highest from the reactions
with D2O, which indicates that the other reactants definitely
have apparent threshold energies in excess of the reaction (1)

endothermicity, by amounts ranging from at least 20 to 85
kJ/mol. This of course does not exclude the possibility that the
C2n

- + D2O reactions might also have threshold energies in
excess of their endothermicities.

Figure 1. Deuterium atom transfer cross sections for reaction of C2
-

with (a) D2O and (b) ND3 (circles). Solid lines show the fits to the
data described in text and dashed lines show the cross section model
without energy convolutions.

Figure 2. Hydrogen or deuterium atom transfer cross sections for
reaction of C4

- with (a) D2O, (b) ND3, (c) CH4, (d) C2H6, and (e) CH3-
OH (circles). Solid lines show the fits to the data described in text and
dashed lines show the cross section model without energy convolu-
tions.
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4. Potential Energy Surfaces

We have examined the potential energies along the hydrogen
atom transfer reaction path using density functional theory at
the B3LYP/aug-cc-pVDZ level66-69 for the example systems
C2

- + HX f HC2 + X- (HX ) H2O, NH3, and CH4). This
level of theory is sufficient for determining the general topology
of the reaction paths although the energies are approximate. The
resulting energy level diagrams are shown in Figure 4. Stationary
points were confirmed with frequency calculations at the same
level. The connections between stationary points have been
verified with a combination of Intrinsic Reaction Coordinate70

calculations and constrained potential energy surface scans,
although we have not necessarily identified all local minima
and conformations.

Each of the three systems passes through an initial minimum
in the entrance channel corresponding to a C2

-(HX) ion-
molecule complex followed by a maximum corresponding to
the [CC‚‚‚H‚‚‚X]- transition state for hydrogen atom transfer.

The height of the barrier relative to reactants is-20 kJ/mol for
H2O, 10 kJ/mol for NH3, and 44 kJ/mol for CH4 (not corrected
for zero-point energies). That is, the energy of the central barrier
is below reactants and products for H2O, but is higher than
reactants and products for NH3 and CH4. The high energy of
the hydrogen atom transfer transition state for NH3 and CH4

partly explains the excess threshold energies for those reactions,
although the observed magnitudes are higher than the calculated
barrier heights. Similar behavior was observed29 for the ther-
moneutral SN2 reaction Cl- + CH3Cl f Cl CH3 + Cl-, which
has a double-well potential with a central barrier height of 10-
13 kJ/mol but an observed threshold energy of 45 kJ/mol.
Dynamic constraints for translation activation of the SN2 reaction
result in a elevated threshold energy.29,47 For C2

- + H2O,
reaction is possible once translational energy equal to thermo-
chemical endothermicity is supplied because the transition state
barrier lies below reactants. However, it is known that a potential
energy barrier along the reaction path can result in dynamic
restrictions even if it lies below the product energy,71 so the
apparent reaction threshold energy is strictly still an upper limit
to the reaction endothermicity. Futhermore, for the same reasons
the magnitude of the observed theshold energies for translational
activation only give upper limits for the potential energy barrier
heights.

The C2
- + HX potential energy surfaces exhibit qualitative

differences (H2O, NH3, and CH4) beyond the barrier for
hydrogen atom transfer. For H2O, there is a deep well in the
exit channel corresponding to the covalently bound-CdCHOH

Figure 3. Deuterium atom transfer cross sections for reaction of C6
-

with (a) D2O and (b) ND3 (circles). Solid lines show the fits to the
data described in text and dashed lines show the cross section model
without energy convolutions.

TABLE 2: Threshold Energies (eV) for Hydrogen
(deuterium) Atom Transfer Reactions C2n

- + HX f C2nH-

+ X (n ) 1-3)

reactants E0/eV D0(H[D]-C2
-)a/kJ mol-1

C2
- + D2O 0.67( 0.15 >431( 15 [>437( 14]

C2
- + ND3 0.40( 0.06 >410( 6 [>416( 6]

C4
- + D2O 1.02( 0.13 >396( 12 [>403( 12]

C4
- + ND3 0.84( 0.10 >367( 10 [>374( 10]

C4
- + CH4 1.2( 0.2 >317( 20

C4
- + CH3OH 0.8( 0.2 >357( 20

C4
- + C2H6 1.1( 0.2 >311( 20

C6
- + D2O 1.29( 0.11 >370( 11 [>377( 11]

C6
- + ND3 1.03( 0.16 >348( 15 [>355( 15]

a Lower limits for anion bond dissociation energy, calculated using
eq 3 and neutral reactant bond dissociation energies from Table 1.
Isotopic vibrational zero-point energy corrections using unscaled
harmonic frequencies calculated at the B3LYP/aug-cc-pVTZ level (see
Supporting Information).

Figure 4. Energy level diagrams of the potential energy surfaces for
the hydrogen atom transfer reactions between (a) C2

- + H2O, (b) C2
-

+ NH3, and (c) C2
- + CH4. Energies relative to reactants (kJ/mol) are

given at the B3LYP/aug-cc-pVDZ level without zero-point energy
corrections.
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anion followed by a barrier to the HCC-‚‚‚HO complex and
on to products. For NH3, the system first passes through a
shallow intermediate C2H-‚‚‚NH2 ion-molecule complex, and
then goes down to the-CdCHNH2 molecular anion followed
by a second ion-molecule complex and products. For CH4, the
exit channel for the hydrogen atom transfer reaction passes
through a C2H-‚‚‚CH3 ion-molecule complex, with apparently
only an indirect connection with the-CdCHCH3 molecular
anion (i.e., no direct path was found in limited searches).
Because the initial hydrogen atom transfer barrier is likely to
be the bottleneck on the potential energy surfaces for the
reactions studied here, these variations of the surfaces in the
exit channel are expected to have at most a minor influence on
the dynamics. Once the hydrogen atom transfer barrier region
has been crossed, the systems can follow high-energy dissocia-
tive trajectories without necessarily passing through each of the
intermediates shown in the exit channels.

We would expect that the potential energy surfaces for
hydrogen atom transfer reactions with C4

- and C6
- would have

qualitatively similar features as C2
- in the entrance channel,

although they might well exhibit additional intermediate struc-
tures beyond the transition state.

5. Ab Initio Energy Calculations

We have also performed higher-level ab initio calculations
of the energies of linear HC2n, HC2n

-, C2n, and C2n
- (n ) 1, 2,

3) species. These calculations are at the CCSD(T)/aug-cc-
pVQZ//CCSD(T)/aug-cc-pVTZ level, i.e., using coupled cluster
theory with single and double excitations and non-iterative
inclusion of triples72 and the augmented correlation-consistent
basis sets of Dunning and co-workers.67,68Single-point energies
with the quadruple-ú basis set (QZ) were calculated at the
geometries optimized with the triple-ú basis set (TZ) constrained
to linearD∞h or C∞V geometries. Vibrational zero-point energies
are included using unscaled frequencies from B3LYP/aug-cc-
pVTZ calculations. The geometries, total energies, and frequen-
cies are included in the Supporting Information. The theoretical
results forD0(H-C2n), D0(H-C2n

-), EA(C2n), and EA(HC2n)
are compared with experiments in Tables 1 and 3. We were
unable to complete the geometry optimization at the CCSD(T)
level for neutral HC6 with available computational facilities
because of its large size and low symmetry, however, so for its
electron affinity and dissociation energy we have substituted
CCSD(T)/aug-cc-pVQZ//B3LYP/aug-cc-pVTZ values.

The calculated electron affinities for C2n (n ) 1, 2, 3) and
HC2 are within 5 kJ/mol of the experimental values. However,
the electron affinities for HC4 and HC6 deviate from experiment
by 9 kJ/mol and 16 kJ/mol, respectively, which may be
attributed to the difficulty of describing the electronic structure
of these radicals as well as the lower level of calculation for
HC6. The CCSD(T) calculations for the HC4 and HC6 radicals
exhibit serious spin contamination (〈S2〉 values are included in
the Supporting Information), which calls these calculations into
question.73,74The other open-shell species also exhibit some spin
contamination, but to a much smaller degree. To avoid these
issues with the calculations for the neutral HC2n radicals, we
also determine their bond dissociation energies using the
calculated values for the anions,D0(H-C2n

-), and use experi-
mental electron affinities in eq 4 to obtain estimates forD0-
(H-C2n). These alternative combined theoretical and experi-
mental values are presented in Table 3.

6. Thermochemistry

The experimental lower limits to the bond dissociation
energies for HC2n

- and values for HC2n derived using eq 4 are
summarized and compared with theory in Table 3. Because the
electron affinities used in eq 4 are taken from photoelectron
spectra, which relate to vertical detachment transitions from the
linear anionic molecules, our reported lower-limit values for
the neutral C-H bond dissociation energies refer tolinear HC2n

with linear C2n products forn ) 2 andn ) 3. The neutral HC2n

radicals are known to have linear ground states.15,18,52Recent
theoretical work suggests that neutral C4 and C6 may actually
have cyclic ground-state structures, however, even though most
experiments have identified the linear or pseudolinear isomers
(which are favored entropically at higher temperatures and under
some kinetic conditions).34,36,51,75-78 Taking into account the
energy difference of 54( 8 kJ/mol between the cyclic and linear
form of C6 from coupled-cluster calculations by Martin and
Taylor,77 we can estimateD0(H-C6) g 351 ( 14 kJ/mol for
the process forming the cyclic product isomer. However, the
dissociation energies in Table 3 refer exclusively to the linear
reactants and linear products.

From the threshold energy for C2
- + D2O, our experimental

value for the C-H bond dissociation energy of the neutral
ethynyl radical isD0(H-C2) g 460( 15 kJ/mol (Table 3). This
may be compared with a value derived from eq 6 forn ) 1.

Using the bond dissociation energy of acetylene from photof-
ragment translational spectroscopy,79 D0(HCC-H) ) 551.2(
0.1 kJ/mol, and enthalpies of formation from Table 1, eq 6 yields
D0(H-C2) ) 470 ( 8 kJ/mol. An independent limit forD0-
(H-C2) has been reported from two-photon laser-induced
fluorescence of HCCH by Jackson and co-workers,13 D0(H-
C2) < 112( 0.7 kcal/mol) 468.6( 3.3 kJ/mol as reported or
revised toD0(H-C2) < 467( 3 kJ/mol using the value ofD0-
(HCC-H) given above. The value we obtain from coupled
cluster theory isD0(H-C2) ) 464.5 kJ/mol, orD0(H-C2) )
471 obtained by combining the theoreticalD0(H-C2

-) with
experimental electron affinities (Table 3). The present experi-
mental lower limit of D0(H-C2) g 460 ( 15 kJ/mol is
consistent with these values and implies that any excess reaction
threshold energy above the reaction endothermicity is small,
<(10( 15) kJ/mol, for the C2- + D2O deuterium atom transfer
reaction.

TABLE 3: Bond Dissociation Energies (kJ mol-1)

value n ) 1 n ) 2 n ) 3 method

D0(H-C2n
-) >431( 15 >396( 12 >370( 11 expa

442.2 438.7 438.2 theoryb

D0(H-C2n)c >460( 15 >427( 12 >405( 11 expd

464.5 459.9 461.8e theoryb

471 470 474 exp/theoryb,f

D298(H-C2n)c 488 385 360 thermog

a From threshold energies for reactions with D2O (Table 2).
b Energies from CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-pVTZ cal-
culations, except as noted, with zero-point energy corrections from
unscaled harmonic vibrational frequencies at the B3LYP/aug-cc-pVTZ
level. c For linear reactants and linear products (see text).d Derived
using eq 4 withD0(H-C2n

-) from D2O threshold measurements and
experimental electron affinities from Table 1.e CCSD(T)/aug-cc-
pVQZ//B3LYP/aug-cc-pVTZ.f Calculation using eq 4 with theoretical
D0(H-C2n

-) values and experimental electron affinities from Table 1
(see text).g Values adopted for combustion kinetics modeling by Kiefer
et al.1

D0(H-C2n) ) ∆f H0(C2n) - D0(HC2n-H) -
∆f H0(HC2nH) + 2∆f H0(H) (6)
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The reasonable limit obtained forD0(H-C2) offers some hope
that the present lower limits forD0(H-C4) and D0(H-C6)
obtained from the reactions of C4

- and C6
- with D2O,

respectively, are also close to the true thermochemical values.
For HC4 and HC6, precise comparisons using eq 6 cannot be
obtained because enthalpies of formation of the parent polyynes
are not known experimentally. However, Dorofeeva and Gur-
vich33 have estimated the enthalpies of formation of HC4H and
HC6H using group additivity (values given in Table 1).
Experimental gas-phase acidities80,81 for HC4H and HC6H can
be combined with known electron affinities of C2nH (Table 1)
to provide dissociation energies ofD0(HC4-H) ) 539 ( 12
kJ/mol andD0(HC6-H) ) 535 ( 13 kJ/mol. Using eq 6 with
these values yields estimates ofD0(H-C4) ) 496( 28 kJ/mol
andD0(H-C6) ) 543 ( 45 kJ/mol, which are 68 and 133 kJ/
mol larger than our experimental lower limits. Unfortunately,
the theoretical calculations are not too helpful in resolving the
true values, as they giveD0(H-C4) ) 470 kJ/mol andD0(H-
C6) ) 474 kJ/mol (using calculated anion dissociation energies
and experimental electron affinities), i.e., in agreement within
the experimental uncertainties forD0(H-C4) but not for D0-
(H-C6). These deviations could arise from either experimental
or theoretical sources. First, the assumptions of group additivity
might well not apply for the longer polyynes. For the present
experiments (which aslower limits agree with the other
experiments and theory), it is possible that the potential energy
surfaces for hydrogen atom transfer reaction exhibit a higher-
energy or more restrictive transition state for the longer-chain
carbon cluster anions than for C2

-. Regarding the accuracy of
the ab initio energies, we have noted above the difficulties of
properly describing the neutral C2n and C2nH species because
of spin contamination and mixing of cumulenic and acetylenic
electronic configurations. Nevertheless, our new experimental
values forD0(H-C4) andD0(H-C6) provide firm lower limits
that are significanthigher than values adopted for kinetic
modeling of acetylene pyrolysis by Kern et al.,1 which are listed
in Table 3 for comparison. It is clear that further experimental
and theoretical work on the energetics of these radicals is needed
to pin down their thermochemistry. In the meantime, it is our
judgment that the combined theoretical and experimental
estimates forD0(H-C4) and D0(H-C6) in Table 3 represent
the best currently available values, but it is difficult to assign
error limits. We reiterate that these dissociation energies all refer
to linear reactant and linear product geometries.

7. Conclusion

The thermochemical results of the present work are sum-
marized in Table 3. The reported C-H dissociation energies
for HC2n and HC2n

- refer to linear reactant and linear product
species. The measured values or reaction threshold energies are
strictly upper limits for the enthalpies of reaction and therefore
the derived experimental values ofD(H-C2n

-) andD(H-C2n)
are lower limits. Forn ) 1, D0(H-C2) is in good agreement
with theory and independent measurements, which indicates that
there is at most a small excess threshold energy in that case.
However, forD0(H-C4) andD0(H-C6), the values are signifi-
cantly smaller than theory and other available experimental
estimates, i.e., in agreement as lower limits but implying that
the hydrogen atom transfer reactions of C4

- and C6
- with D2O

do exhibit excess energy thresholds (i.e., reverse activation
energies for translation excitation). Nevertheless, the experi-
mental values even as lower limits represent a significant
improvement over estimates previously used for modeling
acetylene combustion kinetics.1 This work further underscores

the need to use multiple reagents to validate threshold energy
measurements for thermochemical determinations, or else to
uncover reverse activation energies as found here.

The energy barriers for hydrogen atom transfer found in the
present calcuations (Figure 4) explain why C2n

- species are
unreactive with many small hydrogen containing molecules
under thermal conditions,39-41 as discussed in the Introduction.
The nonreactivity of anionic carbon chain with molecular
hydrogen has important consequences for the abundances of
Cn

- and CnH- in insterstellar environments.41 If D0(C2n-H-)
is larger than or equal toD0(H2) ) 432 kJ/mol,82 as the
experiments forn ) 1 and the calculations forn ) 2 andn )
3 suggest, then the nonreactivity41 of C2n

- with H2 is due to an
energy barrier for the hydrogen atom transfer process. Funda-
mentally, the barrier for hydrogen atom transfer in these systems
results from an avoided crossing of electronic states correspond-
ing to the‚C2n

- + HX and C2nH- + X‚ configurations, where
HX and C2nH- are closed-shell singlets. In contrast, gas-phase
proton-transfer reactions of anions usually exhibit a deep well
corresponding to the [A-‚-H+-B-] intermediate, due to the
ease with which the proton shares electrons in forming hydrogen
bonds with both electron donors.
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