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The cross section for electron photodetachment has been measured for the acetylide anion (HC;) using an
ion cyclotron resonance spectrometer in conjunction with a xenon arc lamp. Calculation of the
photodetachment behavior near threshold and an estimate of the Franck-Condon factors for the

anion—neutral transition allow us to determine EA(HC;) =

2.9440.10 eV. A theoretical

determination using eighth-order perturbation theory gives an adiabatic electron affinity of 3.184-0.25 eV,
in good agreement with the experimental result. The use of a thermochemical cycle with the experimental
electron affinity and gas-phase acidity data gives a C-H bond dissociation energy in acetylene of 13245

kcal/mol.

{. INTRODUCTION

Acetylene, one of the simplest organic molecules, isa
remarkably strong acid both in the gas phase! and in
solution.? This great acidity must be a consequence of
the electron affinity (EA) of the ethynyl radical (HC, -),
since the bond dissociation energy® in acetylene is quite
large [DH°(HC,~H)= 120 kcal/mol]. Although it is obvi-
ously important, the EA of the ethynylradicalis not known
except for a limiting value* [EA(HC,-)=3,78 eV], Con-
sequently, we have undertaken an experimental photode -
tachment study and theoretical studies in order to de-
termine its value,

The acetylide anion (HC3) is sufficiently small to be
tractable in a sophisticated theoretical treatment, and
the experimental results can be compared with the the-
oretical EA, A recent theoretical determination® em-
ploying extensive configuration interaction gives
EA(HC;-)=2.14 eV,

The large bond dissociation energy in acetylene has
precluded its direct determination and has led to some
confusion regarding the thermochemistry of the ethynyl
radical. The best estimates of AH; (HC, -), by photon
impact® (5.5 eV) and mass spectrometric methods™®?

(5.6 eV) give DH°(HC,—H) of 125 and 127 kecal/mol, re-
spectively, ? both higher than the accepted value.? An al-
ternative method of deriving accurate bond strengths
uses a thermochemical cycle to combine electron affinity
and gas-phase acidity data,'® Since the gas-phase acidity
of acetylene is known, !' the key to determining
DH°(HC,-H) is the electron affinity of the ethynyl radi-
cal, EA(HC,-).

In this paper we present a determination of EA(HC, -)
by the direct method of photodetachment spectroscopy. 2
We also present a theoretical determination by the many-
body perturbation theory method and comment on the val-
idity of the theoretical model employed. Finally, we
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derive a value for DH°(HC,-H) based on the gas-phase
acidity of acetylene.

1. EXPERIMENTAL

The acetylide anions were generated and trapped in a
modified V-5900 ion cyclotron resonance spectrometer'
using cell plate potentials similar to those previously
described,!* The cell pressure was 2x10™" Torr, allow-
ing the ions to be trapped for ~0.5 s, The acetylide
anion was generated via proton transfer from acetylene
(Liquid Carbonic) to F~ which was formed from NF, by
dissociative electron impact at 1,7 eV (electron energy
minus trapping voltage). Although the proton transfer
from acetylene to F~ is slightly unfavorable®® (AG sy,
=+1,5 kecal/mol) this reaction proved to be a good source
of acetylide anion,

The light source used for the photodetachment experi-
ments consisted of a 1000-W xenon arc lamp used in con-
junction with a grating monochromator, The spectral
bandwidth of the monochromator was 58.1 nm (fwhm).
Maximum photodestruction of the acetylide anion was
1.8%. The method of data collection and analysis has
been previously described, 13»

ill. THRESHOLD SHAPES

The interpretation of experimental photodetachment
cross sections is aided greatly with the a priori knowl~
edge of the cross section behavior near threshold, A
method for treating the photodetachment cross sections
of molecular anions'® has been useful in interpreting
data on both localized'® and delocalized!” systems. This
theory extends the Wigner law'® to molecular systems
by expanding o(E), the photodetachment cross section as
a function of energy, in terms of partial cross sections,
o,(E). The partial cross section represents photode -
tachment into a final state in which the electron and neu-
tral have a relative effective angular momentum of I#%.
This expansion gives

o(E) =A™ 1 [1+ 0], 1)

where k is the magnitude of the reduced linear momen-
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FIG. 1. Calculated photodetachment cross sections for CN™
(0), HC; (¢ ), and Cj3(+).

tum of the photoelectron [k =(2mAE)!/%/%] and 1* is the
smallest value of I for which ¢,(E) is not identically zero
for symmetry reasons. The value of I* can be deter-
mined from group theory and is used to predict the slope
of the cross section at threshold.

Applying this formalism to C;, we note that in D,,,,
the highest occupied molecular orbital (HOMO)of C;is
o, which transforms as 7=0, 2 giving 7*=1 by the selec-
tion rule Al=x1. Thus, for Cj; we predict a p wave be-
havior, i.e., a cross section which rises with zero
slope at threshold (oe E%/?), By comparison, we next
consider CN™ and HC; where the molecular symmetry
has been lowered to C.,. The HOMO for both of these
anions (o*) leads to I*=0 and we predict an s wave at
threshold (oo E'/?),

To obtain an analytical description of the C3, CN", and
HC; photodetachment cross sections, o(E) can be calcu-
lated by the one-electron formalism developed by Reed
et al.'® By first-order time-dependent perturbation
theory, the cross section is proportional to the square
of the dipole matrix element

0°f|<¢,-|rfwf>lz- (2)

The initial state is taken to be the HOMO of the anion
and is determined by an LCAOQO calculation; the final
state is approximated as a plane wave orthogonalized to
this HOMO (partially orthogonalized plane wave). The
Slater exponents in the HOMO expansion are adjusted to
fit atomic photodetachment cross sections; this takes
into account the diffuseness of anionic atomic orbitals,
The HOMO’s from CNDO/2 are

Wg;=0.2872 ¢,(C;) —0.6462 ¢, (C,) +0. 2872 ¢,(C5)
+0,6462 ¢, (C,) ,
oy =0.1639 ¢,(N) —0,5616 ¢, _(N) +0,4550 ¢,(C)
+0.6714 ¢, _(C) ,
¥ycz =0.2320 ¢,(H) -0,1657 ¢,(C,) ~ 0. 2486 ¢, (C,)
+0.5739 ¢,(C;) +0.7263 ¢,_(C,) ,

Electron affinity of HC, -

where the molecules lie along the x axis and the hydrogen
atom is bonded to C, in HC;, Figure 1 shows the calcu-
lated photodetachment cross section for these three
anions. The calculated cross section for HC; is essen-
tially the same if we use the HOMO from a many-body
perturbation theory calculation (see below), The CN~
cross section rises more rapidly than the HC ; cross
section indicating that the s-wave contribution to the
CN~ cross section is much stronger than that in HC 3.
This is because the ¢* orbital in CN~ is much more un-
symmetrical than that in HC, giving a better s-wave
overlap. Thus, by making the ¢ MO more symmetrical,
the s-wave contribution is decreased until in the limit-
ing case (C3) it vanishes completely,

IV. EXPERIMENTAL DETERMINATION OF ELECTRON
AFFINITY

The experimental relative photodetachment cross sec-
tion of HC; is shown in Fig, 2. The theoretical predic-
tion of the acetylide ion photodetachment cross section
enables us to choose an accurate photodetachment
threshold from the experimental cross section, To ac-
complish this, we find the theoretical cross section
(after convolution with the monochromator slit function)
which best describes the experimental data, In Fig, 2
we see that the convoluted theoretical cross section with
threshold energy of 2,94 eV provides a very good fit to
the data, This analysis works only within the following
context: (1) the neglect of rotational broadening, (2) the
absence of hot bands, and (3) the absence of a superpo-
sition of transitions over the energy range studied. The
rotational effects can be ignored since they will be very
small (~2 nm) compared to the resolution of the experi-
ment, The second assumption is reasonable since the
ions are formed via a thermoneutral reaction and ther-
mal excited vibrational populations are negligible (the
lowest frequency in HCN, for example, is'® 712 cm™
and will be populated 3% relative to the ground vibra-
tional state at 300 K), Finally, transitions to excited
vibrational levels of the ethynyl radical will be very

T 1T

TPy T T 117 7T 1T T 17T U1 TT

d]llll

12.5 o

.ﬂ
e
o

>N
ol

IIIII[ITIIIIIIIITITTI1
jm]

%
)

RELATIVE CROSS SECTION

ot
o

1LllllllllllllllllIIIlII]lI

TTrTT

Ll

460

IllllllllllllllIlIIII

360 380 400 420 440
WAVELENGTH (NM)
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HC; (0). Theoretical cross section (threshold energy=2.94eV)
convoluted with monochromator slit function (—).
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TABLE I. Calculated Franck—Condon factors for
C-C stretch.

Transition Franck—Condon factor
v =0—~v’'=0 0.972

v =0—p’'=1 2.76x 107

v =0’ =2 8.95x107

weak and should not be observed in our spectrum (see
below),

The determination of the threshold photodetachment
energy only sets an upper limit to the ethynyl radical
electron affinity; to determine if the threshold energy
corresponds to the adiabatic electron affinity, an esti-
mate of the Franck-Condon factors for the anion- neu-
tral transition must be made. Theoretical work® has
established that both the anion and radical are linear
and that R,_4(HC;)=Rcx(HC,). This leaves the C-C
bond length as the remaining degree of freedom to be
analyzed. SCF-CI level potential curves for HC; and
HC, - along the C-C coordinate give® R..o(HC;)=1,273 A
and Ro_ (HC,  )=1.242 A&, Withinthe one-dimensional
harmonic oscillator assumption®! we obtain the Franck—
Condon factors shown in Table I, Since the adiabatic
transition is by far the strongest we conclude that the
observed photodetachment threshold corresponds to the
adiabatic electron affinity and that EA(HC,-)=2, 94
+0,10 eV,

V. THEORETICAL DETERMINATION OF THE
ELECTRON AFFINITY

The vertical electron affinity of the ethynyl radi-
cal was computed at its equilibrium geometry (R
=1.24 A) within the Koopmans’ theorem® (KT), self-
consistent field {SCF), approximate all double -excitation
configuration interaction® (CI), and many-body pertur -
bation theory®* (PT) approximations. Combining this in-
formation with the CI-level potential curves for HC; and
HC, given in Ref, (5), an adiabatic electron affinity of
3.18 1 0. 25 eV is obtained,

The atomic orbital basis sets used in these calcula-
tions were formed by augmenting Dunning’s [9s 5p/3s 2p]
contracted Gaussian (CGTO) basis® for carbon, The
s, p, and d functions added to Dunning’s original set of
functions were chosen to yield the lowest possible (SCF)
energies for (') HC; and (%) HC,. As a result of this
procedure, the terminal carbon atom was augmented
with two s-, two sets of p-, and one set of d-type primi-
tive Gaussian orbitals having exponents of 0.07, 0,01,
0.07, 0.01, and 0,068, respectively, The central car-
bon atom basis consisted of Dunning’s functions plus one
s$-, one p~, and one d-type Gaussian with exponents of
0.05, 0,05, and 0.068, respectively, The hydrogen
atom was described within a [4s/2s] contracted GTO
basis. The resultant SCF-level energy for H,C" ob-
tained within this basis (-76.21150 a,u.) is consider-
ably lower than that computed recently by Grein ef al.®
(-76.19780 a.u.) using a reasonably large set of Gauss-
ian orbitals plus Gaussian bond functions (off-nucleus
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orbitals). Because our SCF-level description of the

H,C - radical is given within the spin unrestricted SCF
approximation while that reported in Ref. 5 involves a
spin restricted approximation, it is not possible to com-
pare the SCF calculations on the radical,

The vertical EA’s calculated with the above described ba-
sis set within several levels of approximation are listed in
TableII, The KT EA, which is givenby minusthe energy of
the HOMO of H,C", is seento be considerably larger than
either the experimental EA (2,94 eV) cited in the present
work or the presumably quite accurate PT estimate, As
is well known, this is due to the fact that the KT approx-
imation neglects both the orbital relaxation which ac-
companies electron detachment as well as the dynamical
interactions (correlations) among the electrons which
serve to differentially stabilize the molecular anion.
Both of the SCF -level values reported in Table II tend
to underestimate the EA because they incorporate orbit-
al relaxation. but still ignore the electron correlation
effects which are larger for the anion than for the radi-
cal, Both our approximate CI and high-order PT predic-
tions seem to be in reasonably good agreement with the
experimental results (2,94 eV) quoted in the present
work, Our CI result is a simple Rayleigh—Schrédinger
approximation® to the true all-doubles CI value. Hence,
we believe our eighth-order many-body perturbation the-
ory value (3,13 eV) to be the most accurate of the theo-
retical predictions and to have a maximum error (due to
basis set size primarily) in the EA of +0.25 eV,

The fact that our correlated (CI and PT) EA’s are con-
siderably different from those of Grein et al. is, in our
opinion, most likely a reflection of the not entirely ade-
quate basis set used in Ref. 5. In support of this, we
point out that our HC; SCF energy is 0,37 eV lower than
that of Ref. 5. In addition, our CI energies for H,C™ and
H,C are, respectively, 1.1 eV and 0.27 eV lower than
those of Ref, 5 (although in Ref. 5 the CI energy for
H,C™ was computed at Rco=1.273 A). Moreover, the
basis used by Grein et al. had no d-type basis functions
and contained only diffuse s- and p-~type functions located
at the center of the carbon—carbon bond. It is our ex-
perience in developing the basis used in the present cal-
culations, that the incorporation of diffuse s- and p-type

TABLE II. Vertical electron affinity of H,C - in
eV at Ree=1.24 A.

Method EA

Koopmans’ theorem 3.44
Self-consistent field? 1.57
Approximate configuration interaction 2.88
Eighth-order perturbation theory 3.13
Grein et al. SCF® 1.96
Grein et al. CI 2.09

*This value involves the spin-unrestricted SCF
calculation on H,C * and is, therefore, not rig-
orously comparable to the SCF result listed
for Ref. 5.

YK. Vasudevan and F. Grein, Ref. 5. These
authors report the CI value at R =1.242 &

and the SCF value at 1.203 A.
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FIG. 3. Perturbation model which shows the relationship be-
tween increasing EA and increasing bond dissociation energy.

functions centered on the terminal carbon atom is cru-
cial. The 5 o(sp-hybrid) orbital is highly localized on the
terminal carbon; it is primarily this orbital which is in-
volved in the !5 - 52 detachment process. Hence, the
most likely explanation of the discrepancy between our
correlated EA and that of Ref, 5 is the inadequacy of the
latter basis in describing the lone-pair 5 ¢ orbital of the
HC; anion, If this is in fact the case, it is quite likely
that accurate Franck-Condon factors could be obtained
from Grein’s CI-level H,C™ and H,C - potential curves,
We feel that the anion curve of Ref, 5 may be quite ac-
curate in shape (because of the use of a good bonding
basis set) but is likely to be shifted to higher total ener-
gy because of errors in treating the nonbonding, 5¢ or-
bital,

Due to the cost involved in computing the highly cor-~
related EA’s reported here, we were not able to obtain
CI or PT potential energy curves for the anion and radi-
cal using our basis set, Instead, we have used Grein’s
CI-level potential curves for both HC; and HC, - to esti-
mate the difference between the vertical EA at Ro.=1,24
A and the adiabatic electron affinity, According to the
Grein curves, the increase in the equilibrium C~C bond
length in going from the radical to the anion results in
a stabilization of 0. 25 eV in the anion, Therefore, this
value is added to our best vertical EA (3.13 eV) to give
an adiabatic EA of 3,18+0.25 eV which is in good agree-
ment with the experimental value of 2,94+0,10 eV.

Vi. THERMOCHEMISTRY

The use of a thermochemical cycle with electron af-
finity and gas phase acidity data provides a means of
deriving accurate bond strengths,!® The most recent
determination of the gas phase acidity of acetylene®®
gives AH gy (C,H,~ H' +HC;) =378 + 3 kcal/mol which,
when combined with our experimental electron affinity,
gives a C-H bond dissociation energy in acetylene of
132 +5 keal/mol (5,72+0.23 eV), With this number
and® AH; (C,H,) we also obtain AH (HC,-)=134+5
kcal/mol (5,82 0.23 eV), This value is in good agree-
ment with the most direct experimental determina-
tions®™® of AH [ (HC,+).

Janousek, Brauman, and Simons:
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The magnitude of both the C ~H bond strength in acety-
lene and the electron affinity of the ethynyl radical is
larger than the corresponding values in ethylene and
ethane, The C-H bond strength in ethylene is = 108
kcal/mol and in ethane®’ 93 kcal/mol, and the electron
affinity of the ethyl radical, although unknown, if posi-
tive must be close to zero. These trends can be best
understood in terms of a simple perturbation approach
which has been used to explain the trends in bond dis-
sociation energies and electron affinities for simple
hydride systems,?® In this model, an A~H bond MO, y,
is constructed from atomic orbitals ¢, and ¢y (Fig. 3).
The A-H bond dissociation energy is then given by the
energy required to remove the bonding electrons from
¥ and put one each in ¢, and ¢y; this energy is given by
E,+E,. As the unsaturation increases in the series
C.Hg, CoHy, C,H,, and amount of s character in the ¢,
hybrid orbital increases. This decreases the energy of
¢ and increases the A—-H bond dissociation energy
(E, +E,). Also, if the magnitude of the perturbation re-
mains constant, ®® any increase in the bond dissociation
energy must be paralleled by an increase in A=E, -E,.
The energy spacing A represents the electron affinity
of A relative to that of H if Koopmans’ theorem? is as-
sumed. This follows the expected trend of electron af-
finities for the series EA (alkynyl) > EA (alkenyl) > EA
(alkyl).

VII. CONCLUSIONS

The measurement of the electron photodetachment
cross section for the acetylide anion (HC3) has allowed
us to determine EA (HC,+)=2,94+0,10 eV, This is in
good agreement with a theoretical determination of 3,18
+0.25 eV using eighth-order perturbation theory. The
experimental result not only provides important thermo-
chemical information but serves as an excellent test of
the validity of the theoretical model being employed to
calculate the electron affinity. Using the experimental
value combined with the gas phase acidity of acetylene,
the C-H bond energy in acetylene is estimated to be
132 £ 5 kcal/mol
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