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We report a Franck-Condon analysis in reduced dimensionality of the ionization thresholds of linear(l)-C3H
and cyclic(c)-C3H using MP2-based potential energy surfaces and CCSD(T)/aug-cc-pVTZ calculations of
electronic energies at selected geometries. The potential energy surfaces are fits to tens of thousands of MP2/
aug-cc-pVTZ energies for the neutral and cation systems. These fits properly describe the invariance of the
potential with respect to all permutations of the three C atoms. The realism of the potential surfaces is assessed
by comparing stationary-point structures, energies, and normal-mode frequencies with previous high-level ab
initio calculations. Several key vibrational modes in this ionization process are located at saddle points and
so a numerical approach to obtain the Franck-Condon factors for those modes is done. On the basis of this
analysis combined with a simple harmonic treatment of the energies of the remaining modes and key electronic
energy differences obtained with CCSD(T)/aug-cc-pVTZ calculations, we find the threshold ionization energy
of l-C3H to be 9.06 eV and forc-C3H we estimate the threshold to be in the range 9.70-9.76 eV. We estimate
these values are accurate to within(0.05 eV.

I. Introduction

The reaction of C(3P) with C2H2 to form C3+ H2 and C3H +
H has attracted a considerable amount of attention, both
experimentally1-15 and theoretically,16-22 due in part to the
importance of the reaction in the interstellar medium, where
the C3H product has been detected. The experiment is chal-
lenging if ones wants to distinguish between the two nearly
isoenergetic isomers of C3H, i.e., linear and cyclic C3H, denoted
l-C3H and c-C3H, respectively, because conventional mass-
spectrometric detection cannot be used for this purpose.

One technique that can be used to distinguish isomers formed
in chemical reactions is threshold photoionization spectros-
copy;23 this could be a fruitful approach for the identification
of the l-C3H and c-C3H products of the C(3P) with C2H2

reaction. Previous studies have been reported on aspects of the
ionization of C3H. Ikuta reported the ionization energy ofc-C3H
to be 9.06 eV at the MRCI/aug-cc-pVTZ level of theory/basis.24

Chaudhuri et al.25 performed high-level ab initio calculations
of energy differences betweenl-C3H and c-C3H and the
respective cations, and vertical ionization energies. They
reported vertical ionization energies of 9.21 eV forl-C3H using
their calculated geometry and 9.33 eV using the experimental
geometry, and 10.66 eV forc-C3H for both their calculated and
experimental geometry. Clearly there are significant differences
between these two sets of calculations for the ionization of
c-C3H. Also, it should be noted that these calculations did not
consider zero-point energy corrections and did not report Franck
Condon factors for the ionization.

These systems are interesting and challenging for several
reasons. Perhaps the most interesting one is, as tentatively

reported earlier24 and verified here,c-C3H+ does not exist as a
stable minimum, but as a first-order saddle point. Thus the
standard model of vertical photoionization ofc-C3H, which is
a stable minimum, is problematic. A second complication is
that thel-C3H minimum has been reported to be linear or slightly
bent, depending on the level of ab initio theory and basis,
whereas thel-C3H+ minimum is linear.

We investigate these interesting aspects of the photoionization
of both isomers of C3H in this paper. We do this by constructing
full-dimensional potential energy surfaces for the neutral and
cationic C3H systems based on MP2/aug-cc-pVTZ calculations,
doing reduced dimensionality calculations of Franck-Condon
factors using these surfaces, and finally using CCSD(T)/aug-
cc-pVTZ energies for certain key electronic energy differences.

The calculations and some details of the potential energy
surface (PES) fitting are given in the next section as are relevant
properties of the PESs and comparisons with previous ab initio
calculations at stationary points. The reduced dimensionality
Franck-Condon calculations are described and presented in
section III and a summary and conclusions are given in section
IV.

II. Ab Initio Calculations and the Potential Energy
Surfaces

We performed tens of thousands of MP2/aug-cc-pVTZ
calculations for C3H and C3H+ using MOLPRO 200226 to
determine the energies for use in creating full-dimensional PESs.
For both surfaces we used a many-body expansion with
polynomials that are invariant with respect to permutation of
the three C atoms up to total degree 8 for all the terms. This
fitting approach used has been applied and described in detailed
elsewhere27,28 and so we are brief here with the description.
The one-body potentials are fixed, and then we have a total of
744 free coefficients for the two-body, three-body, and four-
body terms, altogether.
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We used 42 186 configurations for the case of C3H and
17 812 for the case of C3H+. The present fits are semiglobal in
that they do not describe fragmentation; however, they do
describe the isomerization of C3H and C3H+. An assessment of
the realism of these PESs will be given next, where geometries,
energies and normal-mode frequencies at stationary points will
be presented and compared with previous ab initio calculations,
generally obtained with higher levels of theory.

Stationary points were located on these PESs. These are
shown graphically in Figure 1, where as seen the PES finds the
minimum of l-C3H to be slightly bent. Comparison of the
structures and energies with previous benchmark ab initio
calculations24,15are given Table 1. There is generally excellent
agreement for all structures with previous high-level calcula-
tions, with the only slightly problematic one being the minimum
for l-C3H. As seen, two sets of previous CCSD(T) calculations,
done with somewhat different basis sets,15 give slightly different
structures for the minimum, one is slightly bent and the other
is linear, depending on the basis. An extensive study of this
issue was done by Ochsenfeld et al.15 At the CCSD(T)/cc-pVQZ
level of theory and basis set they found that the linear structure
is slightly lower (by 66 cm-1) than the bent structure, using
geometries optimized with CCSD(T)/TZP calculations. Those
latter calculations are the ones cited in this table. Clearly these
calculations indicate either a double minimum potential with a
small barrier in the bending coordinate or a flat, anharmonic
potential with a linear minimum. The present PES indicates the
former. We will show in the next section that the ground state
vibrational wave function for this mode is highly delocalized
over the two minima and saddle point and so the issue of
whether the potential is a double well or a single well is not
very significant.

Table 2 contains the normal-mode frequencies and harmonic
zero-point energies obtained from the PESs and results from
previous ab initio calculations.15,29It also contains a comparison

of energies, relative to the global minimum energy ofc-C3H,
of previous CCSD(T)/aug-cc-pVTZ calculations by Ikuta24 at
the geometries in Table 1 and also new CCSD(T)/aug-cc-pVTZ
that we did at the PES stationary points. We see good agreement
between the PES normal-mode frequencies forl-C3H with those
from previous CCSD(T)/TZP calculations,15 with the exception
of modes 4 and 6. Forc-C3H the comparison shows good
agreement with the calculations of Stanton29 except for mode
1. As he discussed, there is a strong pseudo Jahn-Teller
interaction, which is not accounted for in the present MP2
calculations and so that could be affecting the frequency of mode
1 from the PES.

Figure 1. Equilibrium minimum structures ofl-C3H, l-C3H+, c-C3H,
and the saddle point structure ofc-C3H+.

TABLE 1: Geometries of Stationary Structures for Both
C3H Radical and C3H Cation (Lengths in Angstroms; Angles
in Degrees)

Cyclic-C3H

PES RCCSD(T)/aug-cc-pVTZa

R(C3-H) 1.0790 1.0800
R(C2-C3) 1.3820 1.3809
R(C2-C4) 1.3847 1.3818
∠H-C3-C2 150.01 149.98

Cyclic-C3H+

PES RCCSD(T)/aug-cc-pVTZa

R(C3-H) 1.0842 1.0883
R(C2-C3) 1.3799 1.3831
R(C2-C4) 1.2939 1.3076
∠H-C3-C2 152.03 151.79

Linear-C3H

PES RCCSD(T)/aug-cc-pVTZa CCSD(T)/TZPb

R(C4-H) 1.068 1.0699 1.072
R(C2-C3) 1.315 1.3480 1.336
R(C3-C4) 1.266 1.2473 1.253
∠H-C4-C3 150.8 180 156.5
∠C2-C3-C4 179.4 180 174.0

Linear-C3H+

PES RCCSD(T)/aug-cc-pVTZa

R(C4-H) 1.0820 1.0811
R(C2-C3) 1.3378 1.3482
R(C3-C4) 1.2539 1.2473
∠H-C4-C3 180.0 180.00

a Reference 24.b Reference 7.

TABLE 2: Harmonic Frequencies (cm-1) and Zero-Point
Energies (ZPE) from the Potential Energy Surfaces (PES)
and Other Sources, As Indicated, as Well as Energies (cm-1)
Relative to the Global Minimum, c-C3H, from the PESs,
Previous Sources, and the Present CCSD(T)/aug-cc-pVTZ
Calculations Done at the PES Geometries

l-C3H-linear l-C3H-bent l-C3H+ c-C3H c-C3H+

mode 1 417ia 110a

mode 2 417i 259,a 208b 110 718,a 281c 461ia

mode 3 289 289, 351 808 917, 898 873
mode 4 289 581, 369 808 939, 957 1053
mode 5 1162 1189, 1170 1199 1175, 1244 1457
mode 6 1928 2011, 1876 2164 1508, 1639 1808
mode 7 3387 3339, 3380 3291 3261, 3330 3241
ZPE 3527 3833, 3677 4245 4260, 4175 4216

PES 2736 2436 74296 0 79963
ab initiod 1014 1105 73197 0 79123
ab initioe 949 73095 0 79049

a Present PES.b CCSD(T)/TZP calculations from ref 15.c CCSD/
EOM calculations from ref 29.d Present CCSD(T)/aug-cc-pVTZ
calculations.e CCSD(T)/aug-cc-pVTZ calculations from ref 24.

Ionization Thresholds of Cyclic-C3H and Linear-C3H J. Phys. Chem. A, Vol. 111, No. 19, 20074057



Next consider a comparison of the energies given in the table.
The PES results are in good agreement with the present and
previous CCSD(T)/aug-cc-pVTZ24 values, which are themselves
in excellent agreement, considering the slight differences in the
geometries used to obtain these energies. The PES energies and
their difference forl-C3H (linear and bent) are higher than the
CCSD(T) ones and the order is reversed. This is essentially an
error due to the MP2 method. For the present purpose of this
paper the significant number is the height of the PES barrier
between the linear and bent geometries ofl-C3H, which is 300
cm-1. Although this value is higher than the 66 cm-1 barrier
obtained at the highest level ab initio calculations, CCSD(T)/
cc-pVQZ, obtained at the CCSD(T)/TZP geometries,15 we will
show in the next section that the PES almost certainly describes
the zero-point wavefunctionl-C3H qualitatively correctly.

To conclude this section, we note that rough estimates of the
ionization thresholds can be determined from the results in Table
2 using the present CCSD(T)/aug-cc-pVTZ calculations. For
c-C3H the “vertical” ionization energy to thec-C3H+ saddle
point is 9.8 eV and the vertical ionization energy forl-C3H
(linear) to l-C3H+ is roughly 8.95 eV. Given that some of the
stationary points used in these estimates are saddle points, we
stress that these can only be regarded as rough estimates. A
treatment of the vibrational wave functions for the highly
anharmonic imaginary modes is needed for a more precise
treatment of the ionization process. We address this in the next
section where we present a reduced dimensionality Franck-
Condon analysis for these highly anharmonic modes.

III. Franck -Condon Analysis

A. Calculational Details. In the Franck-Condon approxima-
tion the threshold ionization region is described by the overlap
of the neutral wave function (typically the ground state) with
wave functions of the cation and the relevant electronic energy
differences between the neutral and cationic wave functions.
Franck-Condon factors (FCFs) are the squares of these
overlaps. Obtaining FCFs in full-dimensionality for C3H (six
degrees of freedom) is a considerable challenge and we do not
do that here.

A separable, harmonic model is certainly feasible; however,
this would be inadequate for some modes of this system, as
discussed in the previous section. Specificallyc-C3H+ is a first-
order saddle point and alsol-C3H either is slightly bent or has
a very flat bending potential. For these modes and the corre-
sponding ones forc-C3H and l-C3H+ we take a numerical
approach to evaluate FCFs involving the highly nonharmonic
modes. To do this, we identified the imaginary frequency modes
of c-C3H+ and l-C3H (linear) and then were able to identify
very similar normal modes ofc-C3H andl-C3H+, respectively.
We then obtained numerical potentials for these modes, corre-
sponding numerical wave functions and finally numerical FCFs
as described next.

First, consider the analysis forc-C3H f c-C3H+. As noted,
c-C3H exists in a true minimum, whereasc-C3H+ is a saddle
point. The imaginary frequency (mass-scaled) normal mode of
c-C3H+ is shown in Figure 2 along with the normal mode of
c-C3H which most resembles the imaginary frequency one.
These modes were obtained from the PESs and the mode of
c-C3H shown is labeled mode 2 in Table 2. Numerical FCFs
for these two modes are then the ones of interest and we obtain
them by assuming the normal modes are the same (obviously
they are close but not identical) and so we ignore the “Duschin-
sky rotation” between them. We also ignore small differences
in the reference geometries ofc-C3H andc-C3H+. Examination

of the structures given Table 1 indicates that this too should be
a good approximation. Thus, a direct calculation of the FCFs
for these two modes assuming the normal modes are equal is a
reasonable approximation.

Similar considerations forl-C3H also lead to the conclusion
that FCFs involving the imaginary frequency bending mode of
l-C3H in the linear geometry and an analogous bending mode
in l-C3H+ should be a physically reasonable model. The relevant
normal modes of the neutral and cation are also shown in Figure
2. The cation normal mode is the doubly degenerate bend with
ω ) 808 cm-1, and as seen, it is quite similar to the (doubly
degenerate) imaginary frequency mode ofl-C3H (linear).

Having identified the imaginary frequency modes forc-C3H+

and l-C3H and the similar real frequency ones forc-C3H and
l-C3H+ it remains to determine the corresponding potentials
along these modes, all denoted generically as “Q”, using the
PESs and to solve the 1d Schro¨dinger equations for the
eigenfunctions and eigenvalues. For the imaginary-frequency
mode ofc-C3H+ the full-dimensional PES was minimized with
respect to the other normal modes as Q was varied starting at
Q ) 0, the saddle point. The same procedure was followed for
one of the two degenerate imaginary-frequency modes ofl-C3H
(linear). The resulting potentials are shown in Figures 3 and 4,
respectively, where we also show the relaxed potentials along
the corresponding real-frequency normal mode ofc-C3H and
l-C3H+ in the respective figures. Note the potentials for the
neutrals are zero at the local minima and the potentials for the
corresponding cations include the electronic energy of the cation,
measured relative to the zero potential value shown in these
figures.

As seen in Figure 4, the relaxedc-C3H+ potential decreases
from the saddle point value, whereQ ) 0, by 5700 cm-1 at the
minimum, Q ) (265, which corresponds to thel-C3H+

structure, as it should. (From Table 2 the precise energy

Figure 2. Imaginary-frequency normal mode ofc-C3H+, corresponding
real-frequency normal mode forc-C3H, imaginary-frequency normal
mode of l-C3H, and corresponding real-frequency normal mode for
l-C3H+.
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difference is 5667 cm-1.) Beyond this value of Q the potential
rises steeply, resulting in a double-well potential over the range
of Q shown. If Q were an angular variable, the potential would
be periodic as the system would return to anotherc-C3H+

configuration. This does not occur with the rectilinear normal
mode and so the potential shown is valid for the region of Q
shown and wave functions obtained with this potential are
realistic for energies not very far in excess of the barrier energy.
(As we will see later, this is sufficient for our analysis.)

The relaxed potential for the imaginary-frequency mode of
l-C3H is shown in Figure 4. As seen, this is a double well
potential, as expected, with a barrier height of 300 cm-1. The
corresponding potential forl-C3H+ along the bending normal
mode that is close in character to the imaginary frequency one
of l-C3H is also shown in this figure. As seen, it is, to a good
approximation, quite harmonic.

The Schro¨dinger equation was solved for these four potentials
numerically, using the equally spaced “Discrete Variable
Representation” of the Cartesian kinetic energy operator due
to Colbert and Miller.30 Franck-Condon factors were then
calculated numerically from these wave functions but restricted
to the ground state wave functions for the neutrals,c-C3H and
l-C3H.

B. Results and Discussion.The ground state wave function
for the imaginary-frequency mode ofl-C3H, with potential given
in Figure 4, is shown in Figure 5. The energy of this wave
function, 215 cm-1, is slightly below the barrier height of 300
cm-1. As a result, the function has a small dip atQ ) 0 and
two peaks at approximatelyQ ) (40, where the numerical
potential has identical minima. However, as seen, the wave
function has considerable amplitude atQ ) 0 and thus can be
accurately characterized as being delocalized over the two
minima and saddle point. This delocalization essentially removes
the concern over whether thel-C3H has its minimum at the linear
geometry or a slightly bent one.

The ground state wave function forc-C3H is shown in Figure
6 along with the excited state wave function ofc-C3H+ that
has the maximum overlap with it, and hence the largest FCF.
The energy of this excited state wave function is 5700 cm-1,
relative to the minimum of the potential for the cation, plotted
in Figure 4. This energy is nearly identical to the barrier height
shown in that figure and, as expected, the wave function is
concentrated in the region of the barrier, and thus has a
substantial overlap with the ground state wave function of
c-C3H.

Figure 3. Relaxed potential for the imaginary frequency mode of
c-C3H+ (top) and corresponding potential for the real frequency mode
for c-C3H (bottom). See text for more details.

Figure 4. Relaxed potential for the real frequency mode ofl-C3H+

(top) corresponding potential for the imaginary frequency mode for
l-C3H (bottom). See text for more details.
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The results of the Franck-Condon calculations are given in
Figure 7, where FCFs are plotted versus energy. These FCFs
are only for the 1d wave functions obtained from the four
numerical potentials presented above. FCFs for all other modes
were not calculated under the assumption that the largest FCF
would be for the ground state to ground state transitions for
these modes. This follows primarily from the similarity of the
relevant neutral and cation equilibrium geometries.

Before discussing the FCFs, we explain how the energy axis
was determined. Basically, these energies are differences in the
full-dimensional ZPE for the two neutral species and the cations
for which FCFs were calculated plus an appropriate electronic
energy difference. The electronic energy differences were
obtained from CCSD(T)/aug-cc-pVTZ calculations at the rel-
evant PES geometries described below instead of the MP2
energy differences from the two PESs because the former
energies are more accurate than the latter ones. Forl-C3H the
full dimensional ZPE was obtained as the sum of the harmonic
ZPE of all real-frequency modes ofl-C3H plus the ZPE obtained
numerically for the doubly degenerate imaginary-frequency
mode. The ZPE ofc-C3H was obtained similarly as the sum of
the ZPE of the wave function shown in Figure 7 plus the
harmonic ZPEs and for all other c-C3H modes. Forl-C3H+ the
vibrational energies are the sum of the harmonic ZPEs for all
real-frequency modes plus the numerically determined vibra-
tional energies of wave functions determined from the potential
shown in Figure 4. Relative to this origin, the cation energy for
the l-C3H FCFs was obtained using the accurate CCSD(T)/aug-
cc-pVTZ energy difference between the equilibrium structures
of l-C3H (slightly bent) andl-C3H+ (linear) plus the vibrational
energies ofl-C3H+ obtained relative to the equilibrium structure
of l-C3H+. The same procedure was followed for the energies
of the FCFs forc-C3H+ with the origin of the 1d vibrational
energies being thel-C3H+ equilibrium. The real-frequency
modes ofc-C3H+ are the ones at the saddle point geometry.
The relevant electronic energy difference is the electronic energy
of the equilibrium structure ofc-C3H and the electronic energy
of l-C3H+ equilibrium, again obtained using CCSD(T)/aug-cc-
pVTZ energies instead of the PES values.

Returning now to Figure 7 and considering first the FCFs
for l-C3H f l-C3H+ we see, as expected, a “textbook”

progression with the largest FCF corresponding to the adiabatic
transition, i.e., to the ground vibrational state ofl-C3H+. The
energy of this transition is 9.06 eV, and this represents the
present vaule of the threshold energy forl-C3H ionization. This
value is 0.11 eV above the vertical ionization energy, without
ZPE correction, of 8.95 eV given in the previous section.

Consider now the FCFs forc-C3H f C3H+. As seen, the
maximum FCF occurs at 9.76 eV (the cation wave function
corresponding to the FCF was shown in Figure 6), which is
quite close to the vertical energy estimate to the saddle point
of 9.8 eV given in the previous section. However, there are
significant FCFs at lower energies, making the assignment of a
threshold energy somewhat problematic. With this in mind a
threshold ionization ofc-C3H in the range 9.70-9.76 eV is
reasonable.

The present calculations of the threshold IPs will hopefully
be of use in experimental determinations of them. A partial
validation of the calculations does exist from a recent experi-

Figure 5. Ground state vibrational wavefunction for the relaxed
potential of the imaginary frequency mode ofl-C3H shown in
Figure 4.

Figure 6. Ground state vibrational wave function for the relaxed
potential of the real frequency mode ofc-C3H shown in Figure 3 (top)
and the excited state vibrational wave function ofc-C3H+ from the
potential shown in Figure 3 (bottom) with the maximum overlap with
the ground state wave function ofc-C3H shown.
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ment, which reported a threshold IP of 9.7( 0.2 eV,31,32

however, without resolving which isomer or isomers the
measurement corresponds. The present calculations point to the
c-C3H isomer.

IV. Summary and Conclusions

We presented a Franck-Condon analysis in reduced dimen-
sionality for the ionization thresholds ofl-C3H andc-C3H using
MP2-based potential energy surfaces and CCSD(T)/aug-cc-
pVTZ calculations of electronic energies at selected geometries.
Comparisons were made with previous electronic structure
calculations for stationary point geometries and energies of the
neutrals and cations.

Relaxed numerical potentials were determined along the
imaginary frequency mode ofc-C3H+, which exists as a first-
order saddle point, and also along the imaginary frequency mode
of l-C3H, which on our PES also exhibits a saddle point structure
at the strictly linear geometry. Corresponding, similar normal
modes were identified for thec-C3H andl-C3H+, and numerical
potentials were also determined along these modes. Numerical
solutions to the 1d Schro¨dinger were obtained and used to
calculate the 1d Franck-Condon factors describing the ioniza-
tion of l-C3H and c-C3H. From these results we reported
ionization thresholds of 9.06 and 9.70-9.76 eV, respectively.
These results differ from previous estimates in the literature,
especially forc-C3H, which did not consider a Franck-Condon
analysis. Given the approximations made in this analysis we
estimate that the present ionization energies are accurate to
within roughly (0.05 eV.
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Figure 7. Franck-Condon factors forl-C3H and c-C3H ionization vs
energy. See the text for a discussion of the energy axis.
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