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Ab initio calculations of excited states in C 4H and implications
for ultraviolet photodissociation
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~Received 13 September 2000; accepted 21 December 2000!

Extensive multiconfigurationab initio calculations on the ground state and electronic excited states
of the C4H radical ~butadiynyl! are presented. Using multiconfiguration self-consistent field
~MCSCF! structure optimization the estimated complete basis set limit for the excitation energy to
the first excited state was calculated to be 0.030 eV employing second-order multireference
perturbation theory and 0.035 eV using multireference configuration interaction. States up to 8 eV
above the 12S1 ground state were investigated. Harmonic vibrational frequencies for the ground
state and the four lowest2P states are reported at the MCSCF level of theory. The 32S1 state is the
first state above the C–H bond dissociation threshold at 5.71 eV with a large transition dipole
moment, so the 32S1←12S1 transition could lead to dissociation of the C–H bond. The estimated
maximum rate for photodissociation is 1.4– 3.131026 s21 at 1 astronomical unit. Thus C4H has a
significantly long lifetime in which to be detectable in large parts of cometary comas. ©2001
American Institute of Physics.@DOI: 10.1063/1.1349059#
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I. INTRODUCTION

The butadiynyl (C4H) radical occurs in several extrate
restrial objects.1–19 The first astronomical observation wa
reported by Gue´lin et al. in the carbon-rich star IRC
110216.1 In interstellar molecular clouds~IMCs! the linear
radicals CnH are surprisingly abundant. For instance, in t
dark cloud TMC-1, C4H was observed to be more abunda
than many common molecular species, such as CH3CHO,
CH3OH, HCOOH, CH3CN, C3H2, C4H2, and HC3N. Model
calculations20–22 also predict C4H to be among the mos
abundant organic species, under some IMC conditions e
more abundant than H2CO or all the other CnHm with
n.1. The CnH’s with an even number of C atoms hav
systematically higher abundances than those with an
number of C atoms. This odd–even effect and a particula
high C4H abundance are also predicted by theory, poss
resulting from a carbon insertion process.20

Recently the abundance of C4H was reported in the
coma of Halley’s comet.23 The existence of this radical wa
derived from the ion abundance data obtained by a ion m
spectrometer~IMS! that, on the Giotto spacecraft, encou
tered the Halley comet at a solar distance of 0.9 astronom
unit ~AU! on 13/14 March 1986. An abundance relative
water of (2.360.8)31023 was reported,23 which is similar
to the abundance of C2H2 or C2H4.

24 The observation canno
be readily explained by photodissociation of heavier orga
molecules, because beyond molecular weight 46 the ab
dances decrease rapidly.25 It was concluded23 that the ob-
served C4H was either incorporated in the ice of the nucle

a!Electronic mail: stephan.graf@issi.unibe.ch
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or it was in some form weakly bound in grains or heav
molecules that were destroyed in less than 103 s.

Before the astronomical observations of C4H, optical
and electron spin resonance~ESR! spectra were measured i
rare gas matrices;26 later laboratory results were obtained
the gas phase and in rare gas matrices.27–32 These observa-
tions and experiments stimulatedab initio theoretical
work,8,33–35and structure optimizations and excited state c
culations were performed using Hartree–Fo
calculations36,37and correlated methods.30,38–42In contrast to
C2H and C6H for which there is no dispute as to the symm
try of the ground state,2S1 and2P, respectively, the energy
difference between these two states in C4H is very sensitive
to the method chosen. Most authors30,38,40,42found the2S1

state to be the ground state, in agreement with experime
findings.26,30

The relatively high abundance of the C4H radical found
in the Halley comet raises the possibility that its origin c
be traced back to the IMC from which the solar syste
formed 4.6 billion years ago. It is generally accepted that
high deuterium content in condensable molecules of met
ites and comets is a result of the ion–molecule chemistry
this ancient IMC. Moreover, various lines of evidence ind
cate that a large fraction of the more refractory grains
leased by comets is probably of interstellar origin.43 How-
ever, at first it seems surprising that a radical like C4H could
have survived for 4.6 billion years, even under the very l
temperature conditions that prevailed in the comet nucl
throughout its lifetime. In order to better understand the
lationship between the butadiynyl in IMCs and in comets
have performedab initio calculations of the ground state an
excited states of C4H and have investigated various aspe
of the chemical and physical properties of this radical.
2 © 2001 American Institute of Physics

t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Optimized bond lengths~in Å!, energies~in Eh!, and rotational constantsBe ~in GHz! for the ground
and first excited states of C4H. Structures were optimized at the MCSCF level.

Basis set

Bond Energy
Rotational
constantBH–C1 C1–C2 C2–C3 C3–C4 MCSCF CASPT2 MRCI1Q

Ground state 12S1

cc-pVDZ 1.0626 1.2171 1.3844 1.22252151.973 956 2152.304 198 2152.339 332 4.6810
cc-pVTZ 1.0527 1.2057 1.3778 1.21092152.012 063 2152.437 713 2152.468 571 4.7517
cc-pVQZ 1.0527 1.2046 1.3778 1.20962152.021 271 2152.481 265 2152.506 658 4.7569
Est. CBS limit 1.0527 1.2044 1.3778 1.20952152.024 204 2152.502 350 2152.522 573 4.7576
Experiment 1.055a 1.215a 1.359a 1.224a 4.7587b

First excited state 12P
cc-pVDZ 1.0632 1.2288 1.3527 1.29842151.960 199 2152.303 400 2152.339 860 4.5896
cc-pVTZ 1.0534 1.2175 1.3447 1.28682151.996 902 2152.436 598 2152.468 120 4.6620
cc-pVQZ 1.0534 1.2164 1.3445 1.28542152.005 847 2152.480 121 2152.505 708 4.6678
Est. CBS limit 1.0534 1.2163 1.3445 1.28522152.008 729 2152.501 245 2152.521 289 4.6684

ar s structure from Ref. 30.
bB0 see Ref. 4.
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The theoretical methods applied are summarized in S
II. The optimized structures for the ground state and for
four lowest excited2P states are presented in Sec. III A
Harmonic vibrations of these states will be discussed in S
III B and in Sec. III C excitation energies and transition m
ments from the ground state to various excited states wil
reported. Using these results and the solar photon flux, p
todissociation rates for C4H are estimated in Sec. III D.

II. METHODS

The basis sets employed for most of this study are
first three members of Dunning’s correlation consistent ba
sets:44 cc-pVDZ, cc-pVTZ, andcc-pVQZ ~hereafter also
vdz, vtz, andvqz!. The smallest basis set uses 61 contrac
basis functions for the C4H radical, increasing to 134 an
250 contracted functions for thevtz and vqz basis sets. Ge
ometry optimizations were performed at the multiconfigu
tion self-consistent field~MCSCF!45,46 level with an active
space of nine molecular orbitals~MOs! and nine electrons
This active space consists of the highest singly occupies
MO, the two occupiedp MOs and the lowest two virtualp
MOs. The other eight low energys molecular orbitals were
kept doubly occupied in all configurations, but were allow
to be optimized. The structures for the 12S1 ground state
and the first excited state (12P) were optimized using al
three basis sets, whereas the other excitedP states were
optimized using thevtzbasis set only. For theD and higherS
electronic states it was necessary to augment the active s
described above to 11 or 13 MOs; further details will
given below.

To account for dynamical correlation, second-order m
tireference perturbation theory~CASPT2!47 and multirefer-
ence configuration interaction~MRCI!48–50 were employed.
The MRCI energies including also the multireference Dav
son energy correction51 are labeled MRCI1Q. The reference
space used in the CASPT2 or MRCI calculation was gen
ated by a preceding MCSCF step. Depending on the siz
the active space in the MCSCF calculation, not all config
ration state functions~CSFs! could be included in the refer
ence space. In the case of the smaller active space w
 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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MOs, 2068 CSFs are generated for theS state and 2352
CSFs for theP state, respectively. The use of all CSFs in t
reference space generated between 3 and 18 million
tracted configurations during the CASPT2 calculations~de-
pending on the basis sets and electronic states!, which corre-
sponds to 70–170 million uncontracted configurations. In
case of the larger active spaces up to 100 000 CSFs w
used in the MCSCF step and the reference space had t
truncated for the subsequent CASPT2 calculation. Selec
thresholds of 0.01–0.0005 were applied to the CI expans
coefficients, yielding up to 25 million contracted configur
tions or up to 1.63109 uncontracted configurations.

To check the importance of diffuse functions, especia
for the highest-energy states, we extended our calculation
the aug-cc-pVXZ ~X5D and Q! basis sets. Except for th
two highest excited states considered in this study and
cussed below, the effects of diffuse functions were very m
nor.

All calculations were performed using theMOLPRO suite
of ab initio programs.52 As MOLPRO uses Abelian point
group symmetry only, calculations on linear structures w
performed in C2v instead of C`v . Thus, components o
states with different angular momentum belong to the sa
irreducible representation inC2v . For example,S1 as well
as Dx22y2 occur in the irreducible representationA1 , in B1

one obtainsPx and alsoFx3 components. For MCSCF wav
functionsMOLPRO allows the restriction ofL, the projection
of the angular momentum to the internuclear axis, wher
CASPT2 and MRCI states have to be controlled manual

III. RESULTS

A. Structures and energies

As already mentioned in Sec. II, three basis sets w
used for structure optimization. The optimization was do
within linear restrictions. Table I presents for the grou
state, 12S1, and first excited state, 12P, bond lengths, as
well as CASSCF, CASPT2, and MRCI1Q energies. For
both ground and excited states, an increase in the basi
size leads to an overall shortening in bond lengths. T
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Experimental and theoretical rotational constants~in MHz! for the butadiynyl radical isotopomers
and root mean square errors~in MHz! for the theoretical values.

HCCCC DCCCC H13CCCC HC13CCC HCC13CC HCCC13C rms error

Experimenta,b 4758.656 4416.441 4614.971 4741.867 4734.633 4594.541
r 0

b 4759.975 4417.592 4616.211 4742.936 4736.206 4595.945 1.3
r s

b 4757.369 4414.864 4613.425 4740.447 4733.511 4593.709 1.3
RCCSD~T!b 4707.959 4368.469 4565.731 4690.934 4683.890 4546.521 49.6
RCCSD~T!1corr.b 4756.599 4413.015 4612.946 4739.388 4732.256 4593.536 2.3
MCSCF/cc-pVDZ 4681.018 4344.529 4539.600 4664.031 4657.034 4520.518 75.7
MCSCF/cc-pVTZ 4751.724 4410.678 4608.235 4734.377 4727.258 4588.898 6.7
MCSCF/cc-pVQZ 4756.910 4415.393 4613.283 4739.526 4732.388 4593.939 1.7
MCSCF/CBS 4757.567 4415.997 4613.927 4740.177 4733.040 4594.572 1

aSee Ref. 31.
bSee Ref. 30.
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lengths show faster convergence for single bonds than
triple bonds. The bond length alternation between single
triple bonds becomes more pronounced with increasing b
set size. Due to the well behaved convergence assoc
with the use of Dunning’s basis sets, it is possible to ap
the complete basis set~CBS! scheme to estimate the CB
limit.53,54The energyE` at the CBS limit is obtained from a
fit to a exponential function:

E~x!5E`1ae2bx, ~1!

where x is the cardinal index of the basis set@x(vdz)52,
x(vtz)53, etc.#. The same function was used for bon
length extrapolation and the results are listed in Table I.
comparison with experiments the rotational constantsB in-
cluding the CBS estimate are also given.B for the CBS
structure is in best agreement with the experimental va
therefore this geometry was used for all transition mom
calculations.

The ab initio structure shows some differences to ther s

~substitution structure!30,55 values for C4H. The calculated
C–C single bond is 0.019 Å longer, whereas the three o
bonds are shorter by 0.002–0.015 Å. Despite these diffe
bond lengths, the calculated rotational constants differ
only 0.2 MHz. Table II shows a comparison of the expe
mentalB0 rotational constants for six C4H isotopomers30,31,56

with values calculated fromab initio structures. The two
fitted structures,r 0 and r s , show a root mean square~rms!
error of 1.3 MHz.30 Two theoretical structures show rms e
rors of less than 2 MHz, thevqzand CBS structures with 1.7
and 1.2 MHz, respectively. These results show that b
length differences of up to 0.02 Å can reproduce almost
same rotational constants. It is also interesting to note
the theoretical results show excellent agreement with
bond lengths of diacetylene:57 r C–H51.0575 Å, r C–C

51.3729 Å, andr CwC51.2095 Å.
Astonishingly, the MCSCFBe converges very close to

the experimentalB0 value. This may be due to either a fo
tuitous cancellation of the terms responsible for t
Bastiansen–Morino shrinkage effects,58 the parallel~anhar-
monic bond stretching! and perpendicular~bend vibrations!
displacements, or the error in the MCSCF structure opti
zation is equal to ther e2r 0 difference. In the latter case, tw
explanations are possible:~i! the MCSCF wave function is
not sufficient to describe the C4H ground state. This could b
 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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corrected by including additional correlation effects duri
structure optimization using CASPT2 energies instead
MCSCF only or by increasing the size of the active space
the MCSCF calculation.~ii ! The interaction between th
ground state and the first excited state is no longer negligi
Improvement in this case would lead to vibronic calcu
tions, which can account for coupling between different el
tronic states.

On going from the ground state to the first excited st
the major structural changes occur at the terminal C3–C4

triple bond, which is elongated by almost 0.08 Å, and at
C2–C3 single bond, which is shortened by 0.03 Å. In the fir
excited state, the dominant electron configuration chan
from 1s2,...,8s21p42p49s for the ground state to
1s2,...,8s21p42p39s2. As the 9s MO is antibonding and
the 2p MO is bonding with respect to the C3–C4 bond, ex-
citation lengthens this bond. The C2–C3 single bond is sta-
bilized because the 2p MO, which is antibonding for this
C–C bond loses electron population, the 9s MO has no am-
plitude on this bond.

Table III lists the adiabatic electronic excitation energ
for the 12P←12S1 transition. The ordering between theS
andP states agrees with experiment32 and several previous
ab initio studies,39,40 with the exception of the MRCI1Q
result using the smallest basis set, where the 12P state lies
0.014 eV lower than the 12S1 state. The reverse order in th
MCSCF energies found by Kolbuszewski40 is not shown by
Dunning’s basis sets. The estimated CBS limit for the ex
tation energy was obtained as the difference of the CBS l
its of the state energies. The calculated energy differenc
the MRCI1Q level between the 12S1 ground state and the
first excited 12P state is 0.035 eV~3.37 kJ/mol!, while the
MCSCF calculations overestimate these excitation ener
by a factor of 10 or more; see Table III.

TABLE III. Adiabatic electronic excitation energies~in eV! for the 12P
←12S1 transition of C4H.

Basis set MCSCF CASPT2 MRCI1Q

cc-pVDZ 0.374 0.022 20.014
cc-pVTZ 0.413 0.030 0.012
cc-pVQZ 0.420 0.031 0.026
Est. CBS limit 0.421 0.030 0.035
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Table IV shows the correlation energies for the thr
basis sets at three different levels of theory. One sees tha
MCSCF wave function accounts for 30%~vdz! to 23%~vqz!
of the MRCI1Q correlation energy. The MCSCF fractio
drops with increasing basis set size because there is a
creasing number of virtual orbitals available for electron c
relation, which are not included in the constant active sp
of the MCSCF calculation. Second order perturbation the
recovers more than 93%–97% of the MRCI correlation
ergy, increasing towards the larger basis sets.

For the2P excited states, a set of optimized structur
listed in Table V, was calculated. These are also used in
harmonic mode analysis~see below!. Because a large num
ber of low symmetry calculations are needed in this analy
the cc-pVTZ basis was chosen instead of the computati
ally very demanding quadruple zeta basis set. This deci
is justified by the fact that the ground state results in Tabl
show only minor differences in structures and harmo
mode frequencies between the two basis sets.

TABLE IV. C4H ground state correlation energiesEcorr ~in Eh! for MCSCF,
CASPT2, and MRCI1Q with three different basis sets.Ecorr is de-
fined as the energy difference to the corresponding Hartree–F
SCF energy, Evdz52151.820 527Eh , Evtz52151.861 836Eh , Evqz

52151.871 298Eh .

Basis set

MCSCF CASPT2 MRCI1Q

Ecorr

Relative energya

~%! Ecorr

Relative energya

~%! Ecorr

cc-pVDZ 0.1534 29.6 0.4837 93.2 0.5188
cc-pVTZ 0.1502 24.8 0.5759 94.9 0.6067
cc-pVQZ 0.1500 23.6 0.6100 96.6 0.6354

aRelative correlation energy compared to the corresponding MRCI1Q
result.
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There is almost no change in the C–H bond length
the 2P excited states; see Table V. The C1wC2 bond length
increases by 0.06 Å in the 22P state, and slightly more in the
higher excited states. The C2–C3 single bond shortens by
0.03 Å in the 12P and 22P states and by another 0.06 an
0.02 Å for the 32P and 42P states, respectively. The large
changes are calculated for the C3wC4 triple bond. Here the
distance increases from 1.21 to 1.40 Å in the 42P state. This
is the C–C distance corresponding to bond order of 1.5, a
benzene! Also, the dipole moment shows a huge differe
between theS and theP states: the excited state dipole m
ment is at least five times larger than the ground state va

As will be seen below, not all optimized structures co
respond to a local minimum configuration. Further investig
tions will be needed to search for the global minima of t
excited state potential energy surfaces.

B. Harmonic vibrations

1. Ground state

Experimental data for the ground state harmonic vib
tions are available from spectroscopy in rare gas matrices26,29

and anion photoelectron spectroscopy.59 The IR spectra at 4
K show absorption bands at 2060 and 735 cm21.26 The first
band was attributed to one of the two CwC stretching
modes,n2 ~symmetric CwC stretch! or n3 ~antisymmetric
CwC stretch!, the second assigned to the C–H bendi
mode. Strictly speaking, the C4H vibrations cannot be la-
beled as symmetric or antisymmetric but this nomenclat
will be used by analogy to the corresponding stretch
modes of C4H2. Shenet al.29 reported the C–H stretching
moden1 at 3307.4 cm21 and the CwC stretching modes a
n252083.9 cm21 and n352060.6 cm21. They also claimed
that the band at 735 cm21 was not due to butadiynyl. This is

ck
t
the

26
86
96
83

.1

.5

.1
2

6
2

TABLE V. C4H MCSCF bond lengths~in Å!, dipole moments~in debye!, and normal mode frequencies~in cm21! for the 12S1 ground state and the lowes
four excited2P states. Ground state properties are calculated using thecc-pVTZ and cc-pVQZ basis sets, respectively, for the excited states only
cc-pVTZ basis set.

Bond lengths 12S1a 12P 22P 32P 42P

H–C1 1.0527 1.0527 1.0538 1.0524 1.0524 1.05
C1–C2 1.2057 1.2046 1.2171 1.2784 1.2845 1.28
C2–C3 1.3778 1.3778 1.3452 1.3489 1.2895 1.26
C3–C4 1.2109 1.2096 1.2859 1.2780 1.3666 1.39
Dipole moment 20.812 20.802 24.183 25.495 24.521 24.363

Vibration Type Symmetry

n1 C–H stretch a8 3607.9 3603.4 3596.1 3601.9 3600.9 3603
n2 CwC symmetric stretch a8 2301.0 2296.5 2111.8 2179.7 2747.5 2214
n3 CwC antisymmetric stretch a8 2130.8 2129.3 1905.2 1874.8 1448.0 1367
n4 Symmetric stretch a8 924.1 924.1 907.0 936.1 912.7 881.
n5a C–H bend a8 578.4 575.9 645.3 i514.3 670.3 i567.3
n5b a9 578.4 575.9 503.5 i201.4 i623.2 809.9
n6a 2111 bend a8 379.3 375.9 2007.3b 502.4 466.4 377.4
n6b a9 379.3 375.9 441.7c 471.8 342.0 463.5
n7a 221 bend a8 178.3 178.5 276.2 213.9 163.3 202.
n7b a9 178.3 178.5 207.3 214.2 185.4 203.

aThe first column lists values obtained with thevtz basis set and the values in the second column are the results using thevqz basis set.
bThe eigenvector corresponds to the 1211 bend.
cThe eigenvector corresponds to the 11111 bend.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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supported by our calculation of the highest frequency be
ing mode,n5 , at 576 cm21 as well as by the results of Kiefe
et al. with n55565 cm21.38 The photoelectron spectra o
C4H

2 show peak positions at 226 and 960 cm21 assigned to
the lowest bending moden7 and the lowest stretching mod
n4 , respectively.59 Also, two combination bands were a
signed in these spectra,n41n7 at 1186 and 3065 cm21 for
the n21n4 combination.

Figures 1 and 2 show the stretching and bending nor
mode vibrations for C4H. For clarity the four stretching
modes in Fig. 1 are shown without bonds between the ato
The highest frequency moden1 is assigned to the C–H
stretch, the three others are mainly stretching vibration of
C–C triple and single bonds. For then6 and n7 bending
modes we chose labels which count the number of ato
between the nodal points of the normal mode eigenvec
looking from the H atom towards C4. The lowest energy
bending moden7 has H1, C1, and C4 moving downward
whereas C2 and C3 move upward. Thus, there are two nod
points, the first between C1 and C2, the second between C3

and C4, giving the label 221. Modesn5a and n5b could be
assigned as the C–H bending modes in all electronic sta

Table V reports normal mode frequencies. For t
ground state frequencies calculated with thevtzandvqzbasis
sets are listed. The results show only minor differences o
to a few wave numbers. A comparison of theab initio fre-

FIG. 1. Normal mode frequencies and eigenvectors of the four stretc
vibrations for the C4H ground state structure, calculated at t
MCSCF/cc-pVQZ level. For clarity the bonds between atoms within t
molecule are omitted and only the Cartesian displacement vectors are g
n1 shows the C–H stretch mode, andn2 and n3 are the symmetric and
antisymmetric CwC stretching vibrations. The lowest mode,n4 , is mainly
a C–C stretch.
Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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quencies with the available experimental values shows a
ference of 10% at maximum for the stretch vibrations. T
frequency of the calculated bend is 21% too low.

2. Excited states

Table V also summarizes the normal mode frequenc
for four electronic excited2P states. These frequencies we
obtained by numerically differentiating the potential ener
with respect to Cartesian coordinates. Due to vibronic int
actions~the Renner–Teller effect! in the degenerateP elec-
tronic states, the degeneratep bending vibrations are spli
into a8 and a9 components. If the Renner–Teller effect
strong, the molecule can deform from a linear structure
lower energy planar~and even nonplanar! structure. Accord-
ing to our calculations this takes place for the 22P, 32P,
and 42P states.

The C–H stretching moden1 is hardly affected by the
electronic state, since all frequencies are within 12 cm21.
The largest change forn2 occurs in the 32P state with a
frequency increase of up to 450 cm21. The antisymmetric
CwC stretch frequencyn3 shows a strong frequency de
crease~230%! with increasing electronic excitation. The fre
quency ofn4 is lower in the excited states than in the grou
state, except for 22P where it is 12 cm21 higher. Due to the
expected vibronic coupling the bending modes exhibit mu
larger frequency changes. Very strong splitting occurs forn6

g

en.
FIG. 2. The three degenerate bending normal modes for the C4H ground
state structure at the MCSCF/cc-pVQZ level. Only one component of the
degenerated modes is depicted.n5a is the C–C–H bending mode, whereas
n6a and n7a representC–C–C bends. Included in parentheses is also t
nodal point nomenclature; see the text.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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of the 12P excited state, which is probably due to intera
tions with the ground state. To verify this large splitting w
distorted the linear structure, shifting the terminal C4 atom
by 0.001 Å in thex (a8) direction. A MCSCF calculation
with this structure shows already a mixing of 10% of theS
wave function into thea8 part of theP state, whereas thea9
component shows no change. Note that thea8 MO has one
electron in thexzplane and two electrons in theyzplane; for
thea9 MO the occupation is exchanged between both plan
The electronic energy is much more sensitive to structu
changes in the plane with one electron.

Only the 12P state shows a local minimum at the line
configuration. For the other three excitedP states the linear
geometry is a saddle point with a Hessian index of 2 for
22P state and a Hessian index of 1 for the 32P and 42P
states. The negative curvature~s! always arise along the C–H
bending coordinate. Due to general occurrence of
Renner–Teller effect, the calculated harmonic bending
quencies represent an estimate for the curvature of the
tential energy surface~PES! spectra only. The true vibra
tional level structure can only be obtained by a vibron
analysis. Therefore it is also not possible to correct the e
tation energies for the zero point energy~ZPE!.

C. Vertical excitations

In order to know which states are responsible for pho
dissociation, calculations of vertical excitation energies a
transition moments are important. Due to theDL50,61
selection rules for a linear molecule, mainly excitation toS
~a1 symmetry! andP ~b1 andb2 symmetries! states are sub
jects of this study. Nevertheless, analysis of the CI coe
cient for somea1 states leads to an assignment toD and for
someb1 /b2 states toF symmetry. The CASPT2 CI coeffi
cients also had to be compared with the corresponding M
SCF calculations since the sequence of the excited stat
the CASPT2 level of theory can be different than the
quence at the MCSCF level. For some excited states it
not possible to reach convergence in single state calculati
e.g., the 22D. An overview of the CASPT2 vertical excita
tion energies of the calculated states is given in Fig. 3.

1. P states

Table VI reports the vertical electronic excitation ene
gies Tvert and squared transition moments from the2S1

ground state to the first six excited2P states using thevdz,
vtz, andvqzbasis sets. All calculations were performed w
the CBS ground state structure of C4H. All excitation ener-
gies Tvert show good convergence with increasing basis
size, the energy difference between the doublez and the
quadruplez calculations is within a few tenths of an eV. Fo
all statesTvert is larger for the smaller basis sets compared
in the vqz results.

To test the reliability of the CASPT2 excitation energi
Tvert, calculations with ther s structure30 for the five lowest
P states were performed. Thevqz results are in Table VII
together with the two available experimental values. Us
the r s geometry lowers all excitation energies, whereas
transition dipole moments show only minor changes. T
same is also true for thevdz and vtz basis sets~not shown
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here!. Due to this lowerTvert the difference between the ca
culated and measured values is reduced from 0.33 to 0.21
for the 22P←12S1 transition and from 0.52 to 0.21 eV fo
the 32P←12S1 transition. These differences are no
within the errors one would expect for CASPT
calculations.60–62

FIG. 3. Vertical excitation energiesTvert for excited states in C4H. All
energies were calculated with thecc-pVQZ basis set at the CASPT2 leve
of theory, except for3S1 wherecc-pVTZ was used only.

TABLE VI. Vertical electronic excitation energiesTvert ~in eV! and transi-
tion moments squared~in D2! for excited states in C4H. Excitation energies
are from CASPT2 calculations at the MCSCF optimized ground state st
ture.

State

cc-pVDZ cc-pVTZ cc-pVQZ

Tvert um t
2u Tvert um t

2u Tvert um t
2u

12P 0.52 0.35 0.45 0.37 0.44 0.37
22P 3.47 0.031 3.32 0.037 3.31 0.038
32P 5.08 0.021 4.85 0.023 4.71 0.022
42P 6.29 0.024 6.04 0.018 5.92 0.016
52P 7.12 0.0021 6.89 0.0031 6.82 0.017
62P 8.20 0.0068 7.92 0.0063 7.84 0.006

22S1 4.89~4.84!a 4.78~4.70!a 4.76~4.59!a

32S1 6.81 6.62
12D 5.44 5.26 5.200
22D 5.50 5.31 5.205
12F 6.23 6.13 6.11
22F 8.45 8.31 8.28

aValues in parentheses were obtained from calculations with an active s
of 13 orbitals; see the text.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded
TABLE VII. CASPT2 vertical electronic excitation energiesTvert ~in eV!, dominant electron configurations
and squared transition momentsum t

2u ~in D2! for the five lowest excited2P states and the two lowest excite
2S1 states of C4H using the experimentally found 12S1 ground stater s structure~from Ref. 30!. The theoret-
ical results were obtained using the valence quadruple basis sets.

State
Dominant

configurationa

cc-pVQZ aug-cc-pVQZ

Expt. T0

Theoretical
Tvert um t

2u
Theoretical

Tvert um t
2u

12P ~core! 9s21p42p3 0.32 0.35 0.32 0.35
22P ~core! 9s21p32p4 3.19 0.040 3.19 0.041 2.98
32P ~core! 9s21p42p23p 4.40 0.020 4.59 0.021 4.19
42P ~core! 9s21p42p23p 5.56 0.016 5.72 0.021
52P ~core! 9s21p32p33p 6.60 0.015 6.80 0.0017

22S1 ~core! 9s1p42p33p 4.42 0.0014 4.53 ,431025 b

32S1 ~core! 9s1p32p43p 6.51c 0.011c 6.61 0.073

a(core)w1s2,...,8s2.
bNot converged; see the text.
cResults fromvtz calculations, because no converged values for thevqz basis set were obtained.
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Table VII also shows the vertical excitation energies a
squared transition moments calculated from theavqz basis
set. The maximum difference for the excitation energies
tween both basis sets is only 0.2 eV. The transition dip
moments from the ground state to the 12P, 22P, and 32P
states are almost equal for the two basis sets. For the2P
state, theavqz transition dipole moment is 15% large
whereas for the 52P state,m t(avqz) is three times lower.

2. S, D and F states

In addition to the above mentioned ground andP states
we did calculations for excited2S1, 2D, and2F states, the
results of which are summarized in Table VI. In order
achieve convergence during the CASPT2 calculation the
tive space of nine MOs was augmented by up to four ad
tional MOs.

The secondS state was calculated using a modified a
tive space: we added fours MOs and removed the 4p MO
for a total of 17 electrons in 11 orbitals, fives MOs ~5–9s!,
and threep MOs ~1–3p!. Since no convergence was po
sible for the thirdS state with this active space, the 4p MO
was again included. Even with this huge active space of
orbitals it was not possible to achieve convergence for
vqzbasis set. For comparison the above mentioned large
tive space with 13 orbitals was also used in the 22S1 calcu-
lations; see Table VI. There is an excitation energy diff
ence between the small and the large active space of 0
0.17 eV.

The results for theS states using ther s structure are
listed in Table VII. As already seen for theP states, the
effects of diffuse functions on the excitation energies are
the order of 0.1 eV. Theavqz transition dipole moment for
the 32S1←12S1 transition is 2.6 times larger than thevtz
value. No convergence was achieved for the transition dip
moment to the 22S1 state with theavqzor the smalleravtz
andavdzbasis sets.

In between the second and thirdS1 states the two low-
estD states were found. As seen in Table VI, theD states lie
very close together, with the energy gap decreasing with
creasing basis set size. These results were obtained usin
 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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active space with 11 MOs. During the calculations for theP
states two pairs of states ofb1 /b2 symmetry but withL
53 were found. These wave functions belong to theF states
in C`v . Although their excitation energies are above t
photodissociation threshold, they do not contribute to the d
sociation, becauseF←S transitions are not dipole allowed

D. Photodissociation

Neglecting different electronic states in the products a
reactions with three products, there are four possible ph
dissociation reactions of C4H:

C4H→C41H, ~2!

C4H→C31CH, ~3!

C4H→C21C2H, ~4!

C4H→C1C3H. ~5!

Table VIII shows the reaction energiesD rE0 ~electronic
energy plus ZPE, calculated at theG2 level! and the corre-
sponding threshold wavelength. The lowest energy disso
tion channel is the C–H bond dissociation, therefore pho
dissociation is only possible if the molecule is excited to
state at least 5.7 eV above the electronic ground state,
glecting barriers to dissociation.

In the following, we assume that every molecule excit
to an electronic state above the dissociation limit will u
dergo dissociation, typically~but not necessarily! by C–H
bond fission, either by direct dissociation, or by predissoc

TABLE VIII. Reaction energiesD rE0 ~in kJ/mol and eV!, corresponding
wavelengths, and integrated solar flux of photons above the threshold
ergy,Factive, for C4H dissociation reactions.

Reaction
D rE0

~kJ/mol! ~eV! ~nm!
Factive

photons/~cm2 s!

C4H→C41H 551 5.71 217.0 4.731013

C4H→C31CH 567 5.88 210.9 2.431013

C4H→C1C3H 611 6.33 195.9 8.131012

C4H→C21C2H 687 7.12 174.1 1.431012
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tion following internal conversion to a lower electronic sta
At these high energies, bound excited states are usu
nonadiabatically coupled to dissociative states, espec
along the bending coordinates. We assume that the spo
neous decay rates are low relative to the dissociative me
nisms. Thus, the dissociation rates derived here are u
limits. The absorption rate at a specific wavelength can
expressed as a product of the spectral energy densityrñ and
the Einstein coefficient for stimulated absorption,Bñ, j i :

k~ ñ !5rñBñ, j i ; ~6!

rñ is proportional to the solar photon fluxF( ñ):

rñ5hF~ñ!
ñ

dñ
, ~7!

where dñ and ñ correspond to the width and mean wa
number of the selected bin.F( ñ) was taken from Huebne
et al.,63 who gave 324 solar flux bins covering a waveleng
range from 0 to 14 000 nm at 1 AU.

The Einstein coefficientBñ, j i is calculated from theab
initio transition momentm t :64

Bñ, j i S m2

JsD5
1

h
Gji ~pm2!310224

5
1

h
41.6238m t

2~D2!310224. ~8!

To model the band shape of the transition we use a Gaus
profile for the absorption band with band centerñ0 and vari-
able widths:

Bñ, j i ~ ñ !5Bñ, j i

1

A2ps
e2@~ ñ2 ñ0!2/2s2#. ~9!

In order to simulate different absorption band shapes,
band width s was varied from 60 up to 4000 cm21. The
reaction rate is expressed as an integral over this absorp
profile:

k5E
peak

rñ~ ñ !Bñ, j i ~ ñ !dñ. ~10!

Figure 4 shows the absorption cross sectionss j i ( ñ) for
different model cases for the 32S1←12S1 and the 52P
←12S1 transitions.

~1! The ab initio excitation energies to the excited states
the optimized ground state structure are used as the b
centers, yielding Tvert(3S←1S)56.72 eV with
um t

2u(3S←1S)50.069 D2, and for the second transitio
Tvert(5P←1S)56.82 eV.

~2! Same as~i! but using the experimentalr s ground state
structure, which results inTvert(3S←1S)56.61 eV and
Tvert(5P←1S)56.60 eV.

~3! The 5P←1S excitation energy from~ii ! is reduced by
0.21 eV because the calculated excitation energies
22P and 32P at the r s structure are 0.21 eV too hig
compared to the experimental results. No correction
made for the 3S←1S transition.
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For all plots a peak width ofs5500 cm21 was assumed
Additionally, the solar photon flux at 1 AU is shown togeth
with a vertical bar at 217 nm marking the assumed photo
sociation threshold. Note that because of the definition of
integrated absorption cross section,64

Gji 5E s j i ~ ñ !ñ21dñ, ~11!

the absorption cross section maximum is lower for the pe
with the band center at larger wavelengths although the t
sition moment is the same in all three cases.

As the transition dipole moment for the 52P←12S1 is
almost 10 times lower than that of the 32S1←12S1 transi-
tion, only the latter was used in the photodissociation r
calculations. Table IX list two sets of values, where the nu
bers in parentheses are the results from Eq.~10! with inte-
gration over the whole absorption band; the other ones
integrated up to 217 nm only. Above this threshold the e
ergy is too low to lead to a photodissociation reaction
C4H. Therefore the closer the band center is to this thresh
the larger the differences between both sets of results.

FIG. 4. Calculated absorption cross sectionss(32S1←12S1) ~solid line!
for two different band center positions using a band width of 500 cm21

employing the aug-cc-pVQZ basis set. The dashed curves show the cal
lated absorption cross sectionss(52P←12S1) for three different band
center positions using the same band width of 500 cm21 and employing the
cc-pVQZbasis set.~i! Band center is equal to the vertical excitation ener
from the ground state to the excited state at the optimized ground s
structure,~ii ! using the vertical excitation energy at the experimentalr s

ground state structure,~iii ! decreasingTvert from ~ii ! by 0.21 eV; also see the
text. The solar photon fluxF at 1 AU is also plotted.

TABLE IX. Estimated photodissociation ratesk ~in s21! at 1 AU for differ-
ent Gaussian absorption band widthss. The rates in parentheses are calc
lated without the cutoff at 217 nm.

sa

~cm21!

Photodissociation ratesk3106

Tvert ~MCSCF structure! Tvert ~r s structure!

60 1.4~1.4! 1.9 ~1.9!
125 1.4~1.4! 1.9 ~1.9!
250 1.4~1.4! 1.9 ~1.9!
500 1.4~1.4! 1.9 ~1.9!

1000 1.4~1.4! 1.9 ~1.9!
2000 1.6~1.6! 2.2 ~2.2!
4000 2.4~3.2! 3.1 ~4.7!

aThe full width at half maximum is 2.35s.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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We also neglect an increase of the photodissociation
due to excitation to higher states, because of the lower p
ton fluxes. On going from 6 to 7 eV the spectral ener
density in the solar spectrum drops roughly by a factor of
Although, the corresponding excitation energy to the 42P
state for case~i! is above the photodissociation thresho
this state is neglected since the excitation energy at theab
initio ground state structure is very likely too high, the en
gies for cases~ii ! and ~iii ! are below the threshold.

Note that the values listed in Table IX are calculated
a quiet sun at a distance of 1 AU. Because the Giotto
counter with comet P/Halley was at 0.9 AU all reaction ra
have to be multiplied by a factor of 1.23 to account for t
increased photon flux at the smaller distance. The photo
sociation rates at 1 AU in Table IX are in the range of 1
31026– 3.131026 s21. The average of the two limits yield
k52.331026 s21, corresponding to a lifetime of about 4.
3105 s. This is comparable to the rate for the proton trans
reaction from H3O

1 to C4H at a distance of 1000–3000 km
from the nucleus of comet P/Halley. Therefore the remo
of C4H is determined by both the photodissociation and
proton transfer reactions.

The traversal time through the inner coma is'5500 s,
given by the expansion velocity,ve50.8– 0.9 km/s and the
distance of the contact surface from the comet’s nucleur
54600 km. As both rates are still slow compared to the ti
needed to traverse the inner coma, only a minor fraction
the neutral C4H is destroyed. Hence, the C4H2

1 concentration
changes depend mainly on the protonation of C4H and on the
dissociative electron recombination of C4H2

1.
A possible alternative source for the C4H2

1 ion would be
the protonation of diacetylene, yielding C4H3

1, followed by
photodissociation to C4H2

1. To model the observed densit
ratio between mass 50 and 51 of 2.5 at a distance of 2000
from the nucleus, a very fast photodissociation rate ok
50.0024 s21 for C4H3

1 has to be used. To achieve such
high rate excitation to a state close to the dissociation thre
old with a transition moment of around 0.5 D would b
needed. Only furtherab initio calculations or experiment
could show if such a transition in C4H3

1 is feasible.

IV. CONCLUSIONS

Extensiveab initio calculations for the ground state an
excited states of C4H have been presented. Structure optim
zations within linear restrictions at the MCSCF level
theory using up to quadruplez basis sets were performed fo
the ground and first excited 12P states. Comparison betwee
the vtz andvqzbasis sets shows converged bond lengths
the C–H and C–C triple bonds. Thevtz basis set was also
used for structural optimization on the 22P to 42P states.
The excitation energy for the 12P state was calculated at th
MRCI1Q level of theory and the estimated CBS limit
0.035 eV, without zero point energy correction. Norm
mode analysis for the four lowest2P states reveals larg
Renner–Teller effects; the linear structure is a minim
only for the 12P state. For the 22P, 32P, and 42P states
stationary points on the PES with Hessian indices of 2
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and 1 were found. Further relaxation of the optimization
strictions would be needed to find local minimum structu
leading toCs or C1 structures.

Some exploratory calculations with augmented basis
~aug-cc-pVXZ with X52,4! were performed. For the2P
states, the resulting oscillator strengths show only mi
changes with respect to those obtained with thecc-pVXZ
basis sets. The two important exceptions are the transi
dipole moments for the 52P←12S1 and the 32S1

←12S1 transitions, which are smaller and larger, resp
tively.

The lowest-energy photodissociation channel is the C
bond dissociation, with a calculated reaction energy of 5
eV, which can be increased if a barrier exists along the
action coordinate. Neglecting this, excitation to at least
52P or 32S1 state is necessary for subsequent photodis
ciation. Excitation to higher states does not contribute s
nificantly to the dissociation rate, due to the lower solar ph
ton flux at shorter wavelengths and smaller transit
moments from the ground state to these states. In the rea
rate calculation a single Gaussian peak was used to m
the absorption band. The standard deviation of the peak
changed from 60 to 4000 cm21, yielding upper limits to the
photodissociation rate between 1.431026 and 3.1
31026 s21. Further studies should be directed towards
potential energy curves and curve crossings relevant to
dissociation dynamics of this intermediate size molecule.

ACKNOWLEDGMENTS

The authors thank Kathrin Altwegg for advice and d
cussion and acknowledge support from the ISSI Foundat
the European Space Agency, the Swiss Federation, and
Canton of Berne.
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