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Ab initio calculations of excited states in C  4H and implications
for ultraviolet photodissociation
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Extensive multiconfiguratioab initio calculations on the ground state and electronic excited states
of the GH radical (butadiyny) are presented. Using multiconfiguration self-consistent field
(MCSCB 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 3% ground state were investigated. Harmonic vibrational frequencies for the ground
state and the four lowe3iI states are reported at the MCSCF level of theory. Ti%"3state is the

first state above the C—H bond dissociation threshold at 5.71 eV with a large transition dipole
moment, so the®, " — 123 transition could lead to dissociation of the C—H bond. The estimated
maximum rate for photodissociation is 1.4—8.10 ®s ! at 1 astronomical unit. Thus,8 has a
significantly long lifetime in which to be detectable in large parts of cometary comas20@L
American Institute of Physics[DOI: 10.1063/1.1349059

I. INTRODUCTION or it was in some form weakly bound in grains or heavier
molecules that were destroyed in less thadsl0
The butadiynyl (GH) radical occurs in several extrater- Before the astronomical observations ofHZ optical

restrial object$® The first astronomical observation was and electron spin resonan&SR spectra were measured in
reported by GUén etal. in the carbon-rich star IRC rare gas matrice€ later laboratory results were obtained in
+10216% In interstellar molecular clouddMCs) the linear  the gas phase and in rare gas matrfée¥? These observa-
radicals GH are surprisingly abundant. For instance, in thetions and experiments stimulatedb initio theoretical
dark cloud TMC-1, GH was observed to be more abundantwork233~**and structure optimizations and excited state cal-
than many common molecular species, such agGH®O, culatons were performed using  Hartree—Fock
CHsOH, HCOOH, CHCN, CH,, C;H,, and HGN. Model  calculationd®*” and correlated method§**~*In contrast to
calculation&® 22 also predict GH to be among the most C2H and GH for which there is no dispute as to the symme-
abundant organic species, under some IMC conditions eveifiy of the ground stat€> * and®II, respectively, the energy

more abundant than J80 or all the other H,, with  difference between these two states yHGs very sensitive
n>1. The GH's with an even number of C atoms have [0 the method chosen. Most authidr¥****found thex. *

systematically higher abundances than those with an odgtate to Ztéemthe ground state, in agreement with experimental

number of C atoms. This odd—even effect and a particularljindings:

high C,H abundance are also predicted by theory, possibly ~'ne relatively high abundance of thgtCradical found
resulting from a carbon insertion procéSs. In the Halley comet raises the possibility that its origin can

Recently the abundance of,& was reported in the ]E)e tra(;:idel);"_:“:_k to the IMC Ifr_om Wh'CTl the solard sr)]/stehm
coma of Halley’s comet® The existence of this radical was ormed 4.6 billion years ago. It is generally accepted that the

derived from the ion abundance data obtained by a ion mas igh deuterium cpntent n condengable molecules of metegr
. ites and comets is a result of the ion—molecule chemistry in
spectrometefIMS) that, on the Giotto spacecraft, encoun- . ) . . 7
. ._this ancient IMC. Moreover, various lines of evidence indi-
tered the Halley comet at a solar distance of 0.9 astronomical . ;
. . cate that a large fraction of the more refractory grains re-
unit (AU) on 13/14 March 1986. An abundance relative toleased by comets is probably of interstellar ori§irHow
water of (2.3:0.8)x 10 2 was reported® which is similar y P y

o . ever, at first it seems surprising that a radical likgi@ould
to the abundance of 8, or GH,.™" The observation cannot have survived for 4.6 billion years, even under the very low

be readily explained by photodissociation O,f heavier organi(femperature conditions that prevailed in the comet nucleus
molecules, because beyond molecular weight 46 the abun, . ghout its lifetime. In order to better understand the re-

dances decrease raplﬁﬁl.lt was cogcludeﬁ that the ob- | ationship between the butadiynyl in IMCs and in comets we
served GH was either incorporated in the ice of the nucleusyaye performedb initio calculations of the ground state and
excited states of g1 and have investigated various aspects
dElectronic mail: stephan.graf@issi.unibe.ch of the chemical and physical properties of this radical.
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TABLE |. Optimized bond lengthéin A), energiegin Ey,), and rotational constang, (in GHz) for the ground
and first excited states of,8. Structures were optimized at the MCSCF level.

Bond Ener
i Rotational

Basis set H-C, C-C, C-C; C;-C, MCSCF CASPT2 MRC+Q  constantB

Ground state 35 *
cc-pvDZ 1.0626 1.2171 1.3844 1.2225151.973956 —152.304 198 —152.339332  4.6810
cc-pVvVTZ 1.0527 1.2057 1.3778 1.2109-152.012 063 —152.437 713 —152.468 571  4.7517
cc-pvVQz 1.0527 1.2046 1.3778 1.2096-152.021 271 —152.481 265 —152.506 658  4.7569
Est. CBS limit 1.0527 1.2044 1.3778 1.2095152.024 204 —152.502 350 —152.522573  4.7576
Experiment  1.055 1.218 1.35¢ 1.224 47587
First excited state 21

cc-pvDZ 1.0632 1.2288 1.3527 1.2984-151.960 199 —152.303 400 —152.339860 4.5896
cc-pVvVTZ 1.0534 1.2175 1.3447 1.2868-151.996 902 —152.436 598 —152.468 120  4.6620
cc-pvQz 1.0534 1.2164 1.3445 1.2854-152.005847 —152.480 121 —152.505708 4.6678
Est. CBS limit 1.0534 1.2163 1.3445 1.2852152.008 729 —152.501 245 —152.521289 4.6684

% ¢ structure from Ref. 30.
B, see Ref. 4.

The theoretical methods applied are summarized in SediOs, 2068 CSFs are generated for tBestate and 2352
[I. The optimized structures for the ground state and for theCSFs for thd state, respectively. The use of all CSFs in the
four lowest excitec?’Il states are presented in Sec. Ill A. reference space generated between 3 and 18 million con-
Harmonic vibrations of these states will be discussed in Sedracted configurations during the CASPT2 calculati¢aes-
1B and in Sec. Il C excitation energies and transition mo-pending on the basis sets and electronic statesich corre-
ments from the ground state to various excited states will beponds to 70—170 million uncontracted configurations. In the
reported. Using these results and the solar photon flux, phaase of the larger active spaces up to 100000 CSFs were

todissociation rates for /8l are estimated in Sec. Il D. used in the MCSCF step and the reference space had to be
truncated for the subsequent CASPT2 calculation. Selection
1. METHODS thresholds of 0.01-0.0005 were applied to the Cl expansion

coefficients, yielding up to 25 million contracted configura-
The basis sets employed for most of this study are theions or up to 1.6 10° uncontracted configurations.

first three members of Dunning’s correlation consistent basis  To check the importance of diffuse functions, especially
sets? cc-pVDZ, cc-pVTZ andce-pVQZ (hereafter also  for the highest-energy states, we extended our calculations to
vdz vtz andvga. The smallest basis set uses 61 contractedhe augec-pVXZ (X=D and Q basis sets. Except for the
basis functions for the fE1 radical, increasing to 134 and two highest excited states considered in this study and dis-
250 contracted functions for thez and vgz basis sets. Ge- cussed below, the effects of diffuse functions were very mi-
ometry optimizations were performed at the multiconfigura-nor.
tion self-consistent fieldMCSCRH**° level with an active All calculations were performed using tivLPRO suite
space of nine molecular orbital#1Os) and nine electrons. of ab initio programs’> As MOLPRO uses Abelian point
This active space consists of the highest singly occupied group symmetry only, calculations on linear structures were
MO, the two occupiedr MOs and the lowest two virtuat performed inC,, instead ofC.,. Thus, components of
MOs. The other eight low energy molecular orbitals were  states with different angular momentum belong to the same
kept doubly occupied in all configurations, but were allowedirreducible representation i6,,. For exampleX ™ as well
to be optimized. The structures for thé31" ground state gag Ay2_,2 occur in the irreducible representation, in B;
and the first excited state {II) were optimized using all one obtaindl, and alsob,: components. For MCSCF wave
three basis sets, whereas the other excliedtates were functionsmoLPRO allows the restriction of\, the projection
optimized using thetzbasis set only. For th& and highe  of the angular momentum to the internuclear axis, whereas

electronic states it was necessary to augment the active spacASPT2 and MRCI states have to be controlled manually.
described above to 11 or 13 MOs; further details will be

given below.

To account for dynamical correlation, second-order mul-||, RESULTS
tireference perturbation theoCASPT2*" and multirefer-
ence configuration interactiofMRCI)*-°° were employed.
The MRCI energies including also the multireference David-  As already mentioned in Sec. Il, three basis sets were
son energy correctiGhare labeled MRGHQ. The reference used for structure optimization. The optimization was done
space used in the CASPT2 or MRCI calculation was generwithin linear restrictions. Table | presents for the ground
ated by a preceding MCSCF step. Depending on the size aftate, 3, and first excited state,?Il, bond lengths, as
the active space in the MCSCF calculation, not all configuwell as CASSCF, CASPT2, and MREDR energies. For
ration state function$CSFs could be included in the refer- both ground and excited states, an increase in the basis set
ence space. In the case of the smaller active space with ze leads to an overall shortening in bond lengths. The

A. Structures and energies
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TABLE II. Experimental and theoretical rotational constatitsMHz) for the butadiynyl radical isotopomers
and root mean square erragia MHz) for the theoretical values.

HCCCC DCCCC HCCCC Hc®Bccc Hedcc Hecdc  rms error

Experiment® 4758.656 4416.441 4614971 4741.867 4734.633  4594.541

ro° 4759.975 4417592 4616.211 4742936 4736.206  4595.945 1.30
re 4757.369 4414.864 4613.425 4740.447 4733511  4593.709 1.32
RCCSOT)? 4707.959 4368.469 4565.731 4690.934  4683.890 4546.521 49.62

RCCSOT)+corr®  4756.599 4413.015 4612.946 4739.388 4732.256  4593.536 2.34
MCSCFc-pVDZ  4681.018 4344529 4539.600 4664.031 4657.034  4520.518 75.76
MCSCFc-pVTZ  4751.724 4410.678 4608.235 4734.377 4727.258  4588.898 6.70
MCSCFEc-pvVQZ  4756.910 4415.393 4613.283  4739.526  4732.388  4593.939 1.73
MCSCF/CBS 4757.567 4415997 4613.927 4740.177 4733.040 4594.572 1.15

aSee Ref. 31.
bSee Ref. 30.

lengths show faster convergence for single bonds than farorrected by including additional correlation effects during
triple bonds. The bond length alternation between single andtructure optimization using CASPT2 energies instead of
triple bonds becomes more pronounced with increasing baslICSCF only or by increasing the size of the active space for
set size. Due to the well behaved convergence associatéde MCSCF calculation(ii) The interaction between the
with the use of Dunning’s basis sets, it is possible to applyground state and the first excited state is no longer negligible.
the complete basis sé€CBS scheme to estimate the CBS Improvement in this case would lead to vibronic calcula-
limit.>3%* The energ)E.. at the CBS limit is obtained from a tions, which can account for coupling between different elec-
fit to a exponential function: tronic states.

E(x)=E. +ae ™ 1) On _going from the ground state to the first expited state

the major structural changes occur at the termingt@

wherex is the cardinal index of the basis det(vdz)=2, triple bond, which is elongated by almost 0.08 A, and at the
X(vtz)=3, etc]. The same function was used for bond C,—C; single bond, which is shortened by 0.03 A. In the first
length extrapolation and the results are listed in Table I. Foexcited state, the dominant electron configuration changes
comparison with experiments the rotational constéis-  from 102,...,80%17*27%9¢ for the ground state to
cluding the CBS estimate are also giveéB.for the CBS  1¢2,...,8%17*27%9¢2. As the & MO is antibonding and
structure is in best agreement with the experimental valueghe 27 MO is bonding with respect to the;6C, bond, ex-
therefore this geometry was used for all transition momentitation lengthens this bond. The,-GC; single bond is sta-
calculations. bilized because the72 MO, which is antibonding for this

Theab initio structure shows some differences to the C—C bond loses electron population, the MO has no am-
(substitution structupé®>® values for GH. The calculated plitude on this bond.
C-C single bond is 0.019 A longer, whereas the three other  Table Il lists the adiabatic electronic excitation energies
bonds are shorter by 0.002-0.015 A. Despite these differerfor the 12[1< 125 transition. The ordering between tke
bond lengths, the calculated rotational constants differ byandIT states agrees with experim&and several previous
only 0.2 MHz. Table Il shows a comparison of the experi-ab initio studies®*° with the exception of the MRGIQ
mentalB, rotational constants for six & isotopomer 3¢ result using the smallest basis set, where thH State lies
with values calculated fronab initio structures. The two 0.014 eV lower than theE, ™ state. The reverse order in the
fitted structuresr, andrg, show a root mean squafems) ~ MCSCF energies found by Kolbuszew¥kis not shown by
error of 1.3 MHz>® Two theoretical structures show rms er- Dunning’s basis sets. The estimated CBS limit for the exci-
rors of less than 2 MHz, thegzand CBS structures with 1.7 tation energy was obtained as the difference of the CBS lim-
and 1.2 MHz, respectively. These results show that bondts of the state energies. The calculated energy difference at
length differences of up to 0.02 A can reproduce almost thehe MRCH-Q level between the 25, * ground state and the
same rotational constants. It is also interesting to note thdirst excited FII state is 0.035 eV3.37 kJ/mo), while the
the theoretical results show excellent agreement with th@A/CSCF calculations overestimate these excitation energies
bond lengths of diacetyleré: ro_y=1.0575A, rc_c by a factor of 10 or more; see Table Il
=1.3729 A, and'c—c=1.2095 A.

Astonishingly, the MCSCHB,, converges very close to
the experimentaB, value. This may be due to either a for- TABLE IIl. Adiabatic electronic excitation energigén eV) for the °I1
tuitous cancellation of the terms responsible for the—1°%" transition of GH.
Bastiansen—Morino shrinkage effecfsthe parallel(anhar-

. . ; S\ Basis set MCSCF CASPT2 MRERQ
monic bond stretchingand perpendiculatbend vibrations
displacements, or the error in the MCSCF structure optimi- ¢¢-pVDZ 0.374 0.022 —0.014
zation is equal to the,—r, difference. In the latter case, two ﬁﬁgxgzz 8'338 8'82(1) 8'822
explanations are possiblé) the MCSCF wave function is  £¢; cgs jimit 0.421 0.030 0.035

not sufficient to describe the,8 ground state. This could be
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TABLE IV. C,H ground state correlation energigg,, (in E;,) for MCSCF,

Excited states of C,H 4545

There is almost no change in the C—H bond length for

CASPT2, and MRCFQ with three different basis set&,, is de- the 2TT excited states: see Table V Th@CZ bond Iength
fined as the ener difference to the corresponding Hartree—Fock . ' . .
i ol increases by 0.06 A in the’Pl state, and slightly more in the

SCF energy, E,q,= —151.820 52°F;,, E,,=—151.86183&,, E,q, . . !
= —151.871 29%, . higher excited states. The,©C; single bond shortens by
0.03 A in the PIT and ZII states and by another 0.06 and

MCSCF CASPT2 MRCHQ 0.02 A for the 311 and £11 states, respectively. The largest
Relative energfy Relative enerdy changes are calculated for the=EC, triple bond. Here the

Basis set  Ecoy (%) Ecorr (%) Ecorr distance increases from 1.21 to 1.40 A in tHél4state. This

cc-pvDZ 0.1534 20.6 0.4837 93.2 05188 IS the C-C distance c_orresponding to bond order of 15 asin

cc-pVTZ 0.1502 24.8 0.5759 94.9 06067 benzene! Also, the dipole moment shows a huge difference

cc-pVQZ 0.1500 23.6 0.6100 96.6 0.6354  between the and thell states: the excited state dipole mo-

ment is at least five times larger than the ground state value.
As will be seen below, not all optimized structures cor-

respond to a local minimum configuration. Further investiga-

tions will be needed to search for the global minima of the

Table IV shows the correlation energies for the threeeXcited state potential energy surfaces.
basis sets at three different levels of theory. One sees that the
MCSCF wave function accounts for 30&d2 to 23%(vq2 B. Harmonic vibrations
of the MRCIHQ correlation energy. The MCSCF fraction
drops with increasing basis set size because there is an i
creasing number of virtual orbitals available for electron cor-  Experimental data for the ground state harmonic vibra-
relation, which are not included in the constant active spacéons are available from spectroscopy in rare gas maffi¢és
of the MCSCF calculation. Second order perturbation theorand anion photoelectron spectroscdpifhe IR spectra at 4
recovers more than 93%—97% of the MRCI correlation enK show absorption bands at 2060 and 735 ¢ The first
ergy, increasing towards the larger basis sets. band was attributed to one of the two=tC stretching
For the?ll excited states, a set of optimized structuresmodes,v, (Symmetric G=C stretch or v; (antisymmetric
listed in Table V, was calculated. These are also used in thE=C stretcl), the second assigned to the C—H bending
harmonic mode analysisee below. Because a large num- mode. Strictly speaking, the 8 vibrations cannot be la-
ber of low symmetry calculations are needed in this analysibeled as symmetric or antisymmetric but this nomenclature
the cc-pVTZ basis was chosen instead of the computationwill be used by analogy to the corresponding stretching
ally very demanding quadruple zeta basis set. This decisiomodes of GH,. Shenet al?® reported the C—H stretching
is justified by the fact that the ground state results in Table node v, at 3307.4 cm® and the G=C stretching modes at
show only minor differences in structures and harmonicy,=2083.9cm? and v3=2060.6cm?. They also claimed
mode frequencies between the two basis sets. that the band at 735 c¢m was not due to butadiynyl. This is

®Relative correlation energy compared to the corresponding MRLI
result.

d. Ground state

TABLE V. C,H MCSCF bond length§n A), dipole momentsin debyg, and normal mode frequenciéa cm ) for the 1S * ground state and the lowest
four excited?I] states. Ground state properties are calculated using¢heVTZ and cc-pVQZ basis sets, respectively, for the excited states only the
cc-pVTZbasis set.

Bond lengths s e 1211 2701 3211 4211
H-C, 1.0527 1.0527 1.0538 1.0524 1.0524 1.0526
C,-G 1.2057 1.2046 1.2171 1.2784 1.2845 1.2886
C—-G; 1.3778 1.3778 1.3452 1.3489 1.2895 1.2696
Cy-C4 1.2109 1.2096 1.2859 1.2780 1.3666 1.3983
Dipole moment -0.812 —0.802 —4.183 —5.495 —4.521 —4.363
Vibration Type Symmetry

2 C—H stretch a’ 3607.9 3603.4 3596.1 3601.9 3600.9 3603.1
vy C=C symmetric stretch a’' 2301.0 2296.5 2111.8 2179.7 2747.5 2214.5
V3 C=C antisymmetric stretch a’ 2130.8 2129.3 1905.2 1874.8 1448.0 1367.1
I Symmetric stretch a’' 924.1 924.1 907.0 936.1 912.7 881.2
Vsq C—H bend a’ 578.4 575.9 645.3 i514.3 670.3 i567.3
Vsp a” 578.4 575.9 503.5 i201.4 1623.2 809.9
Vea 2111 bend a’ 379.3 375.9 20073 502.4 466.4 377.4
Vb a’ 379.3 375.9 441%7 471.8 342.0 463.5
V74 221 bend a’ 178.3 178.5 276.2 213.9 163.3 202.6
V71 a’ 178.3 178.5 207.3 214.2 185.4 203.2

#The first column lists values obtained with thez basis set and the values in the second column are the results usingzibasis set.
The eigenvector corresponds to the 1211 bend.
“The eigenvector corresponds to the 11111 bend.
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v,=3603 cm C,
;E C,
< an
v,= 2296 cm” = O

= Ve, (2111) =376 cm’”
==
vz=2129 cm”’ %
95 T
S

v,=924 cm’

-1
FIG. 1. Normal mode frequencies and eigenvectors of the four stretching ~ V7a (221) = 179 cm H

vibrations for the GH ground state structure, calculated at the

MCSCFc-pVQZ level. For clarity the bonds between atoms within the FIG. 2. The three degenerate bending normal modes for thkgtound
molecule are omitted and only the Cartesian displacement vectors are givestate structure at the MCSGFe-pVQZ level. Only one component of the
v, shows the C—H stretch mode, amg and v are the symmetric and degenerated modes is depicted, is the C—C—H bending mode,hereas
antisymmetric &C stretching vibrations. The lowest mode,, is mainly vga and vy, representC—C—Cbends. Included in parentheses is also the
a C—C stretch. nodal point nomenclature; see the text.

supported by our calculation of the highest frequency bengduencies with the available experimental values shows a dif-
ing mode,vs, at 576 ceml as well as by the results of Kiefer ference of 10% at maximum for the stretch vibrations. The

et al. with vs=565cm %38 The photoelectron spectra of frequency of the calculated bend is 21% too low.

C,H™~ show peak positions at 226 and 960 Cnassigned to

the lowest bending mode, and the lowest stretching mode 2- Excited states

v,, respectively® Also, two combination bands were as- Table V also summarizes the normal mode frequencies
signed in these spectra,+ v; at 1186 and 3065 cnt for  for four electronic excitedIl states. These frequencies were
the v,+ v, combination. obtained by numerically differentiating the potential energy

Figures 1 and 2 show the stretching and bending normakith respect to Cartesian coordinates. Due to vibronic inter-
mode vibrations for ¢H. For clarity the four stretching actions(the Renner—Teller effectn the degeneratél elec-
modes in Fig. 1 are shown without bonds between the atomsronic states, the degeneratebending vibrations are split
The highest frequency mode; is assigned to the C—H into a’ anda” components. If the Renner—Teller effect is
stretch, the three others are mainly stretching vibration of thastrong, the molecule can deform from a linear structure to
C-C triple and single bonds. For thg and v; bending lower energy planatand even nonplanastructure. Accord-
modes we chose labels which count the number of atomig to our calculations this takes place for th&R 3211,
between the nodal points of the normal mode eigenvectorand #11 states.
looking from the H atom towards C The lowest energy The C—H stretching mode; is hardly affected by the
bending moder; has H, C;, and G moving downward electronic state, since all frequencies are within 12 tm
whereas Gand G move upward. Thus, there are two nodal The largest change for, occurs in the 3I1 state with a
points, the first between Gand G, the second between,C frequency increase of up to 450 ch The antisymmetric
and G, giving the label 221. Modess, and v, could be  C=C stretch frequency; shows a strong frequency de-
assigned as the C—H bending modes in all electronic statesreasdg —30%) with increasing electronic excitation. The fre-

Table V reports normal mode frequencies. For thequency ofy, is lower in the excited states than in the ground
ground state frequencies calculated with Wteandvgzbasis  state, except for A1 where it is 12 cm?® higher. Due to the
sets are listed. The results show only minor differences of ugxpected vibronic coupling the bending modes exhibit much
to a few wave numbers. A comparison of thk initio fre-  larger frequency changes. Very strong splitting occurssgor

Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 114, No. 10, 8 March 2001 Excited states of C,H 4547

of the 12I1 excited state, which is probably due to interac-
tions with the ground state. To verify this large splitting we

distorted the linear structure, shifting the terminal &om —_— 2%

by 0.001 A in thex (a’) direction. A MCSCF calculation 8r 6°T1 ]
with this structure shows already a mixing of 10% of the I

wave function into th&’ part of thell state, whereas th&’ 7L 5211 .
component shows no change. Note thatdheMO has one | — 3%y
electron in thexz plane and two electrons in tlyz plane; for 12®
thea” MO the occupation is exchanged between both planes. 61 — 411 ]

The electronic energy is much more sensitive to structural

changes in the plane with one electron. = 5l 1422A N
Only the P11 state shows a local minimum at the linear 2, 311

configuration. For the other three excitBldstates the linear 2 2%’

geometry is a saddle point with a Hessian index of 2 for the o4} .

2211 state and a Hessian index of 1 for thélBand £I1 i
states. The negative curvat(sealways arise along the C—H — 211
bending coordinate. Due to general occurrence of the
Renner—Teller effect, the calculated harmonic bending fre-
guencies represent an estimate for the curvature of the po- 2r ~
tential energy surfacéPES spectra only. The true vibra-
tional level structure can only be obtained by a vibronic
analysis. Therefore it is also not possible to correct the exci-
tation energies for the zero point ener@PE). - S }

0r _— 1% a
C. Vertical excitations

In order to know which states are responsible for photo-
dISSO'C'IatIOH, CaICUIatlonS. of vertical excitation energies anq:IG. 3. Vertical excitation energie$,., for excited states in . All
transition moments are important. Due to the\ =0,=1 energies were calculated with tiee-pVQZ basis set at the CASPT2 level
selection rules for a linear molecule, mainly excitation¥to of theory, except fofS,* wherecc-pVTZ was used only.

(a; symmetry andII (b; andb, symmetrie§ states are sub-
jects of this study. Nevertheless, analysis of the CI coeffi-

cient for somea; states leads to an assignmentM@nd for  herg. Due to this lowefT . the difference between the cal-
someb, /b, states tob symmetry. The CASPT2 CI coeffi- culated and measured values is reduced from 0.33 to 0.21 eV
cients also had to be compared with the corresponding MCfor the 211123, * transition and from 0.52 to 0.21 eV for
SCF calculations since the sequence of the excited states e P11 125" transition. These differences are now
the CASPT2 level of theory can be different than the sewithin the errors one would expect for CASPT2
guence at the MCSCF level. For some excited states it wagg|culation<£®-62

not possible to reach convergence in single state calculations,

e.g., the 3A. An overview of the CASPT2 vertical excita-

tion energies of the calculated states is given in Fig. 3. TABLE VI. Vertical electronic excitation energieB, (in €V) and transi-
tion moments square@n D?) for excited states in 1. Excitation energies

1. I1 states are from CASPT2 calculations at the MCSCF optimized ground state struc-
Table VI reports the vertical electronic excitation ener-1"e-

gies Tyer and squared transition moments from the™" cc-pvDZ cepVTZ cepvQz

ground state to the first six excitédll states using thedz . 2 .

vtz, andvgzbasis sets. All calculations were performed with >3t Tver |l Tver |l Tver |l

the CBS ground state structure ofHC All excitation ener- 1211 0.52 0.35 0.45 0.37 0.44 0.37

gies T, Show good convergence with increasing basis se2’Il  3.47 0031 332 0037 331 0.038
5.08 0.021  4.85 0.023 471 0.022

ize, the ener ifferen tween th land th

size, the energy d. erence b_e een the doubland the 4711 6.29 0.024  6.04 0.018  5.92 0.016
quadruple calculations is within a few tenths of an eV. For oy 712 00021  6.89 0.0031 682 0.017
all statesT . is larger for the smaller basis sets compared tos2[y 8.20 0.0068 7.92 0.0063 7.84 0.0063
in the vgzresults.

2y + a a a

To test the reliability of the CASPT2 excitation energies §2§+ 2'2?4'8‘9 %76%4'7@ 4.764.59
Tyen» Calculations with the ¢ structuré® for the five lowest 12y 544 596 5200
I1 states were performed. Th@zresults are in Table VII 22 5.50 5.31 5.205
together with the two available experimental values. Usinglz¢ 6.23 6.13 6.11
the r geometry lowers all excitation energies, whereas th& ® 845 8.31 8.28

transm_on dipole moments show only minor changes. Theyajges in parentheses were obtained from calculations with an active space
same is also true for thedz and vtz basis setgnot shown  of 13 orbitals; see the text.
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TABLE VII. CASPT2 vertical electronic excitation energids,, (in eV), dominant electron configurations,
and squared transition momenjs?| (in D) for the five lowest excitedIl states and the two lowest excited
23" states of GH using the experimentally founcd?® * ground state , structure(from Ref. 30. The theoret-
ical results were obtained using the valence quadruple basis sets.

cc-pvQz augcc-pvVQZz

Dominant Theoretical Theoretical
State configuratioft Toert | 2] Tvert | 2] Expt. T,
1211 (core 90217273 0.32 0.35 0.32 0.35
2211 (core) 90217327 3.19 0.040 3.19 0.041 2.98
3211 (core 90?1 7* 27237 4.40 0.020 4.59 0.021 4.19
4211 (core) 9021 7*2 7?3 5.56 0.016 5.72 0.021
5211 (core 96217327337 6.60 0.015 6.80 0.0017
223t (core 9o 1m* 27337 4.42 0.0014 453 <4x1075°
323" (core 901w 2737 6.51° 0.01F 6.61 0.073

Y core)=10?,...,87°.
PNot converged; see the text.
‘Results fromwtz calculations, because no converged values fowthebasis set were obtained.

Table VIl also shows the vertical excitation energies andactive space with 11 MOs. During the calculations for Ehe
squared transition moments calculated from #wgz basis  states two pairs of states &f, /b, symmetry but withA
set. The maximum difference for the excitation energies be=3 were found. These wave functions belong todhstates
tween both basis sets is only 0.2 eV. The transition dipolen C..,. Although their excitation energies are above the
moments from the ground state to th&1, 2211, and 311 photodissociation threshold, they do not contribute to the dis-
states are almost equal for the two basis sets. For the 4 sociation, becaus®—3 transitions are not dipole allowed.
state, theavqz transition dipole moment is 15% larger,
whereas for the 81 state,u(avqz2) is three times lower. D. Photodissociation

Neglecting different electronic states in the products and
reactions with three products, there are four possible photo-
In addition to the above mentioned ground dihctates  dissociation reactions of &i:
we did calculations for excitet® *, ?A, and?® states, the

2.2, A and ® states

results of which are summarized in Table VI In order to 41 ~CatH )
achieve convergence during the CASPT2 calculation the ac- C,H—C;+CH, (©)]
tive space of nine MOs was augmented by up to four addi-

tional MOs. CiH—Cot CoH, (4)

_ The second state was calculated using a modified ac- C4H—C+CH. (5)

tive space: we added four MOs and removed the MO ) } )

for a total of 17 electrons in 11 orbitals, fiveMOs (5—9), Table VIl shows the reaction energiésE, (electronic

and threem MOs (1-3m). Since no convergence was pos- €Nergy plus ZPE, calculated at tl&2 leve) and the corre-
sible for the thirdS, state with this active space, theraO  SPonding threshold wavelength. The lowest energy dissocia-
was again included. Even with this huge active space of 140N channel is the C—H bond dissociation, therefore photo-
orbitals it was not possible to achieve convergence for th&lissociation is only possible if the molecule is excited to a
vgzbasis set. For comparison the above mentioned large agfate at least 5.7 eV above the electronic ground state, ne-
tive space with 13 orbitals was also used in tR& 2 calcu-  9lecting barriers to dissociation. _
lations; see Table VI. There is an excitation energy differ- [N the following, we assume that every molecule excited
ence between the small and the large active space of 0.052 an electronic state above the dissociation limit will un-
0.17 eV. dergo dissociation, typicallybut not necessarilyby C—-H

The results for theS states using the, structure are bond fission, either by direct dissociation, or by predissocia-
listed in Table VII. As already seen for thd states, the
effects of diffuse functions on the_e_xcna_tlon energies are OfI'ABLE VIIl. Reaction energie\,E, (in kJ/mol and eV, corresponding
the order of 0.1 eV. Thavqgztransition dipole moment for wavelengths, and integrated solar flux of photons above the threshold en-
the 337« 123" transition is 2.6 times larger than tiwz  ergy, e, for C;H dissociation reactions.
value. No convergence was achieved for the transition dipol&

+ . ArEO (Dactive
moment to the 55+ state with theavgzor the smalleravtz Reaction (k/mo) eV) (nm) photonslen?s
andavdzbasis sets. .

In between the second and thitd" states the two low- gﬂﬂgﬁgH 55’(5; 2-;; ;%-g ‘;-Zr 18113

. . 4H— 3+ . .
estA states were founql. As seen in Table VI, thest_ates I!e  CH Ot O 611 6.33 195.9 8% 1012
very close together, with the energy gap decreasing with ing 1y ,c 11 687 712 1741 141012

creasing basis set size. These results were obtained using the
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tion following internal conversion to a lower electronic state. .~ 8e+08 s . 6e+11
At these high energies, bound excited states are usuall §  7e.08 @)y (i) (i)

nonadiabatically coupled to dissociative states, especiall & Se+11

along the bending coordinates. We assume that the sponti §

neous decay rates are low relative to the dissociative mech:§ ~ 5e+08
nisms. Thus, the dissociation rates derived here are uppeg,  4e+08 |
limits. The absorption rate at a specific wavelength can be 8 30408 |

6e+08 r
de+11

3e+11

Solar photon flux @ [cm?s'A™]

expressed as a product of the spectral energy depsiand g 2or05 | 2e+11
the Einstein coefficient for stimulated absorpti@, j; : 2 e ter11
S 1e+08 e+
k(7)=p3Bs i ; (6) e, 0 2 0

1700 1800 1800 2000 2100 2200

p; is proportional to the solar photon fluk(7): Wavelength [A]

p=hd (%) v @) FIG. 4. Calculated absorption cross sectief(8%3 " —125 ™) (solid ling)
v dv’ for two different band center positions using a band width of 500 %tm
employing the augsc-pVQZ basis set. The dashed curves show the calcu-
wheredy and7v correspond to the width and mean wave lated absorption cross sectiong5%IT—123 ") for three different band

number of the selected bidk (%) was taken from Huebner center positions using the same band width of 500 temd employing the
cc-pVQZbasis set(i) Band center is equal to the vertical excitation energy

63 : .
et al,” who gave 324 solar flux bins covering a Wavelengthfrom the ground state to the excited state at the optimized ground state
range from O to 14000 nm at 1 AU. structure, (i) using the vertical excitation energy at the experimental

The Einstein CoefficienB;’ji is calculated from theab ground state structuréiii) decreasing ye. from (ii) by 0.21 eV; also see the
initio transition momeni, .64 text. The solar photon flu at 1 AU is also plotted.
2
m 1 4 ) .
Byii| 35 =ﬁGji(I0mZ)><10 For all plots a peak width o6=500cm ! was assumed.

Additionally, the solar photon flux at 1 AU is shown together
1 2 o4 with a vertical bar at 217 nm marking the assumed photodis-
=1, 41.623q:{(D) <107 (8 sociation threshold. Note that because of the definition of the
integrated absorption cross sectfn,
To model the band shape of the transition we use a Gaussian
profile _for the absorption band with band ceriigrand vari- Gji= (rji('f/)’ffld’f/, (12)
able widths:
the absorption cross section maximum is lower for the peaks
1 (7=7)2I25?] ) with the band center at larger wavelengths although the tran-
J27s ' sition moment is the same in all three cases.
As the transition dipole moment for théB«—1%3 " is
In order to simulate different absorption band shapes, th@imost 10 times lower than that of thé3"— 123" transi-
band widths was varied from 60 up to 4000 ¢t The tion, only the latter was used in the photodissociation rate
reaction rate is expressed as an integral over this absorptiagalculations. Table IX list two sets of values, where the num-
profile: bers in parentheses are the results from @) with inte-
gration over the whole absorption band; the other ones are
k:f p3(7)Bs i (P)d7. (100  integrated up to 217 nm only. Above this threshold the en-
peak ergy is too low to lead to a photodissociation reaction in
C,H. Therefore the closer the band center is to this threshold,
the larger the differences between both sets of results.

Bs,ii(¥)=Bs ;i el

Figure 4 shows the absorption cross sectiofi¢v) for
different model cases for the?S "« 123" and the 3IT
123" transitions.

TABLE IX. Estimated photodissociation ratksin s %) at 1 AU for differ-

(1) The ab initio excitation energies to the excited states a‘tent Gaussian absorption band widthsThe rates in parentheses are calcu-

the optimized ground state structure are used as the bamged without the cutoff at 217 nm.
centers, vyielding T, (32+13)=6.72eV  with

| ufl(3%—13)=0.069 ¥, and for the second transition Photodissociation ratdex 10°
Tyer(5I1+—13%)=6.82¢eV. (cm™? Tyert (MCSCEF structurg Tyer (I's Structure
(2) Same aqi) byt using thg experimental ground state o 1414 1919
structure, which results i (32 1X)=6.61eV and ;¢ 1.4(1.4 19(19
Tyer(5I1+—1%)=6.60€V. 250 1.4(1.4) 1.9(1.9
(3) The 51+ 13 excitation energy frondii) is reduced by 500 1.4(1.9 1.9(1.9
0.21 eV because the calculated excitation energies fok000 14014 19(19
22[1 and 211 at ther structure are 0.21 eV too high 2000 1.6(1.6 2222
: .2 40 2.4(3.2 3.1(4.7
compared to the experimental results. No correction is
made for the I« 13 transition. 2The full width at half maximum is 2.35
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We also neglect an increase of the photodissociation ratand 1 were found. Further relaxation of the optimization re-
due to excitation to higher states, because of the lower phastrictions would be needed to find local minimum structures
ton fluxes. On going from 6 to 7 eV the spectral energyleading toCg or C, structures.
density in the solar spectrum drops roughly by a factor of 10.  Some exploratory calculations with augmented basis sets
Although, the corresponding excitation energy to tHdél4 (aug-cc-pVXZ with X=2,4) were performed. For théll
state for casdi) is above the photodissociation threshold, states, the resulting oscillator strengths show only minor
this state is neglected since the excitation energy atathe changes with respect to those obtained with tleepV XZ
initio ground state structure is very likely too high, the ener-basis sets. The two important exceptions are the transition
gies for casesii) and(iii) are below the threshold. dipole moments for the AI—12%" and the 337

Note that the values listed in Table IX are calculated for—123 " transitions, which are smaller and larger, respec-
a quiet sun at a distance of 1 AU. Because the Giotto entively.
counter with comet P/Halley was at 0.9 AU all reaction rates  The lowest-energy photodissociation channel is the C—H
have to be multiplied by a factor of 1.23 to account for thebond dissociation, with a calculated reaction energy of 5.71
increased photon flux at the smaller distance. The photodi®V, which can be increased if a barrier exists along the re-
sociation rates at 1 AU in Table IX are in the range of 1.4action coordinate. Neglecting this, excitation to at least the
X 10 6-3.1x10 s 1. The average of the two limits yields 5°I1 or 3’3" state is necessary for subsequent photodisso-
k=2.3x10 ®s™%, corresponding to a lifetime of about 4.4 ciation. Excitation to higher states does not contribute sig-
X 10°s. This is comparable to the rate for the proton transfenificantly to the dissociation rate, due to the lower solar pho-
reaction from HO" to C,H at a distance of 1000—3000 km ton flux at shorter wavelengths and smaller transition
from the nucleus of comet P/Halley. Therefore the removamoments from the ground state to these states. In the reaction
of C,H is determined by both the photodissociation and theate calculation a single Gaussian peak was used to model
proton transfer reactions. the absorption band. The standard deviation of the peak was

The traversal time through the inner coma~i§500 s, changed from 60 to 4000 cm, yielding upper limits to the
given by the expansion velocity,,=0.8—0.9km/s and the photodissociation rate between x40 % and 3.1
distance of the contact surface from the comet’s nucleus, X 10 ®s . Further studies should be directed towards the
=4600 km. As both rates are still slow compared to the timepotential energy curves and curve crossings relevant to the
needed to traverse the inner coma, only a minor fraction oflissociation dynamics of this intermediate size molecule.
the neutral GH is destroyed. Hence, the,8, concentration
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