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Abstract

Modeling charge migration resulting from the coherent superposition of cation ground and excited
states requires information about the potential energy surfaces of the relevant cation states. Since these
states are often of the same electronic symmetry as the ground state of the cation, conventional single
reference methods such as coupled cluster cannot be used for the excited states. The EOMCCSD-IP
(equation of motion coupled cluster with single and double excitations and ionization) is a convenient and
reliable “black-box” method that can be used for the ground and excited states of cations, yielding results
of CCSD (coupled cluster with singles and double excitation) quality. Charge migration in haloacetylene
cations arises from the superposition of the X and A states of HCCX" (X =F, Cl, Br and I). The geometries,
ionization potentials and vibrational frequencies have been calculated by CCSD/cc-pVTZ for neutral
HCCX and the X state of HCCX" and by EOM CCSD-IP/cc-pVTZ for the X and A states of HCCX". The
results agree very well with each other and with experiment. The very good agreement between CCSD and
EOMCCSD-IP for the X states demonstrates that EOMCCSD-IP is a suitable method for calculating the

structure and properties of ground and excited states for the HCCX cations.
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Introduction

The coherent superposition of cation states can result in charge migration on the natural time scale of
electron dynamics in molecules.!® Strong field ionization can produce suitable coherent superpositions of
the ground and excited states of a cation, but the resulting charge migration may be challenging to observe
experimentally. Modeling the decoherence of charge migration requires information about the potential
energy surfaces of the relevant states of the cation. Some of this information can be gleaned from
photoelectron spectra,’ but these spectra are often dense and difficult to analyze. Computational methods
can provide structures and vibrational frequencies of the ground and excited states of cations to help analyze
photoelectron spectra and to simulate electron dynamics in coherent superpositions of cation states. In the
present computational study, we examine the ground and excited states of a series of haloacetylene cations,
HCCX" (X =F, Cl, Br, I), in preparation for future studies on the formation of coherent superpositions and
the simulation of charge migration in these systems.

Charge migration in HCCI" has been studied extensively, both experimentally and computationally.*
10-16 - Strong field ionization of HCCI produces a coherent superposition of the X and A states of HCCI*.*
This results in charge migration between the CC triple bond and the iodine with a period of 1.87 fs. The
coherent superposition and charge migration decay in 15 — 20 fs because the vibrational wavepackets on
the X and A potential energy surfaces move in opposite directions.'!> Charge migration has also been
studied in a number of other systems, including some closely related molecules, HCCBr, H(CC),Br and
H(CC),l cations,'”!” but not in HCCCI* and HCCF".

One of the challenges for calculating the electronic structure of HCCX cations is that the X and A states
have the same electronic state symmetry. Consequently, calculations of the A state with conventional
density functional methods and single reference correlated wavefunctions such as coupled clusters (CC)
would collapse to the X state. CASSCF (complete active space self-consistent field) and CASPT2
(CASSCF with second order perturbation theory) are appropriate methods but the active space must be
carefully selected for each individual molecule. It would be highly desirable to have a straight-forward,
“black-box” method that can treat the ground state and excited states of radical cations with the same
accuracy and that does not need to be customized for each molecule. EOMCCSD-IP?** (equation of
motion coupled cluster with single and double excitations and ionization) is potentially such a “black-box”
method that is similar in accuracy to calculations with CCSD (CC with single and double excitation) and is
more efficient than CCSD for radical cations. In this formalism, calculations of open shell cations start with
a CCSD calculation of the closed shell neutral molecule. The wavefunctions for the ground and excited
states of the radical cation are then generated using an equation of motion approach involving single
ionization and single excitations of the coupled cluster wavefunction for the neutral molecule. For reviews
of coupled cluster methods such as CCSD, EOMCCSD and EOMCCSD-IP see references 24-26.

In a previous study, we investigated the angular dependence of strong field ionization in HCCX (X =
F, Cl, Br, 1).?” In recent work we simulated charge migration and decoherence in HCCI® with time-
dependent configuration interaction (TDCI) using geometries and vibrational frequencies for the X and A
states of HCCI cation available in the literature.!>"!¢ In the present work we have calculated the structures,
ionization potentials and vibrational frequencies of HCCX cations in the X and A states with CCSD and
EOMCCSD-IP using a cc-pVTZ basis set. The calculated data will be used in future simulations of charge
migration and decoherence in these systems.
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Methods

Calculations of HCCX (X =F, Cl, Br, I) were carried out with the development version of the Gaussian
software package® and employed the cc-pVTZ basis set.?**? Ionization energies were calculated with
coupled cluster methods (CCSD, EOMCCSD-IP) and electron propagator theory** (EPT). CCSD was used
to calculate optimized geometries of neutral HCCX and the X state of HCCX cations. EOMCCSD-IP
energy calculations, recently added to Gaussian by one of the authors (MC), were used for the X and A
states of the HCCX cations. Geometries were optimized with the Fletcher-Powell approach®* using
numerical first derivatives and frequencies were calculated using double numerical differentiation of the
energy. Spin-orbit coupling and vibrational anharmonicity corrections were not included in the present
calculation.

Results and Discussion

The structures of neutral HCCX are well-established experimentally (Table 1). The CCSD/cc-pVTZ
optimized geometries are in very good agreement with experiment®>3® and recent high-level calculations.*
3% The shortening of the CC bond in HCCF compared to the other HCCX is a result of reduced interactions
between the CC triple bond and the very electronegative fluorine.

Table 1. Geometries of linear HCCX (A)

HCCF HCCCI HCCBr HCCI
CCSD?
R(CX) 1.278 1.648 1.793 1.997
R(CC) 1.196 1.202 1.203 1.206
R(CH) 1.059 1.060 1.061 1.062
Experiment®
R(CX) 1.276 1.638 1.792 1.989
R(CC) 1.196 1.203 1.204 1.206
R(CH) 1.060 1.055 1.055 1.056

@ present calculations with the cc-pVTZ basis set, ® HCCF,*> HCCC1,*® HCCBr,”” HCCI®®

The highest occupied molecular orbitals of HCCX are shown in Figure 1 and the geometries of the
ground state of the haloacetylene cations (X states) are listed in Table 2. The X states of the HCCX cations
are generated by removing an electron from the ©* orbital, which has a node between the CC = orbital and
the m-type lone pair on X. As a result, the CX bond is shorter than in the neutral while the CC bond is
longer. The calculated bond lengths and their values as a function of the halogen are in very good agreement
with the estimated experimental structures and trends. The changes in bond length on ionization have been
approximated by Heilbronner®® based on the changes in spacing and intensities of the fine structure in
photoelectron spectra. These differences are added to the bond length in Table 1 to provide semiquantitative
estimates of the geometries for the X and A states of the cations. Maier and coworkers**** measured the
rotational constants for the X and A states of HCCX and DCCX cations (X = Cl, I) and used the R(CH) and
R(CC) distances estimated by Heilbronner*’ to obtain R(CX) bond lengths for the X and A states of HCCX.
The very good agreement between the CCSD and EOMCCSD-IP optimized geometries of the X states
indicates that EOMCCSD-IP should be very suitable for the excited A states of the cations.
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Figure 1. Highest occupied  and m* molecular orbitals of HCCX (X =F, Cl, Br, I)
and their orbital energies in eV.

Table 2. Geometries of the X States of linear HCCX" (A)

HCCF* HCCCI* HCCBr" | HCCI*

CCSD?

R(CX) 1218 1577 1723 | 1.929

R(CCO) 1.243 1.243 1.238 1.228

R(CH) 1.076 1.074 1.072 1.071
EOMCCSD-IP?

R(CX) 1.216 1.577 1.725 1.934

R(CO) 1.236 1.236 1.231 1.222

R(CH) 1.077 1.074 1.073 1.071
Experiment®

R(CX) (1213) | 1.582° (1.581) 1,899 (1.919)

R(CC) (1249) | (1.228) (1.231)

R(CH) (1.080) | (1.070) (1.067)

@ present calculations with the cc-pVTZ basis set, ® the numbers in parenthesis are geometry differences
obtained by Heilbronner*’ added to the geometries of the neutral HCCX in Table 1, ¢ ref #!, 9 ref 4?

The first excited states of HCCX" (A states) are generated by removing an electron from the second
highest occupied orbital, a © orbital with no node between the CC = orbital and the n-type lone pair on the
halogen (see Figure 1). Because the A states of the HCCX cations have the same electronic symmetry as
the X states, CCSD calculations would collapse to the lower energy X state. To avoid this problem, the A
states have been calculated with the EOMCCSD-IP method, which involves ionization and excitation of
the CCSD wavefunction of the neutral molecule. Since the A state is formed by removing an electron from
a m bonding orbital, both the CC and CX bonds are longer than in the neutral HCCX. HCCF, however, is a
special case. The optimized linear geometry of HCCF has a pair of imaginary frequencies (see below).
Further optimization yields a trans-bent geometry. In contrast to the other haloacetylenes, the fluorine lone
pair orbitals in HCCF are significantly lower in energy than the CC = orbital. As can be seen in Figure 1,
the HCCF r orbital (-20.66 eV) is dominated by the fluorine lone pair. Furthermore, it is comparable in
energy to the highest o bonding orbital (-19.68 eV). Ionizing from the m bonding orbital yields a
configuration that is slightly lower in energy than the configuration formed by ionizing from the highest ¢
orbital. Bending the CCF and CCH angles to allow these two configurations to interact thereby stabilizing
the bent structure for the A state.

Table 3. Geometries of the A States of linear HCCX" (A)

HCCF'® | HCCCI* HCCBr* HCCI*

EOMCCSD-IP*

R(CX) 1.486 1.771 1.903 2.096

R(CC) 1.192 1.210 1.218 1.233

R(CH) 1.071 1.071 1.071 1.072
Experiment*

R(CX) 1.7454(1.777) | (1.947) 2.09° (2.149)

R(CO) (1.231) (1.235) (1.217)

R(CH) (1.066) (1.067) (1.062)

a present calculations with the cc-pVTZ basis set, ® the linear structure for the A state of
HCCF" has 2 imaginary frequencies; the frans bent structure is a minimum: R(CF) =
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1.502 A, R(CC)=1.217 A, R(CH) = 1.074 A, ZCCF = 145.9, /CCH = 162.0; °© the
numbers in parenthesis are geometry differences obtained Heilbronner*’ added to the
geometries of the neutral HCCX in Table 1, ¢ ref *!, ¢ ref 42

The difference in geometry between X and A states is a key factor in the rate of decay of a coherent
superposition of the X and A states. This has been studied in detail for HCCIL.* '%!® The largest changes are
in the R(CX) bond lengths (0.194 A, 0.178 A and 0.162 A for HCCCI, HCCBr and HCCI, respectively).
The greater calculated change in R(CCI) compared to R(CI) suggests that decoherence could be somewhat
faster for HCCCI than for HCCI.

The ionization potentials (IP) are listed in Tables 4. The experimental adiabatic IP’s for HCCCI, HCCBr
and HCCI cations are for the lower energy J = 3/2 spin-orbit states. The calculated vertical IP’s are obtained
from the electronic energy difference at the geometry of the neutral molecule. Electron propagator theory>?
(EPT) provides an efficient way to compute vertical IP’s that is comparable to 4™ order many body
perturbation theory and yields values within about 0.2 eV of the experimental adiabatic IP’s. The CCSD
and EOMCCSD-IP vertical IP’s are also in very good agreement with the experiment. The CCSD values
are lower than EOMCCSD-IP because the CCSD wavefunction is somewhat more flexible. The adiabatic
IP’s are calculated as the enthalpy difference at 0 K between the ion and the neutral, each at their respective
minimum energy geometries. Relaxation of the ion structures to their equilibrium geometries lowers the
energies by approximately 0.2 eV. The CCSD and EOMCCSD-IP calculated adiabatic IP’s are within about
0.2 eV of the experimental adiabatic IP’s. As noted above, the A state of HCCF is a special case. Relaxation
of the linear geometry lowers the energy by 0.90 eV. Further relaxation to the bent structure (see footnote
in Table 3) lowers the energy by an additional 0.032 eV and yields an adiabatic IP of 17.174 eV.

Table 4. lonization Potentials and Excitation Energies (eV)

| HCCF* | HCCCI | HCCBr | HCCI

Vertical IP for X state
EPT 11.523 10.775 10.442 9.840
CCSD 11.244 10.606 10.338 9.831

EOMCCSD-IP 11.482 10.781 10.460 9.887
Adiabatic IP for X state

CCSD 11.005 10.422 10.190 9.744

EOMCCSD-IP 11.264 10.618 10.340 9.815

Experiment® 11.26 10.58 10.31 9.71
Vertical IP for A state

EPT 18.264 13.976 13.056 12.127

EOMCCSD-IP 18.107 14.107 13.141 12.168
Adiabatic IP for A state

EOMCCSD-IP 17.206* | 13.887 12.971 12.018

Experiment® 18.0¢ 13.87 12.86 11.87

X — A Excitation
EOMCCSD-IP 5.943b 3.269 2.631 2.203
Experiment* 3.291 2.548 2.154

*HCCF*, HCCCI*®, HCCBr*, HCCI®; ® linear; for trans bent structure,

IP=17.174 ¢V and X — A excitation = 5.910 eV, ° vertical
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The frequency for charge migration in HCCX cations depends on the energy difference between the X
and A states. Accurate experimental energy differences between X and A cation states in their ground
vibrational state have been obtained from analysis of the A to X emission spectra. The EOMCCSD-IP
calculations are in very good agreement, with differences of -0.016 to 0.087 eV.

The vibrational frequencies for neutral HCCX are listed in Table 5. The calculated harmonic
frequencies differ from the observed frequencies by about 5%, primarily because of vibrational
anharmonicity. As X is changed from F to CI, Br and I, the calculated frequencies reproduce the trends in
the observed frequencies for each of the normal modes. The good agreement between the calculations and
experiment suggests that the CCSD/cc-pVTZ method should be a satisfactory level of theory for calculating
the vibrational frequencies for the cations.

Table 5. Vibrational Frequencies of HCCX (cm™)

HCCF HCCCI HCCBr | HCCI
CCSD
Vi C 3520 3503 3500 3492
V2 © 2331 2206 2183 2156
V3o 1092 757 614 529
R 615 647 655 666
Vs T 402 345 314 278
Experiment®
Vi G 3351 3340 3325 3327
V20 2232 2110 2085 2063
V3o 1063 756 618 516
V4T 584 604 618 630
Vs T 367 326 295 260

* HCCF,* HCCCl,* HCCBr,** HCCIY

The calculated and observed vibrational frequencies for the ground state and first excited state of
HCCX" (X and A states, respectively) are listed in Tables 6 and 7. Experimentally, the HCCCI, HCCBr
and HCCI cations are generated by electron impact in a supersonically cooled jet and the vibrational
frequencies are obtained from the emission spectra. No experimental data is available for HCCEF,
presumably because the A state of HCCF" is not emissive. Spin-orbit coupling, vibrational resonances and
Renner-Teller effects make the analysis of these spectra very challenging.** For the X state of HCCX",
vibrational frequencies have been calculated with both the CCSD and EOMCC-IP approaches. The
agreement between the two sets of calculated frequencies is quite good, differences ranging from -3 cm!
to 32 cm’! with a mean absolute deviation of 13 cm™. The CC triple bond stretching frequencies calculated
with EOMCCSD-IP are systematically 15 — 32 cm™! higher than with CCSD. This is because the CC bond
lengths are 0.007 A shorter with EOMCCSD-IP, possibly reflecting the greater difficulty in treating the
electron correlation in the triple bond. The CX stretching frequencies calculated with both methods agree
very well with the observed frequencies.
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Table 6. Vibrational Frequencies of the X State of HCCX" (cm™)

HCCF"' HCCCI" HCCBr* HCCI*
CCSD
Vi G 3352 3373 3385 3405
V2 © 2263 2081 2042 2015
V3 G 1172 835 677 584
V4T 578 599 623 675
Vs T 343 341 293 256
EOMCCSD-IP
Vi G 3349 3370 3384 3406
V2 © 2289 2096 2061 2047
V3 © 1187 841 681 582
V4T 609 622 648 684
Vs T 365 345 311 265
Experiment®
V1O 3249 3280 3258
V2O 1984 1931 1805
V3 © 838 673 578
V4T 636 618 542
Vs T 346 273 237

* HCCCL* HCCBr,* HCCI*

Table 7. Vibrational Frequencies of the A State of HCCX* (cm™)

HCCF™ | HCCCI® | HCCBr" HCCI*

EOMCCSD-IP

Vi o 3421 3414 3409 3389

V2 0 2245 2183 2163 2105

V3 G 766 622 517 449

V4T 722 718 706 678

V5T 1514 245 248 249
Experiment®

Vi O 3249

V2 G 2064 2051 1822

V3 G 596 492 407

V4T 629 612

V5T 207 212

@ linear; for trans bent HCCF*, frequencies (cm™): vi (A”) = 3377,

V2 (A) = 2061, v3 (A%) = 746, v4 (A) = 719, vs (A’) = 233, ve (A”) =
720; ® HCCCL,* HCCBr,* HCCI*

The frequencies for the A states of HCCX" can be computed with EOMCCSD-IP but not with
conventional CCSD. The availability of experimental vibration frequencies for the A states is more limited
than for the X state. The differences between calculated and observed frequencies for CC and CX stretch
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are a bit larger for HCCI" than for HCCBr" and HCCCI". The largest change in frequency and in geometry
on going from the X state to the A state is in the C-X stretch. The calculated and experimental CX stretching
frequencies for the A state are lower than for the X state, reflecting the longer CX bond in the A state. This
effect increases as the halogen is changed from I to Br to Cl. Differences between the X and A states in the
C-I bond length and C-I stretching frequency are key factors that determine the decay time for coherence
and charge migration in HCCL.* 10-16

The calculated and experimental frequencies are compared in Figure 2. Overall, the agreement between
the calculated and observed frequencies is very good. A linear least-squares fit with zero intercept yields
Veale = 1.0505 vexp (R? = 0.9993, 61 data points). The calculated frequencies are about 5% higher than
observed primarily because anharmonicity corrections are not included in the calculations. Only a few
vibrations deviate significantly from the linear correlation. These include the CC triple bond stretching
mode in the X and A states of HCCI" and the CCH bending mode in the X state of HCCI'. Potentially, this
could be due to the larger spin-orbit coupling in HCCX" than in the other haloacetylene cations. The
experimental splittings between the J = 3/2 and J = 1/2 spin orbit states of HCCX (X = CI, Br and I) are
0.02, 0.13 and 0.40 eV, resp., for the X states and 0.05, 0.20 and 0.25 €V, resp., for the A states.* The CCH
and CCX bending region, 200 — 700 cm!, shows a little more deviation than other regions. These bending
modes are more difficult to measure experimentally and are subject to Renner-Teller perturbations. 4
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Figure 2. Comparison of the calculated harmonic frequencies with the observed frequencies for neutral
HCCX (X =F, Cl, Br and I) and X and A states of the HCCX cations (red circles: CCSD/cc-pVTZ.; blue
triangles EOMCCSD-IP/cc-pVTZ; Veare = 1.0505 Vexp, RZ = 0.9993)

Conclusions

The coherent superposition of cation ground and excited states can produce charge migration on the
femtosecond time scale. Modeling this charge migration requires information about the potential energy
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surfaces of the relevant cation states. CCSD can provide an accurate description of the ground state of the
cation but cannot treat excited states with the same electronic symmetry as the ground state of the cation.
CASSCF and CASPT?2 are suitable methods but need to be customized for each molecule through the
careful selection of an appropriate active space. The EOMCCSD-IP?2 is a convenient alternative. It is a
reliable “black-box” method that can be used for the ground and excited states of the cation and is similar
in quality to CCSD. Haloacetylene cations have been chosen as a test case. The superposition of the X and
A states of HCCX" (X = F, Cl, Br and I) results in charge migration between the CC triple bond and the
halogen n-type lone pair. The geometries, energies and vibrational frequencies have been calculated by
CCSD/cc-pVTZ for neutral HCCX and the X state of HCCX" and by EOM CCSD-IP/cc-pVTZ for the X
and A states of HCCX". The calculated vibrational frequencies for neutral HCCX and the X and A states of
HCCX cation agree very well with available experimental data. Very good agreement is found for the
calculated structures, ionization potentials and frequencies for the X state computed with CCSD and
EOMCCSD-IP. This demonstrates that EOMCCSD-IP is a suitable method for modeling the ground and
excited states for the HCCX cations.
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