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On the Use of Density Functional Theory-Based Methods to
Investigate the Photophysics of Polycyclic Aromatic Hydrocarbon
Radical Cations: A Benchmark Study on Naphthalene, Pyrene and

Perylene Cations.

Martial Boggio-Pasqua*®?, Michael J. Bearpark™®

Abstract: Unrestricted DFT (UDFT), time-dependent DFT (TDDFT)
and spin-flip TDDFT (SF-TDDFT) were used to investigate the
potential energy surfaces of the ground and first two electronic
excited states of the naphthalene, pyrene and perylene radical
cations. In particular, conical intersections - which play a central role
in the photophysics of these cations - were located with these DFT-
based methods. The results are consistent with accurate
multiconfigurational wavefunction-based ab initio methods. These
show that naphthalene and pyrene cations can quickly relax
nonradiatively from their excited states back down to the original
ground state species through easily accessible conical intersections,
but the perylene cation cannot do so, due to the absence of any
accessible funnels between the lowest excited state and the ground
state, leaving radiative decay as the most probable photophysical
pathway. This study paves the way for using computationally
efficient density functional theory (DFT)-based methods in future
investigations of the photophysics of much larger polycyclic aromatic
hydrocarbons, for which multiconfigurational wavefunction-based
methods become prohibitively expensive.

Introduction

Monocations of polycyclic aromatic hydrocarbons (PAHs) have
generated considerable interest in the astrophysics community,
due to their relevance in models accounting for observed
spectral absorption and emission features of the interstellar
medium (ISM).['" In particular, small PAH cations such as
naphthalene (Nap™) and pyrene (Pyr*) have often been
proposed as candidates for carriers of diffuse interstellar
absorption bands (DIBs).?® These two cations have very short
excited-state lifetimes associated with subpicosecond ground-
state recovery,*% while perylene (Per’) is considered to be the
first fluorescent PAH cation,®® for which a much longer excited-
state lifetime has been observed.! Thus, these PAH cations
present very distinct photophysical behaviors, which have first
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been rationalized based on investigation of the static potential
energy surfaces (PESs) involved.

The ultrafast ground-state recovery of Nap™ and Pyr* was
explained by easily accessible sloped conical intersections
providing very efficient nonradiative decay paths from the initially
excited D2 state down to Do.¥l On the other hand, only
inaccessible high-energy conical intersections could be located
between the ground and first excited states in Per™, providing a
simple explanation for its longer excited-state lifetime and
fluorescent behavior.® These findings were based on accurate
but computationally highly demanding wavefunction-based
approaches such as the complete active space self-consistent
field (CASSCF) method together with complete active space
second-order perturbation theory (CASPT2). These methods,
while applicable for Nap™ and Pyr™, become prohibitively
expensive for Per™ for which further approximations had to be
introduced by using a restricted active space (RASSCF)
wavefunction.["%]

To investigate excited electronic states of the many larger PAH
cations that are potentially relevant for molecular astrophysics -
such as coronene or corannulenel' - more computationally
affordable quantum chemical methods are desirable, provided
that they can describe the relevant potential energy surfaces
and critical conical intersections between them realistically. In
this article, we therefore revisit the photophysical pathways of
Nap™, Pyr* and Per™* using density functional theory (DFT)-
based approaches: unrestricted DFT (UDFT), time-dependent
DFT (TDDFT) and spin-flip TDDFT (SF-TDDFT). We discuss the
pros and cons of each of these approaches in this context. The
main conclusion is that these methods complement each other,
and provide a reliable alternative to CASPT2, currently
considered to be the state-of-the-art reference method for
computational photochemistry.['2

Results and Discussion

Naphthalene radical cation. Naphthalene (Figure 1) is the
smallest member of the PAH family. Its presence in
monocationic form in the ISM has long been debated.?'! Nap™*
is known to rapidly regenerate its original ground state form
following initial excitation to its lowest bright D excited state.l A
CASSCEF theoretical study™ of the Do, D1 and D2 PESs revealed
a sequence of energetically accessible sloped conical
intersections combined with electronic state energy gradients
pointing directly along their tuning modes. These static features



account for the ultrafast access to these funnels, which has
since been confirmed by quantum dynamical studies.['¥]
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Figure 1. Naphthalene and atom numbering used.

Figure 2 displays the potential energy profiles for the
photophysical radiationless decay pathway in Nap™ obtained at
different computational levels of theory, including relevant
relative energies between critical points. Table 1 provides
information about their structures.

All levels of calculation agree on the topological features of the
three lowest-energy PESs: one minimum structure of Don
symmetry is found on each of the Do, D1 and D2 PESs, and
sloped Do/D1 and D1/D2 minimum energy conical intersections
(MECIs) are encountered along symmetry-preserving tuning
modes which coincide with the main relaxation coordinate of the
system in its respective electronic states. The mechanistic
picture for the photophysics of Nap™ is therefore consistent
across all of these levels of theory, pointing to successive
ultrafast nonradiative decay channels from D2 to D1 and then
from D1 to Do.
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Figure 2. Schematic potential energy profile for the three lowest electronic
states of the naphthalene radical cation. The corresponding singly-occupied
molecular orbitals are shown for each doublet state. Vertical transition
energies to the D1 and D states and activation energies to the crossings are
given in kcal/mol at various levels of theory.

If we compare in detail the results from the different levels of
theory illustrated in Figure 2, there are some notable differences
though. While the structures of the Do, D1 and D2 minima are all
in very good agreement (Table 1), larger deviations are
observed for the MECI structures. This is not so surprising, as
these geometries are sensitive to the differential correlation
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energy between the excited states. Figure 2 shows that
CASSCEF gives a too low Do-D1 vertical transition energy (by ca.
5 kcal/mol), while the value obtained with SF-TDDFT is too high
(by ca. 7 kcal/mol), compared to the reference CASPT2 value.
On the contrary, the D1-D2 gap is too high at CASSCF level (by
ca. 8 kcal/mol) and a bit too low with SF-TDDFT (by ca. 2
kcal/mol). UDFT is the DFT-based method that gives the closest
vertical transition energies to the CASPT2 reference results for
this cation. As a consequence, the CASSCF and SF-TDDFT
MECI structures are the ones that deviate furthest from the
CASPT2 MECI geometries, whereas UDFT provides highly
accurate geometries (Table 1).

Another consequence of these discrepancies in the differential
correlation energies can be seen in terms of energy position of
the MECIs. As pointed out in ref. [7], the CASSCF D+/D> MECI
lies ca. 24 kcal/mol above the D2 minimum, which represents a
substantial activation energy to reach this funnel, inconsistent
with the observed ultrafast ground-state recovery upon
photoexcitation to D2. The high-energy location of this funnel is a
direct outcome of the too-high D1-D2 energy gap at the CASSCF
level. On the contrary, with SF-TDDFT, this crossing is too low in
energy relative to the D2 minimum. A similar reasoning can be
used for the Do/D1 MECI, with CASSCF placing the crossing too
low in energy with respect to the D1 minimum, whereas it is
located too high at the SF-TDDFT level. As for the MECI
structures, UDFT pinpoints the two funnels in very good
agreement with the CASPT2 results. Nevertheless, overall the
DFT-based results consistently describe the ultrafast
nonradiative decay pathways responsible for the photophysics of

o+

Nap™.

Table 1. Bond lengths (A) in naphthalene radical cation for Do, D1 and D>
minima and Do/D+1 and D1/D2 MECIs at various levels of theory.

Structure Method 1-2 2-3 1-8a 4a-8a
Do(%Au) CASSCF 1.407 1.388 1.409 1.432
minimum CASPT2 1.404 1.392 1.410 1.425
UDFT 1.406 1.392 1.414 1.433
TDDFTE n.r. n.r. n.r. n.r.
SF-TDDFT 1.407 1.391 1.414 1.433
D1(%B1u) CASSCF 1.368 1.452 1.421 1.467
minimum CASPT2 1.376 1.452 1.419 1.480
UDFT 1.372 1.454 1.419 1.483
TDDFT 1.371 1.456 1.418 1.484
SF-TDDFT 1.370 1.456 1.419 1.481
D2(?Bag) CASSCF 1.391 1.404 1.446 1.401
minimum CASPT2 1.392 1.408 1.451 1.405
UDFT 1.386 1.408 1.456 1.395
TDDFT 1.391 1.405 1.450 1.407
SF-TDDFT 1.386 1.410 1.455 1.395
Do/D+ CASSCF 1.361 1.465 1.423 1.475
MECI CASPT2 1.351 1.503 1.421 1.533
UDFT 1.349 1.504 1.421 1.529
TDDFT! 1.358 1.485 1.421 1.510
SF-TDDFT 1.337 1.533 1.421 1.547
D1/D2 CASSCF 1.437 1.327 1.488 1.300
MECI CASPT2 1.404 1.359 1.489 1.322
UDFT 1.402 1.363 1.497 1.318




TDDFT
SF-TDDFT

1.418
1.399

1.349
1.373

1.494
1.487
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1.339

[a] n.r.: not relevant. [b] within the Tamm-Dancoff approximation.

Pyrene radical cation. Pyrene (Figure 3) is constituted of four
fused benzene rings, and its monocation has often been
considered as a potential candidate for DIB carriers.®! While no
time-resolved photophysical study has yet been reported for
Pyr*, its photodynamics have been investigated with quantum
dynamics®® showing very efficient nonradiative decay from D2
down to Do on the picosecond time scale, as observed in Nap™.
In addition, our earlier static investigation®! of the Do, D1 and D>
PESs predicted a similar ultrafast ground-state recovery
mechanism to the one observed in Nap™ involving successive
sloped D1/D2 and Do/D1 MECls.

J

Figure 3. Pyrene and atom numbering used.

The potential energy profiles for the photophysical pathway in
Pyr* are represented in Figure 4. They are qualitatively very
similar to the ones shown in Figure 2 for Nap™, with one
minimum structure of D2n symmetry found on each of the Do, D1
and D2 PESs, and sloped Do/D1 and D1/D2 MECIs encountered
along the main symmetry-preserving relaxation coordinates. All
levels of theory used in this work agree with this static picture.
(Note that it was not possible to optimize structures at the
CASPT2 level for this system, as the large active space required
makes the CASPT2 optimizations excessively time-consuming).
The structures reported in Table 2 show that all of the minima for
Pyr* are consistently described at all levels of theory. As was
found for Nap™, larger deviations may be observed at MECIs.
No reference CASPT2 data are available for this system as yet,
but it appears that UDFT and TDDFT provide structures lying
between the CASSCF and SF-TDDFT ones. This can be
interpreted on the same grounds as for Nap™. As the CASSCF
Do-D1 energy gap is too small (by ca. 2 kcal/mol compared to
CASPT2), the Do/D1 MECI lies too close to the D1 minimum. This
is the opposite at the SF-TDDFT level, for which the Do-D1
energy gap is too large (by ca. 7 kcal/mol) and the Do/D1 MECI is
energetically too high with respect to the D1 minimum. On the
contrary, the CASSCF D1-D2 energy gap is too large (by ca. 4
kcal/mol) and, as a result, the D1/D2 MECI is energetically too
high with respect to the D2 minimum. With SF-TDDFT, this is the
opposite, with a slightly too small D1-D2 energy gap (by ca. 1
kcal/mol) resulting in a D1/D2 MECI lying a bit too close to the D2
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minimum. As in Nap™, the best estimate for the structural and
energetic positions of the critical points seems to be provided by
UDFT, in the absence of CASPT2 reference data.
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Figure 4. Schematic potential energy profile for the three lowest electronic
states of the pyrene radical cation. The corresponding singly-occupied
molecular orbitals are shown for each doublet state. Vertical transition
energies to the D1 and D states and activation energies to the crossings are
given in kcal/mol at various levels of theory.

Table 2. Bond lengths (A) in pyrene radical cation for Do, D1 and D2 minima
and Do/D1 and D1/D2 MECls at various levels of theory.

Structure Method 2-3 3-3a 3a—4 3a— 4-5 3a'-
3a’ 5a’
Do(%Bzg) CASSCF 1.392  1.422 1.415 1.419 1.383 1.416
minimum  CASPT2 - - - - - -
UDFT 1.393  1.423 1.418 1.425 1.385 1.417
TDDFT® n.r. n.r. n.r. n.r. n.r. n.r.
SF-TDDFT  1.393  1.422  1.418 1.425 1.385 1.417
D1(?Bag) CASSCF 1.406 1.385  1.450 1.446 1.353 1.395
minimum  CASPT2 - - - - - -
UDFT 1.409 1.388  1.446 1.451 1.355 1.397
TDDFT 1.407  1.388  1.447 1.450 1.355 1.399
SF-TDDFT  1.408 1.387  1.448 1.450 1.354 1.398
D2(?B1u) CASSCF 1.394 1405 1.423 1.427 1.391 1.474
minimum  CASPT2 - - - - - -
UDFT 1.394  1.404 1.430 1.428 1.389 1.482
TDDFT 1.394 1405 1.428 1.430 1.389 1.478
SF-TDDFT  1.394  1.403  1.432 1.428 1.388 1.485
Do/D1 CASSCF 1413  1.369  1.467 1.458 1.339 1.385
MECI CASPT2 - - - - - -
UDFT 1.426  1.353  1.481 1.482 1.322 1.375
TDDFT®! 1.424  1.361 1.472 1.477 1.329 1.378
SF-TDDFT  1.430 1.343  1.496 1.490 1.310 1.369
D4/D2 CASSCF 1.382  1.424  1.400 1.413 1.428 1.543
MECI CASPT2 - - - - - -
UDFT 1.384 1.414 1.420 1.415 1.413 1.541
TDDFT 1.383  1.418 1.414 1.416 1.417 1.542
SF-TDDFT  1.385  1.411 1.424 1.416 1.411 1.536

[a] n.r.: not relevant. [b] within the Tamm-Dancoff approximation.
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Table 3. Bond lengths (A) in perylene radical cation for D2n Do, D1 and D2 minima and Do/D1 and D+/D2 MECls at various levels of theory.

Structure Method 1-2 2-3 3-3a 3a-3a’ 3a'-6a 6-6a 6a—6b
Do(%Au) RASSCFla 1.389 1.382 1.411 1.428 1.421 1.410 1.446
minimum UDFT 1.393 1.388 1.414 1.433 1.429 1.412 1.452
TDDFT! n.r. n.r. n.r. n.r. n.r. n.r. n.r.
SF-TDDFT 1.393 1.388 1.414 1.432 1.429 1.412 1.452
D1(%Bsg) RASSCFI 1.368 1.406 1.407 1.430 1.420 1.436 1.433
minimum UDFT 1.372 1.409 1.410 1.436 1.426 1.453 1.417
TDDFT 1.379 1.406 1.412 1.435 1.427 1.434 1.440
SF-TDDFT 1.372 1.409 1.410 1.436 1.426 1.453 1.416
D1(%Bzg) RASSCFI 1.426 1.360 1.421 1.444 1.423 1.387 1.468
minimum UDFT 1.424 1.374 1.415 1.461 1.432 1.386 1.475
TDDFT 1.425 1.372 1.416 1.460 1.431 1.387 1.474
SF-TDDFT 1.424 1.379 1.405 1.475 1.434 1.378 1.483
Do/D1(?Bag) MMVBE! 1.592 1.327 1.438 1.466 1.436 1.333 1.563
MECI UDFT 1.558 1.325 1.417 1.616 1.436 1.302 1.571
TDDFTE 1.553 1.327 1.419 1.600 1.433 1.308 1.563
SF-TDDFT 1.573 1.322 1.417 1.618 1.431 1.293 1.592
D+/D2 MECI MMVBE! 1.419 1.386 1.425 1.439 1.431 1.423 1.455
UDFT 1.393 1.398 1.415 1.425 1.426 1.399 1.518
TDDFT 1.399 1.392 1.413 1.445 1.429 1.410 1.461
SF-TDDFT 1.394 1.394 1.410 1.448 1.436 1.415 1.443

[a] Taken from Ref. [9]. [b] n.r.: not relevant. [c] within the Tamm-Dancoff approximation.

Perylene radical cation. The perylene (Figure 5) cation, which RASSCF
is made up of five fused benzene rings, presents a very different TDDFT
SF-TDDFT

photophysical behavior compared to Nap™ and Pyr*. While
these two cations present an ultrafast ground-state recovery on
a sub-ps timescale, the excited-state lifetime in Per™ is at least

an order of magnitude longer (ps timescale).”! Per* is also the % i
smallest PAH cation to date displaying fluorescence from its 30 g
lowest D1 excited state.! This has been accounted for by the > ©
absence of accessible funnels between D1 and Do.l¥! Because of 421 20 2 a5
the size of the system, these funnels were sought using the 40.0 I 38.5

Molecular Mechanics — Valence Bond (MMVB) hybrid method,
which incorporates a parameterized effective Hamiltonian,
allowing it to reproduce CASSCF results reasonably accurately
at a fractional cost.'™ Here we show that the potential energy
landscape of Per™ - including relevant conical intersections - can
be investigated with DFT-based approaches.

: DO(Au) ) { {

N N

Figure 6. Schematic potential energy profile for the three lowest electronic
states of the perylene radical cation. The corresponding singly-occupied
molecular orbitals are shown for each doublet state. Vertical and adiabatic
transition energies to the D1 and D2 states are given in kcal/mol at various
levels of theory.

Figure 6 shows the potential energy landscapes for the lowest
Figure 5-Rerylenelandatom,numbering used. three electronic states of Per*. One of the main differences
compared with Nap™ and Pyr* is the large Do-D1 energy gap:
while it is ca. 25 kcal/mol in Nap™ and Pyr™, it is over 40
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kcal/mol in Per*. Another difference is that D2 lies very close to
D+ at the Do equilibrium geometry. Consequently, while RASSCF
and TDDFT predict D1 and D2 to be the Bsg and Bzs states
respectively, UDFT and SF-TDDFT give the reverse order.
There is thus some ambiguity regarding the assignment of the
lowest two excited states in Per™ but what is known is that the
two states are very close in energy, and cross at an MECI in the
Franck-Condon region, effectively forming a single adiabatic D+
PES together. Due to the peaked topology of the D1/D2 conical
intersection in Per* (also contrasting with Nap™ and Pyr**), each
state has its own minimum on the D1 adiabatic PES following
symmetry-preserving in-plane relaxation, as shown in Figure 6.
In fact, the D1(B2g) minimum on the PES was found to belong to
the Cav symmetry point group, but with zero-point energy taken
into account, it becomes D2» symmetry.®! Thus, we only report
the D2n optimized structure in Table 3 in this study; the minimum
in this higher symmetry.

All levels of theory used here agree with these topological
features of the D1 and D2 PESs. The structures of the minima
are all in good agreement (Table 3). It is worth noting though
that the Bsgy state presents a multiconfigurational character,
mixing a dominant n— rn* configuration with a =n—=n
configuration.”! This multiconfigurational description of the
excited-state wavefunction is well captured at the TDDFT level,
while SF-TDDFT and UDFT describe only the main n— n*
configuration. This possibly explains the slightly better
agreement between the RASSCF and TDDFT structures for the
corresponding D1(Bsg) minimum with respect to the SF-TDDFT
and UDFT ones, for which larger deviations are observed for the
6-6a and 6a-6b bond lengths. Regarding the D1(B2g) minimum,
its optimization proved to be difficult at the SF-TDDFT level. We
could only optimize the structure close to a stationary point,
possibly due to an instability in the reference quartet state
wavefunction.

The observed luminescence of Per™ was previously explained
by the absence of accessible Do/D1 crossings, based on an
extensive search for them with the computationally efficient
MMVB approach.l®'® Three different Do/D1 MECIs were located
at higher energies with MMVB: one involving a crossing with the
D1(Bzg) state with a D2n structure lying at 41 kcal/mol above the
D1(B2g) minimum. This structure shows unusually stretched
bonds 1-2 and 6a-6b and compressed bonds 2-3 and 6-6a (see
Table 3). A lower-energy MECI with C2y symmetry involving the
same excited state was also found, still lying 28 kcal/mol above
the D1(Bzg) minimum. Finally, a third MECI involving the D1(Bsg)
excited state was located at over 80 kcal/mol above the D+
minimum. These funnels cannot provide efficient radiationless
decay routes, due to the high activation energies required to
reach them. We tested this conclusion using our UDFT, TDDFT
and SF-TDDFT computational protocol to locate the first two
crossings (the third one - being very high in energy - was not
searched for). The structures for the Do/D1(B2g) D2n MECI at
different levels of theory are given in Table 3. They all agree with
MMVB in displaying long 1-2 and 6a-6b bonds and short 2-3 and
6-6a bonds. However, the DFT-based calculations also predict a
very long 3a-3a' bond, at variance with MMVB. This MECI is
located at 64.8, 55.3 and 74.4 kcal/mol above the D1 minimum
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with UDFT, TDDFT and SF-TDDFT, respectively. The lower Cay
Do/D1 MECI structures are shown in Figure 7 and are
characterized by very long 1-2 and 3a-3a' bonds (1.58 to 1.77
A) and very short 2-3, 6-6a, 6b-7 and 8-9 bonds (1.36 to 1.30 A).
The main disagreement with MMVB concerns the 6-6a bond
length, which is predicted to be ca. 0.1 A longer than all of the
DFT-based calculations. The Do/D1 C2v MECI is located at 56.4,
43.2 and 61.1 kcal/mol above the D1 minimum at the UDFT,
TDDFT and SF-TDDFT levels, respectively. This is substantially
higher than the activation energy predicted at the MMVB level.
All of these DFT-based results nevertheless confirm the
inaccessibility of Do/D1 funnels in Per'*, leaving radiative decay /
fluorescence as the most probable photophysical pathway in this
case.

MMVB
UDFT
TDDFT
SF-TDDFT

1.496 1.411°)
1.433 1.454

Figure 7. The inaccessible Do/D1 Czy MECI structure in perylene cation
optimized at various levels of theory.

Conclusions

We have shown that DFT-based approaches such as UDFT,
TDDFT and SF-TDDFT allow us to investigate the potential
energy landscapes of PAH cations, including the location of the
critical conical intersections that are intimately connected to the
photophysical behavior of these systems.

The ultrafast ground-state recoveries in Nap™ and Pyr* are
accounted for with UDFT, TDDFT and SF-TDDFT, which all
locate easily accessible sloped D+1/D2 and Do/D1 conical
intersections. On the other hand, the longer excited-state lifetime
in Per* (as well as the observed fluorescence) are explained by
the absence of any low-lying Do/D1 conical intersections.
Energies and geometries obtained with the DFT-based methods
used here compare well with the available ab initio reference
calculations, including those for conical intersections.

There are some cautions though. UDFT can only be used if the
ground and excited states belong to different electronic
symmetries,['®! although there is no such restriction with TDDFT
and SF-TDDFT, which can be applied to systems with no
particular symmetry. Note that, in such cases, TDDFT does not
couple the ground and lowest excited state properly. While this
is not an issue in SF-TDDFT, this method depends on having a
suitable unrestricted reference state (here a quartet state) to
generate (by spin-flip) single-electron transitions the desired
doublet states of the radical cations.



With these provisos, we believe that the DFT-based strategies
tested and validated in this work to describe the photophysical
behavior of the naphthalene, pyrene and perylene radical
cations offer a promising tool to investigate the photophysics of
much larger PAH cations and of other relevant radicals,['" for
which ab initio  multiconfigurational wavefunction-based
approaches become prohibitively expensive.

Computational Section

UDFT,['8 TDDFTI!"l and SF-TDDFT[20l geometry optimizations of critical
structures (minima and conical intersections) were all performed using
the B3LYP functional?'l together with the 6-31G* orbital basis?? set. SF-
TDDFT calculations of doublet states require using a suitable reference
quartet state.l?®] All CASSCF calculations were carried out using the full
valence m active space, i.e. (9e,100) for Nap™ and (15e,160) for Pyr*
along with the same 6-31G* basis set. CASPT2 calculations for Nap™
and Pyr* were performed using the reference CASSCF(9,10) and
CASSCF(15,16) wavefunctions with a correlation-consistent cc-pVTZ
basis?¥ set. The Cholesky decompositionl?! with a threshold of 106 a.u.
and an imaginary shift?® of 0.1 a.u. was used in all of the CASPT2
calculations. Analytical energy gradients were computed for UDFT,
TDDFT, SF-TDDFT and CASSCF, while numerical energy gradients
were evaluated with CASPT2. CASPT2 geometry optimizations remain
prohibitively expensive in Pyr* for which we only calculated the vertical
transition energies from the Do geometry optimized at the CASSCF level.
Different algorithms were used to locate MECIs: either based on a
gradient projection method (for CASSCF); on a Lagrange multiplier
method (UDFT and CASPT2); or on a penalty function method (TDDFT
and SF-TDDFT). Note that the Tamm-Dancoff approximation (TDA) was
used to locate the Do/D1 crossings to avoid imaginary roots in the
random-phase approximation (RPA) near conical intersections.
Calculations were performed using different quantum chemistry codes,
depending on methods currently implemented therein: Gaussian 09,27]
Molpro, 28] Molcas!?% and QChem. 30
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