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Analytic XMS-CASPT2 gradients are here used to rationalize the decreasing triplet quantum yield
trend in 2-nitronaphthalene, 1-nitronaphthalene, and 2-methyl-1-nitronaphthalene, a series of nitro-
substituted aromatic compounds. Comparison with XMS-CASPT2//CASSCF results highlights the
importance of dynamic correlation in geometry optimization and challenge the validity of an XMS-
CASPT2//CASSCF approach: XMS-CASPT2 S1 minima leads to planar structures, while CASSCF
optimizations trigger a pyramidalization of the nitro group. XMS-CASPT2 results correlate the
reported decreasing triplet quantum yield trend in these species to a decrease in S1 to T2 population
transfer and an increase of S1 to So decay, while no such correlation is observed when using XMS-
CASPT2//CASSCF data.

The CASPT2//CASSCF approach consists in performing geometrical optimizations at the CASSCF
level and refining the energy of the so obtained optimized structures at the CASPT2 level (the //
symbol separate the method used for the evaluation of the energy and the method uses for the
obtention of the geometries). In such a way the final energies are computed with a method (CASPT2)
able to recover both static and dynamic correlation, while the geometrical optimizations are
performed with a method (CASSCF) able to describe static but not dynamic correlation. The main
assumption of this approach is then that CASSCF and CASPT2 surfaces are practically parallel and
have a very similar topology, the only substantial difference a shift in the energies.* While the
reliability of CASPT2//CASSCF is reflected in its successes over the last 30 years, an actual
evaluation of the importance of dynamics correlation for geometrical optimizations has rarely been
performed, simply because of the lack of CASPT2 gradients. With the advent of analytical CASPT2
gradients,’3 we are now in the position of performing such an important missing test. We here do so
study the three nitroaromatic systems 2-nitronaphthalene (2NN), 1-nitronaphthalene (LNN), and 2-
methyl-1-nitronaphthalene (2M1NN), which, despite their chemical similarity, present remarkably
different triplet quantum yields: 0.93 + 0.15, 0.64 + 0.12, and 0.33 + 0.05, respectively.> !

Nitroaromatics are a vast group of molecules, important in the study of urban air contaminants and
energetic materials, and with applications in the drug delivery sector.>4 Moreover, nitroaromatics
display intrinsically relevant photophysical and photochemical properties, as an unusually, at least for
organic molecules, highly efficient decay from the singlet to the triplet manifold. 1NN is in fact
considered the organic compound with the fastest multiplicity change ever measured (around 100
fs).1> The reason behind such an efficient singlet-to-triplet decay is the high spin-orbit coupling
characterizing the Si-!(nan*) and the T2-3(mon*) states (of the order of 60 cm™) together with the
presence of S1/T> intersystem crossing points along the S: decay path.t6:1

Using CASPT2//CASSCF Si1 minima and numerical CASPT2 Si/So minimum energy conical
intersections (MECI), one of us previously justified the reported trend for their triplet quantum yields
by the different ability to reach from the former the latter structure, which constitutes a decay path in
competition with the population of triplet states.® The CASPT2//CASSCF S: minima of 2NN, 1NN,
and 2M1NN are in fact 0.25, 0.13, and 0.00 eV lower than the corresponding numerical CASPT2
S1/So MECIs. The higher is this separation, the lower would be the relevance of the Si-to-So decay,
and in turn the higher would be the probability to decay to the triplet manifold. Moreover, at the three



CASPT2//CASSCF S1 minima, the Si-(nan*) and the T2-3(mon*) states are almost degenerate,
meaning that at this level of theory for the three molecules the decay to the triplet states is equally
probable, so that their different triplet quantum yields should result from a different ability to decay
along the competing Si-to-So path.

Despite that the above described model is consistent with the experimental data, a doubt remains on
the influence of using CASSCF S1 minima, especially because the computation of CASPT2 energies
along liner interpolation of internal coordinates (LIIC) paths connecting the minima with the
corresponding S1/So MECIs reveals that the CASSCF minima are not the structures having the lowest
CASPT2 energies, since lower CASPT2 energy points (up to 0.29 eV lower) were computed along
the LIIC paths.

In the present contribution we recomputed both the S1 minima and the S1/So MECIs using CASPT2
analytical gradients, and employing CASPT2 in its extended Multi-State (XMS-CASPT2) version.!8
In order to compare a full XMS-CASPT2 description with a XMS-CASPT2//CASSCF
characterization, the S1 minima and S1/So MECIs where recomputed also at the latter level of theory.

For the rationalization of the triplet quantum yield of the 2NN, 1NN, and 2M1NN, the following
model is assumed. We evaluate the probability of decaying into the triplet manifold through the
computation of the energy separation between T2-3(non*) and S1-!(nan*) at the latter state minimum
(hereafter indicated as AE(S1-T2)), and the probability to evolve instead along the competing Si-to-
So non-radiative decay path through the computation of the energy separation between the S
minimum and the S1/So MECI (hereafter indicated as AE(S1-S1/So)). The smaller is AE(S1-T2) and the
larger is AE(S1-S1/So), the higher should be the corresponding triplet quantum yield.

XMS-CASPT2 analytical gradients were recently implemented in the OpenMolcas code, here used
for all calculations.®29 Geometry optimizations, both at the CASSCF and XMS-CASPT?2 level, were
performed using an active space composed by 14 active electrons distributed in 11 actives orbitals,
while for the final evaluation of the energies the space was enlarged up to 18 electrons in 14 orbitals
(see Figure S1). Globally, we have then performed calculations at the XMS-CASPT2(18,14)//XMS-
CASPT2(14,11) and XMS-CASPT2(18,14)//CASSCF(14,11) level. The CAS(18,14) space includes
both the 7 nature of the system and the lone pairs of the oxygen atoms, while the reduced active space
is the result of the exclusion of some orbitals on the basis of their occupation number in the So and Sz
states (see Table S1-S3). Geometry optimizations were performed using the following thresholds for
the convergency of the energy and the norm of the gradient: 0.0 and 3.0D-4 au, respectively. The
basis set of atomic natural orbitals (ANO) of L-type contracted to C,N,O [3s,2p,1d]/H[2s1p] was
employed,??2 and all calculations were performed computing state-averaging over two-roots. For the
XMS-CASPT2 calculations, an imaginary level-shift correction of 0.2 a.u. was used in order to
minimize the effects of possible intruder states, as did in our previous contribution on
nitronaphthalene systems.? Cholesky decomposition was used to speed up the calculation of two-
electron integrals. Numerical frequencies were computed at the obtained CASSCF and XMS-
CASPT2 S1 minima, respectively. Examples of the OpenMolcas inputs employed for CASSCF and
XMS-CASPT2 optimizations are reported in Figure S2-S5.
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Figure 1. a) nitro group of the S1 minima, Y(nam*)min, of 2NN, 1NN, and 2M1NN optimized at the
XMS-CASPT2(14,11) level. Selected bond lengths (in A) and angles (in degrees) are also reported.
b) nitro group of the S: minima, (nan*)min, of 2NN, 1NN, and 2M1NN optimized at the
CASSCF(14,11) level. Selected bond lengths (in A) and angles (in degrees) are also reported.
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Figure 2. a) nitro group of the S1/So MECIs, (*nar*/gs)ci, of 2NN, 1NN, and 2M1NN optimized at
the XMS-CASPT2(14,11) level. Selected bond lengths (in A) and angles (in degrees) are also
reported. b) nitro group of the S1/So MECIs, (*nan*/gs)ci, of 2NN, 1NN, and 2M1NN optimized at
the CASSCF(14,11) level. Selected bond lengths (in A) and angles (in degrees) are also reported.

The geometries of the XMS-CASPT2(14,11) optimized S1 minima and S1/So MECIs are reported in
Figure S6a and S7a, respectively, while the nitro group of such critical points is displayed in Figure
la and 2a. The latter figures are focused on the nitro group because is where the main geometrical
deformations are localized. The S1 minima and S1/So MECIs will be also here indicated as *(nam*)min
and (*nan*/gs)ci, respectively, since from the analysis of the corresponding wave-functions the Si
state is indeed the !(nan*) state, following the nomenclature of reference 8 (see Figure S8). The nature
of the S1 equilibrium structure was confirmed computing the corresponding XMS-CASPT2(14,11)
numerical frequencies. All optimized geometries are planar structures, expect for the methyl group of
the 2M1NN molecule, being the nitro group in the plane of the aromatic rings. For the three systems
is possible to appreciate that the same main geometrical deformation characterizes the S1/So MECIs
with respect to the S1 minima: the C-NO:2 bond distance is significantly reduced, both NO lengths are
increased is a symmetric way, and the value of ONO angle decreases. Such a deformation is also
observed comparing the S1 minima with the previously published numerical CASPT2 So minima.®
This in turn determines that after excitation into the Si state, the evolution of the system towards the
S1 minimum is along the same direction that the evolution towards the S1/So MECI, so that depending



on the relative energies of the two structures, the probability of decaying along the non-radiative
decay mediated by the S1/So MECI will significantly change.

The Si structures for the three molecules optimized at the CASSCF(14,11) level of theory starting
from the optimized XMS-CASPT2(14,11) geometries are reported in Figure S9. Again the structures
appears to be planar, with the nitro group in the plane of the aromatic system. The key difference with
respect to the XMS-CASPT2(14,11) minima is that the main deformation displayed by the nitro group
is mainly affecting a single NO bond. For example, while at the S1 minimum of 2NN obtained at the
XMS-CASPT?2 level the two NO bonds display the same value of 1.308 A, at the CASSCF structure
one NO lengths is equal to 1.226 A, while the other presents the much larger value of 1.359 A. The
computation of the corresponding CASSCF(14,11) frequencies reveals that these structures are
actually not true minima, since in all cases an imaginary frequency (of 153, 65, and 67 cm™ for 2NN,
INN, and 2M1NN, respectively) which describes the pyramidalization of the nitro group is present.
True S1 CASSCF(14,11) minima were obtained modifying the geometry along the imaginary
frequency and re-optimizing. The resulting minima, reported in Figure S6b and 1b, are no longer
planar and agreed with the previously published structures obtained at the CASSCF(18,14) level.2

Regarding the CASSCF(14,11) S1/So MECIs (see Figure S7b and 2b), again the main geometrical
difference with respect to the XMS-CASPT2(14,11) structures is an asymmetric elongation of the
NO bonds. In order to verify the presence of non-planar Si/So MECIs, the latter were reoptimized
starting from the true non-planar S1 CASSCF minima. Non-planar S1/So MECIs were obtained,
which, being characterized by a significantly higher energy (around 0.7 eV) than the corresponding
planar structures, are presumably not photophysically relevant.

Table 1. a) XMS-CASPT2(18,14) energies (eV) of the low-lying singlet and triplet electronic states
of 2NN, 1NN, and 2MINN, computed at the XMS-CASPT2(14,11) optimized critical points.?
b)XMS-CASPT2(18,14) energies (eV) of the low-lying singlet and triplet electronic states of 2NN,
1NN, and 2M1NN, computed at the CASSCF(14,11) optimized critical points.?

a) XMS-CASPT2(18,14)//XMS-CASPT2(14,11)
2NN 1NN 2M1NN
gs Ynan*) | ¥(mon*) | ¥(nam*) gs Ynan*) | 3(mom*) | 3(nam*) gs Ynan®) | 3(mon*) | 3(nam*)
l(nAT[*)min -1.71 0.00 0.59 0.02 -1.48 0.00 0.72 0.02 -1.33 0.00 0.88 0.01
(*nam*/gs)ci 0.42 0.43 1.77 0.37 0.36 0.35 1.53 0.48 0.30 0.29 1.73 0.24
b) X MS-CASPTZ(]_S, 14)//CASSCF(14, ll)
2NN INN 2M1NN
gs Ynan*) | (mom*) | (nam*) gs Ynar®) | (mom*) | 3(nam*) gs Ynar®) | 3(mom®) | 3(nam*)
AT )min -2.25 0.00 0.07 -0.07 -1.66 0.00 0.22 -0.13 -1.76 0.00 0.19 -0.12
(1nATr,*/gs)c| 0.15 0.09 1.61 0.00 0.00 0.06 1.40 -0.02 0.04 0.08 1.59 -0.01

2 All the reported values refer to the corresponding 1(nan*) state in its minimum.

Table 1a reports the XMS-CASPT2(18,14) low lying singlet and triplet excited states energies at the
XMS-CASPT2(14,11) S1 minima and S1/So MECIs for the 2NN, INN and 2M1NN molecules. It is
possible to observe that AE(S1-S1/So) is decreasing along the series of molecules, being equal to 0.43,
0.35, and 0.29 eV for 2NN, 1NN, and 2M1NN, respectively. This trend is the same as the one
characterizing their triplet quantum yields, consequently supporting the idea that a more accessible
S1/So decay will in turn determine a lower probability of populating the triplet states.

The second key variable that determines the probability of decaying into the triplet manifold is the
energy separation between the Si-1(nan*) and T2-3(mon*) states, which, due to their different nature
(see Figure S2), are coupled by a large spin-orbit coupling. AE(S1-T2) appears significantly different



in the three molecules, being equal to 0.59, 0.72, and 0.88 eV, for 2NN, 1NN, and 2M1NN,
respectively. These values indicate that along the series of molecules the energy separation between
the S1-T2 states increases, which can be consequently related with a lower probability of decaying
into the triplet manifold and in turn with the decreasing value of the triplet quantum yield along the
series.

Table 1b reports the XMS-CASPT2(18,14) low lying singlet and triplet excited states energies at the
CASSCF(14,11) S1 minima and Si1/So MECIs for the 2NN, 1NN and 2M1NN molecules. It is
important to notice that recomputing the energies of the CASSCF MECIs at the XMS-
CASPT?2(18,14) level, the degeneracy between S1 and So can be considered to be preserved, being
their separation at most 0.06 eV. The key difference with respect to the XMS-CASPT2(18,14)//XMS-
CASPT2(14,11) results is that now nor AE(S1-S1/So) not AE(S1-T2) show any trend along the series.
AE(S1-S1/So) is very small for the three molecules, being 0.09, 0.06 and 0.08 eV respectively. These
low values consequently suggest an efficient Si-to-So non-radiative decay for the three molecules.
Possible barriers along the path connecting the S1 minima and Si/So MECIs (indeed displaying
significantly different geometries) are here not evaluate according to the adopted model based on
adiabatic energy differences. AE(S1-T2) display a similar value of around 0.2 eV for 1NN and
2M1NN, while being 0.1 eV lower for 2NN. These values then do not allow a rationalization of the
registered different triplet quantum yields.

A pictorial comparison of the XMS-CASPT2(18,14) energies obtained at the XMS-CASPT2(14,11)
and at the CASSCF(14,11) critical points is presented in Figure 3. As expected, at the XMS-
CASPT2(18,14) level the energies of the XMS-CASPT2(14,11) optimized points are lower than the
corresponding critical points obtained with CASSCF(14,11).
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Figure 3. Pictorial representation of the XMS-CASPT2(18,14) energies obtained at the XMS-
CASPT2(14,11) and at the CASSCF(14,11) critical points for 2NN, 1NN, and 2M1NN.

As an additional test of the consistency of our model and results, we computed at the XMS-
CASPT2(18,14) level the energies along the LIIC paths connecting the XMS-CASPT2(14,11) S1
minima with the corresponding XMS-CASPT2(14,11) S1/So MECIs. As shown in Table S4, along
these scans the S1 minima are for the three molecules the lowest points on the S1 surface, consequently
supporting the minimum nature of the optimized Si1 geometries also using the enlarged active space.
Moreover, it is not possible to observe any additional barrier along between the two critical points
but the one resulting from the adiabatic energy difference, then supporting the use of the latter as a
key parameter in our model.

In summary, at the XMS-CASPT2(18,14)//XMS-CASPT2(14,11) level of theory the reasons behind
the experimentally measured trend of the triplet quantum yield in the series of molecules 2NN, 1NN,
and 2M1NN can be associated to both a reduced ability to decay from the Sz to the T state and to an
increase propensity to evolve in a non-radiative way back to the ground state through the S1/So MECI.
Adopting the same model but working at the XMS-CASPT2(18,14)//CASSCF(14,11) level, it is
instead not possible to rationalize their triplet quantum yield, since no significant differences appear
among the systems. This consequently illustrate the importance of dynamic correlation in the
optimization of critical points, since completely different structures are obtained at the XMS-CASPT2



and CASSCEF levels, providing a completely different scenario. This is particularly true for the S1
minima, where the nitro group is planar and in the plane of the rings at the XMS-CASPT2 points
while is pyramidalized according to a CASSCF description. Such a difference can be related to the
know tendency of CASSCF to accentuate the single and double bond character and in general to
underestimate the degree of conjugation. Also, the here found main geometrical difference between
XMS-CASPT2 and CASSCF S1 minima, is in agreement with the pioneer work of Andruniow and
co-workers, comparing numerical CASPT2 and CASSCF Si1 minima for a series of retinal
chromophore analogues.?® In their work, it was also observed that CASSCF fails to locate the planar
CASPT2 S1 minima.
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