ROYAL SOCIETY

OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Circularly polarised fluorescence and
phosphorescence calculations on organic
molecules using the approximate
coupled-cluster model CC2F

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2018, 20, 21051

b

Chetana Badala Viswanatha, (2 *@ Benjamin Helmich-Paris and

Christof Hattig (2

We report the first calculations of rotational strengths for circularly polarised phosphorescence at
the coupled cluster level. The rotational strengths for circular dichroism (CD), circularly polarised
fluorescence (CPF) and circularly polarised phosphorescence (CPP) were calculated for B,y-enones
and ketones with conjugated double bonds using the CC2 model. To compute spin-forbidden CPP,
spin—orbit coupling with perturbation theory is employed within a response theory framework
(SOC-PT-CC2). For closed-shell molecules containing only light elements, a spin-free formalism is used
to treat the singlet—triplet transitions. It is verified that the simplification obtained in the spin-free
formulation from the Wigner—Eckart theorem for spin-forbidden oscillator strengths is also valid for the
rotational strengths. Our implementation utilises the resolution of identity (RI) approximation for two-
electron integrals which facilitates applications to larger molecules. In the current study, the rotational
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strength for spin-forbidden circularly-polarised phosphorescence was calculated for a chiral aromatic
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1 Introduction

A striking example of circularly polarised luminescence (CPL)
in nature was reported in 1980." The left and right lanterns of
live larvae of fireflies were found to emit circularly polarised
light with opposite handedness. Although CPL measurements
on chiral samples date back to 1948, first principle calcula-
tions of vibrationally resolved CPL were only reported in 2010
using time-dependent density functional theory (TD-DFT).? The
possible use of circular dichroism (CD) and CPL spectra com-
bined with theoretical calculations as a probe for conformational
changes upon electronic excitation has been demonstrated
since 1974.*

Circular dichroism is the differential absorption of left and
right circularly polarised light by optically active compounds.®
Spontaneous and induced emission of circularly polarised light
is expected to occur in optically active compounds because the
theoretical expressions for both light absorption and emission
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system, S-DMBDA, containing 44 atoms.

contain the same molecular quantities.® In a study by Emeis
and Oosterhoff,® circular polarisation was shown to occur both
in fluorescence and phosphorescence. CPL is the emission
analogue of CD and thus measures the differential emission
of left and right circularly polarised light by chiral luminescent
systems.”

The difference in absorption or emission coefficients
between left and right circularly polarised light is proportional
to the pseudoscalar rotational strength for the transition from
the ground to an excited state in randomly oriented molecules.®
In linear response theory, the rotational strength is obtained
from residues of the linear response function.”'® Coupled
cluster response calculations of natural chiroptical spectra were
reported in 1999"° using the coupled cluster singles and doubles
(CCSD) model.

In circularly polarised fluorescence (CPF) of closed-shell
molecules the excited state is a singlet state and the transition
is spin-allowed to the singlet ground state."* The CPL intensity
is also proportional to the rotational strength between the
excited state and the ground state. The only difference for
computations is that the rotational strengths are evaluated at
the equilibrium structure of the excited state opposed to the
ground state structure needed for CD.> CPF has also been
investigated with EOM-CCSD.'® A review article’® on CPL
asserts that TD-DFT is the most widely used method for
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computing and interpreting CPL spectra for small to mid-sized
molecules.

In circularly polarised phosphorescence (CPP) of closed-
shell molecules the excited state is a triplet state and the
transition to the singlet ground state is spin-forbidden in
non-relativistic quantum mechanics."* A direct computation
of spin-forbidden transition moments requires two- (or four-)
component relativistic calculations to include the spin-orbit
coupling which breaks the spin symmetry of non-relativistic
quantum mechanics. A relativistic calculation for example can
be performed using the exact two-component (X2C) ansatz.'*"
This is still expensive for correlated wave function methods.

The SOC effects are small for molecules with light elements
and an alternative cost-efficient way to account for spin-orbit
coupling is then to use perturbation theory (SOC-PT). This has
the additional advantage that it can for closed-shell molecules
be combined with a spin-free formalism,'® which was recently
implemented for the approximate coupled cluster singles and
doubles method CC2 for SOC-induced dipole transition
moments."”” An explicitly spin-coupled basis for singlet and
triplet operators was used and thereby a spin-orbital treatment
avoided for closed shell systems. For RI-CC2 the spin-free
formalism is by a factor of 2-3 cheaper than the spin-orbital
formalism. The SOC-PT ansatz within the response theory
framework has also been implemented earlier at the MCSCF,'®
TDDFT'' and CCSD' level for oscillator strengths of singlet-
triplet transitions.

CC2 is an economical alternative to CCSD which is capable
of treating larger molecules, but still gives excitation energies
for single excitation dominated transitions with about the same
accuracy. Also, CC2 can be very efficiently combined with the
resolution-of-the-identity (RI) approximation for the electron
repulsion integrals which reduces the computational costs
further and makes RI-CC2 capable of handling molecules
2-3 times larger than conventional CC2, while the errors from
the RI approximation are orders of magnitudes smaller than the
inherent errors of the CC2 method. The RI-CC2 implementation"”
of phosphorescence lifetimes using SOC-PT is roughly an order of
magnitude faster than a two-component relativistic RI-CC2 calcu-
lation. The accuracy of phosphorescence lifetimes for the lowest
triplet states in halogen hydrides did not differ by more than 50%
from those obtained with X2C-CC2. However, for heavier
elements like bromine in the higher nearly degenerate states
the SOC-PT-CC2 was a poor approximation because the spin-
orbit correction to the excitation energies was of the same order
of magnitude as the energy differences between electronic states
in a one-component calculation. In the current work, the mole-
cules under study contain only light elements: C, N, O, H.

Molecular systems where phosphorescence contributions to
emission spectra become important pose a challenge for theore-
tical calculations.”® So far, a theoretical and computational
protocol seems to have been developed only for TD-DFT and
applied to some chiral enones and diketones.* No experimental
data has been reported for the CPP strengths of these molecules.

The current study aims at establishing the working protocol
for computing CPP with CC response theory in combination
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with SOC-PT so that the computational advantages of a spin-
free formalism can be exploited. We verify that the simplifica-
tion obtained from the Wigner-Eckart theorem for the
SOC-induced oscillator strengths in phosphorescence,” which
is a scalar quantity, is also valid for the pseudoscalar rotational
strengths needed for circularly polarised phosphorescence.
Another objective of this study is to verify that the gauge-
origin invariance of the rotational strengths for CPP and spin-
forbidden CD is conserved in the velocity gauge formulation for
CC response theory as it is the case for the rotational strengths
for normal (i.e. spin-allowed) circular dichroism.>°

In addition to the molecules studied in ref. 11 at the TDDFT
level, we investigated in this work for the first time also a the
CPP of larger metal-free chiral aromatic system for which
recently experimental data for room-temperature persistent
CPP became available.”*

2 Theoretical background

The effective one-electron spin-orbit coupling operator V5°¢
can be expressed in the spin-tensor form as:

1
SoC __ 141 401,—1 1—11,+1 1,071,0
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For spin-forbidden transitions involving a singlet and a triplet
state, the three components of the triplet state can couple to the
singlet state through the three components of the SOC operator.
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The definitions of the symbols can be found in the ESLf
A formulation that requires only the ('0|7},,|>’f) matrix element
of the T,, operator can be found using the Wigner-Eckart
theorem. This allows the treatment of singlet-triplet transitions
in a spin-free formalism'” without generating the M, = +1 and

s = —1 components of the triplet state. For the oscillator strengths,
one obtains as final result that the summation over the components
of the triplet state is replaced by a summation of the three Cartesian
components of the SOC operator, with all expressions evaluated for
the M, = 0 component of the triplet state."” It was further verified
that the spin-free formulation obtained from the Wigner-Eckart
theorem for the spin-forbidden oscillator strengths is also valid for
the rotational strengths. For a detailed proof, we refer to the ESL¥

2.1 Work protocol for spin-forbidden rotational strengths

The CPP rotational strengths were computed with the
TURBOMOLE?>* package as an extension of the phosphores-
cence lifetime code which was implemented in a preceding
work into the RI-CC2 program'” ricc2 and uses SOC-PT within
the framework of CC response theory.
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Because of the non-Hermitian structure of coupled cluster
theory, the left and right transition moments are not adjoints
of each other ie. Tor # (Tjp)* and are computed separately.
As a consequence, a symmetrisation with respect to an inter-
change of the operators X and Y is required'” for the transition
strengths:

1 [ 7 To + (T0§ T%) ] (3)

The spin-forbidden transition moments are obtained by SOC-PT
within the CC response theory framework. The working expression
for the lowest-order SOC-induced transition strength, where the
summation over the three M; components of the triplet state,
eqn (2), has been replaced by a summation over the three
Cartesian components of the effective mean-field one-electron
spin-orbit coupling operator V*°° is:

Sty = OIX1/)(f1Y10) =

Y, YoarpXo)"
O =2 S [ (1) ], @)
=X,y
where T *and T * denote the transitions moments induced in

flrst-order by the Cartesian component o of V5°C,

2.1.1 Rotational strength in velocity gauge formulation. In
the velocity gauge the rotational strength®® for a transition
between the ground state |0) and an excited state |f) is
obtained as:

IR = if«npm (fILJ0). (5)

In the last equation p is the vector with the linear momen-
tum and L the vector with the angular momentum operators,
and w, is the excitation energy. The working expression for the
spin-forbidden rotational strength including the summation
over the three Cartesian components of V5°¢ in the velocity
gauge formulation is:
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A=X,,Z f=x,y,z
(6)

2.1.2 Rotational strength in length gauge formulation. In
the length gauge the rotational strength®® is expressed through
the transition moments of the position (r) and angular momentum
(L) operators.

(=m0 0

The working expression for the spin-forbidden rotational strength
with the summation over the three Cartesian components of V*°¢
in the length gauge formulation is:
Lt i, *
(1 137) |

) Z Z { (')/M /LO/N
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0=X,0,Z f=xp,z
If the magnetic dipole operator is represented in standard atom-

Ofrl/) !V OIL /)"

. . | . .
centered atomic orbitals as, B = EL’ ie. if not gauge-including

atomic orbitals are used, coupled cluster response calculations
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give in general only with the velocity gauge formulation gauge
origin-independent results.*

2.2 Dipole strength

The absorption intensity for a transition from the ground state
|0) to the excited state |n) is proportional to the scalar dipole
strength and is in the velocity and length gauge given by,®
respectively:

npy — winz<0\p|n> ~ (n|p|0), )

"D" = (0|r|n)-(n|r|0). (10)

3 Computational details
3.1 Choice of molecules

The chiral ketones (molecules 1-7) shown in Fig. 1 were taken
from ref. 8 and 11 where DFT results were reported for CD, CPL
and CPP.

Furthermore, to show the applicability of SOC-PT-CC2
to larger experimentally relevant systems, a metal-free chiral
aromatic system (structure 8) shown in Fig. 2, which exhibits
CPP, CPF and CD at room temperature,”’ has been studied.

3.2 Basis sets and methods

For all calculations reported below we used the correlation
consistent cc-pVTZ,> aug-cc-pVXZ and d-aug-cc-pVXZ basis
sets’® with X = D, T, Q. The ground state DFT geometry
optimisations were done with the B3LYP**?® functional for small
molecules (molecules 1-7) and the dispersion-corrected®” B3LYP-D3
functional for the larger N,N’-dimethyl-1,1’-binaphthyldiamine
(DMBDA) system (structure 8).

A development version of the TURBOMOLE>® package was
used to compute the spin-forbidden transition moments. All other

)& L

4
(a) B, y-enones
[ E_E Loty
o o o 3 o
5 6 7

(b) Ketones with conjugated double bonds

Fig. 1 Lewis structures of the B,y-enones and conjugated ketones studied
in Sections 4.3 and 4.4: (1S,3R)-4-methyleneadamantan-2-one 1, (1R ,4R)-
bicyclo[2.2.1]hept-5-en-2-one 2, (1R)-7-methylenebicyclo[2.2.1]heptan-2-
one 3, (15)-2-methylenebicyclo[2.2.1]heptan-7-one 4, (R)-(—)4,4a,5,6,7.8-
hexahydro-4a-methyl-2(3H)-naphthalenone 5, (15,4R)-1,7,7-trimethylbicyclo-
[2.2.1]heptane-2,3-dione (camphorquinone, 6), (1S,4R,5R)-5,7,7 trimethyl-
bicyclo[2.2.1]heptane-2,3-dione 7.
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Fig. 2 Lewis structure of metal-free chiral aromatic system studied in
Section 4.5: (S)-DMBDA ((S)-N,N’-dimethyl-1,1'-binaphthyldiamine) 8.

calculations were performed using TURBOMOLE V7.1.>* The two-
component relativistic calculations X2C-HF-SCF and X2C-CC2
were carried out using the ridft®**° and ricc2*"** programs,
respectively. Point-charge nuclei have been used for all calcula-
tions. The non-relativistic calculations were done with the dscf*?
and ricc2** programs.

For the RI approximation the corresponding optimised
auxiliary basis sets®*?® were used. The frozen-core approxi-
mation was used for all non-valence electrons in the correlation
and response treatment. A numerical Laplace transformation
was used for the one-electron density matrices that involve
derivatives of the cluster amplitude or eigen vectors.'” The
convergence threshold for the numerical Laplace transforma-
tion was set to 10”°.

4 Results and discussion
4.1 Test calculations on H,O0,

A small computational model, H,O, in only one of its chiral
ground state minima, was used to test the correctness of the
implementation and the basis set convergence. For these
calculations we used the DFT-optimised ground state structure.
In order to check the correctness of the SOC-PT implementa-
tion, X2C-CC2 calculations were the method of choice to check
the SOC-PT-CC2 spin-forbidden rotational strengths of the test
molecule.

The SOC-PT-CC2 calculation was compared with the relati-
vistic 2-component calculation, which includes the SOC already
at the SCF level. In the X2C calculation, only the one-electron
part of the spin-orbit Hamiltonian is included. In the non-
relativistic calculation, the coupling between the singlet and
triplet states is described by a spin-orbit mean-field (SOMF)
operator with matrix elements that include the one-electron
and an effective two-electron contribution together with the
spin-averaged HF-SCF density matrix as described in ref. 17.
For a better comparison with the 2-component calculations we
disabled the 2-electron contribution of the SOMF operator in
the non-relativistic calculation. For the cc-pVTZ basis set, the
agreement of the relativistic calculation with the perturbative
calculation is for the rotational strength as good as for the
oscillator strength (cmp. Table 1).

To verify the gauge-origin invariance of the velocity gauge
results, we have done calculations in both the velocity and
length gauge formulations for the transitions into the three
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Table1 Transition strengths (in a.u.) from X2C-CC2 and SOC-PT-CC2 for
H,O, method

Oscillator strength Rotational strength

Velocity Length Velocity
X2C-CC2 1.68 x 10°° 2.55 x 10°° —4.40 x 1077
CcC2 2.40 x 10°° 2.82 x 10°° —5.47 x 1077

lowest triplet states. Two sets of calculations were performed.
In one case, the gauge origin was placed at the centre of mass,
which is the default in the ricc2 program, and in the other case
the origin was displaced from the centre of mass by the vector
(1 a.u., 1 a.u., 1 a.u.). The HF calculations were done with a SCF
convergence criterion of 10~ ' a.u. for the energy and 10’ for
the one-electron density and used the same molecular orbitals
for both the shifted and unshifted coordinates. The length and
velocity gauge results are listed in Table 2. The length gauge
results are origin dependent as expected. For the velocity-gauge
results we observe only tiny variations in the fifth non-zero digit
which are artefacts of remaining numerical noise. This demon-
strates that with the velocity-gauge formulation also coupled-
cluster results for the lowest-order SOC-induced rotational
strengths are in fact origin invariant. Since the rotational
strength values are in the following sections reported only up
to two decimal places, the velocity-gauge results are with the
default thresholds (1077 a.u. for the one-electron density)
sufficiently converged and this set up was used for all forth-
coming calculations.

The basis set dependence was studied for the lowest triplet
state at the CC2-optimised ground state geometry. The results
for various basis sets are listed in Table 3. We observe for the
rotational strength a slightly faster convergence than for the
dipole strength in the velocity gauge. Double augmentation
does not change the results significantly. Since in the following
we aim only at a semi-quantitative accuracy and study only
excited states reached by valence transitions, we conclude that
the aug-cc-pVDZ basis set provides sufficient accuracy for the
rotational strengths. This basis was used to determine the
rotational strengths for all molecules in the following sections.

4.2 Ground and excited state structures

The equilibrium geometries of the ground state and the excited
state are important for determining rotational strengths of CD
and CPL, respectively. When the two structures are similar, the
emission and absorption bands have the same sign and similar
magnitude, because the rotational strengths are then similar.®
But, when the molecular structure is flexible enough and the
excited state has a lifetime long enough to structurally relax, the
CD and CPL bands can be quite different.

We first tested for a few examples if the results are sensitive
whether DFT or CC2 is used for the optimisation of the ground
state structures. The CD rotational strengths did not vary much
between the CC2 and the DFT structures. For example, the spin-
forbidden rotational strengths calculated with CC2/aug-cc-pVDZ for
the first excited triplet state to ground state transition of enone 5 is
6.795 x 10 ** esucm erg G " and 6.791 x 10 ** esu cm erg G " at,
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Table 2 Gauge-origin dependence of rotationallesu cm erg G~ strengths in length and velocity gauge formulations for the first, second and third
transitions in H,O,. CM refers to calculations with the gauge origin placed in the centre of mass, and CM + 1 where it is displaced by the vector (1 a.u.,

lau,lau)

Length Velocity
Basis set CM CM +1 CM CM +1
aug-cc-pvQZ —8.12991 x 10°*° —1.85045 x 10~ *° —1.43551 x 10°* —~1.43551 x 10°*
aug-cc-Pvqz —8.31087 x 107** —8.34042 x 107 —6.79695 x 107* —6.79694 x 10~*?
aug-cc-pVQZ —8.56312 x 107 *° —7.23529 x 107 *° 1.35723 x 10°** 1.35722 x 10"

Table 3 Basis set convergence of the velocity (DY, RY) and length (D)
gauge results for the dipole [10~** esu? cm?] and rotational [10~%° esu cm
erg G™Y strengths for the lowest triplet transition in H,O, for the CC2-
optimised ground state structure with different basis sets

Basis set D' D’ R’

aug-cc-pvVDZ 8.37 5.10 -9.80
aug-cc-pVIzZ 9.38 6.74 —8.86
aug-cc-pvQz 9.70 7.54 —8.31
d-aug-cc-pvVDZ 8.39 5.02 —8.91
d-aug-cc-pVTZ 9.39 6.75 —8.83
d-aug-cc-pvQz 9.69 7.56 —8.31

respectively, the CC2 and the DFT geometry. For all further calcula-
tions we used therefore ground state geometries optimised at
the DFT/B3LYP/cc-pVTZ level. The excited state geometries were
optimised at the CC2/aug-cc-pVDZ level.

4.3 B,y-Enones

CPL spectra with different signs have been predicted for some
B,y-enones for spin-allowed transitions based on DFT calculations.®
This was attributed to the pyramidalisation of the carbonyl group in
the excited state either towards or away from the C—C double bond
causing an inversion in sign of CPL with respect to CD. Recently,
similar sign inversions have also been predicted for CPP based on
(TD)DFT calculations.” With the SOC-PT-CC2 implementation it
became now possible to check with a correlated wavefunction
method if it corroborates the TDDFT results.

For the enones 1-4 the carbonyl group is in the ground state
coplanar with the two neighbouring C-C bonds, but in the
excited state they are tilted out of this plane. This gives rise to two
minima that differ in the tilting direction (cmp. Fig. 3). The CC2
results for the CPF (cmp. Table 4) compare in most cases well with
the DFT results from ref. 8. With CC2 we also found for enone 2
both minima on the S; surface while at the TDDFT level in ref. 8
only one minimum was found. Another difference is that for enone
3 CC2 did not give a sign change from the GS to the S1b structure as
predicted by the DFT results from ref. 8. This is possibly due to an
exchange of close lying excited states between DFT and CC2.

The most dominant natural transition orbitals®® (NTOs) for
the S; to GS transitions are shown in Fig. 4. At the CC2 level the
excitation to S; is for all four enones at both excited state
minima dominated by the n — =* transition in the carbonyl
group. CC2 gives in the S; states longer carbonyl bond lengths
compared to the TDDFT calculations® and typically overestimates
them also compared to experiment,”” which may be a reason for
the differences in the results.

This journal is © the Owner Societies 2018

The DFT results for CPF showed that the rotational strength
is sensitive to geometric parameters such as dihedral angles
and bond lengths of the chromophores. For the enones 2 and 3,
where the CPL does not change its sign between the two
minima on the S; surface, the NTOs appear to be more similar
for both structures than for the enones 1 and 4. Since the NTOs
are related to the transition moments which are used to
calculate the rotational strengths similar NTOs imply qualita-
tively similar transition moments. The rotational strengths
should be similar if the NTOs are similar. The orbitals involved
in the n — 7* excitation are to some extent delocalised on the
C—C bond as hypothesised in ref. 8.

We have then optimised equilibrium structures for the
lowest triplet states and computed the rotational strength for
the circularly polarised phosphorescence with SOC-PT. The
energies for the lowest transitions are compiled in Table 5,
the results are summarised in Table 6. In all cases, the CPP
rotational strengths are at least four orders of magnitude
smaller than the CPF rotational strengths for the corresponding
excited singlet state. The CC2 results for the CPP rotational
strengths agree in most cases qualitatively with those from
TDDFT." There are, however, some exceptions: for enone 1 and
enone 4 CC2 does not predict opposite signs for the CPP from
the two T; minima. For enone 2 the CC2 results for the spin-
forbidden rotational strengths have for all cases the opposite
sign of the respective DFT results. This is possibly due to an
exchange of order between close-lying excited states between
DFT and CC2. The NTO analysis (cmp. Fig. 5) reveals that at the
T1la minimum of enone 2 the transition to T; is in the CC2
calculations a nr* excitation in the C=C group.

In general, the equilibrium structures on the T; surface are
similar to the respective minima on the S; surface with a
pyramidalisation of the carbonyl group. The NTOs show that
for these molecules also the lowest triplet excitation isan — m*
transition in the carbonyl group except for the T1la minimum of
enone 2. When the structures of the ground and the excited state
are similar, also the signs of the rotational strengths are similar.

4.4 Ketones with conjugated double bonds

Next we studied the three ketones 5-7 (see Fig. 6) with con-
jugated doubles bonds, which have more rigid structures.
The results for the o,Bf-enone 5 are summarised in Table 7
(note that for this molecule the DFT calculations in ref. 11 were
done for the other enantiomer). The CC2 results for the CD
compare well with DFT, but the CPP result for the first excited
triplet state has the opposite sign of the respective DFT result.
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(a) (1S,3R)-4-methyleneadamantan-2-one (Enone 1)
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(b) (1R,4R)-bicyclo[2.2.1]hept-5-en-2-one (Enone 2)
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(c) (1R)-7-methylenebicyclo[2.2.1]heptan-2-one (Enone 3)
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(d) (1S)-2-methylenebicyclo[2.2.1]heptan-7-one (Enone 4)

Fig. 3 The ground and first excited state structures of enones 1-4. GS refers to the ground state structure, Sla, S1b refer to the two possible first excited
singlet state structures and Tla, T1b refer to the two possible first excited triplet state structures respectively.

Table 4 Rotational strengths [esu cm erg G™Y in velocity gauge for
singlet—singlet transitions in enones obtained with CC2/aug-cc-pVDZ.
GS refers to the ground state structure, Sla and Slb refer to the two
conformers on the S; surface. The DFT results from ref. 8 are given in
parentheses for comparison

Strength GS Sia S1b

—1.23 x 10*°
(—9.86 x 1079

3.15 x 107
(5.72 x 1077

1.20 x 107*°
(8.54 x 107*°)

Enone 1

Enone 2 4.25 x 107°° 1.26 x 107 3.96 x 107*°
(4.57 x 107%9) (3.09 x 1079

Enone 3 2.34 x 107%° 5.08 x 107*° 6.56 x 107 *°
(2.19 x 107*9) (1.34 x 1079 (-1.62 x 1079

Enone 4 —2.03 x 107%° —5.80 x 107*° 1.95 x 10~

(-1.86 x 1079 (=9.19 x 1079 (3.30 x 107*)

This could be because of an exchange of states between DFT
and CC2. The second excited state in absorption is only 0.5 eV
higher making this not unlikely.

21056 | Phys. Chem. Chem. Phys., 2018, 20, 21051-21061

For the diketones 6 and 7 we included in the study the
lowest three singlet and triplet excited states. The results for CD
and CPL are tabulated for both the spin-allowed and the spin-
forbidden transitions in Table 8. One would expect that the sign
of the rotational strength is the same in CD and CPL. But this is
not true for all cases. However, as can be seen from the
transition energies compiled in Table 9 the deexcitation energies
differ by more than 1 eV from the respective excitation energies
which indicates significant relaxations of the molecular and
electronic structures. The character of the transitions at the
equilibrium structures of the triplet excited states of enone 6
are depicted in Fig. 7. Also, since no pyramidalisation of the
carbonyl groups happens in the excited states, it is clear that
pyramidalisation is not the only reason for sign change in CD
and CPL.

It is also seen that the absolute value of the rotational
strength for the third excited state is always higher than for
the first two excited states. In some cases it is one or two orders
of magnitude higher. This is possibly due to higher asymmetry
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(occ.) (vir.) (occ.) (vir.)
Sia S1b
(a) Enone 1
(occ.) (vir.) (occ.) (vir.)
S1a S1b
(b) Enone 2
(occ.) (vir.) (occ.) (vir.)
Sia S1b
(c) Enone 3
o o B @
(occ.) (vir.) (occ.) (vir.)
Sia S1b
(d) Enone 4

Fig. 4 Most dominant occupied (occ.) and virtual (vir.) natural transition
orbitals of enones 1-4 for the lowest singlet excitation at the excited state
structures. The NTOs show that S; is in all cases the n — n* excitation at
the keto group.

Table 5 Vertical transition energies for CD, CPF and CPP for transitions
between ground and first excited state AE (eV)

Gr—> T, Tla Tib Gr—S, Sla S1b

Enone 1 3.95 2.05 2.05 4.35 2.41 2.45
Enone 2 3.85 1.04 1.93 4.30 2.54 2.44
Enone 3 3.81 2.08 2.06 4.17 2.50 2.55
Enone 4 3.96 1.80 1.79 4.37 2.35 2.36

of the occupied NTO for the ©1 — m* transitions that can be
observed in Fig. 7.

4.5 CPP in (S)-DMBDA

The combination with the RI approximation and the perturba-
tive treatment of the spin-orbit coupling makes is possible to
compute also for larger molecules rotational strengths for spin-
forbidden transitions at the CC2 level. As an example we present
an application to a metal-free chiral aromatic system (44 atoms),
(S)-DMBDA ((S)-N,N’-dimethyl-1,1"-binaphthyldiamine), which
exhibits a circularly-polarised persistent room-temperature
phosphorescence.”!

In a recent DFT study Hirata and Vacha found for the
®B97XD functional and the cc-pVIZ basis both on the ground
state and on the S; surface of (S)-DMBDA three conformeric
minima, which differ in the orientation of the methyl-amino
groups and the dihedral angle between the two binaphthyl rings.

This journal is © the Owner Societies 2018
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Table 6 Rotational strengths [esu cm erg G in velocity gauge for
singlet—triplet transitions in the enones at the CC2/aug-cc-pVDZ level.
GS refers to the ground state structure, Tla and T1b to the two conformers
on the T, surface. The DFT results from ref. 11 for rotational strengths are
given in parentheses for comparison

GS T1a T1b

Enone 1
R —3.43 x 10 %
(-2.53 x 107"

—6.56 x 10~
(—6.93 x 107"

-6.27 x 107 %
(2.52 x 107*%)

Enone 2
R —1.00 x 10~ *
(2.32 x 107%)

—9.71 x 10 %
(5.72 x 107%)

1.70 x 10
(—-1.99 x 107"

Enone 3
R 6.87 x 10~ %
(1.68 x 107*%)

—8.64 x 107
(1.68 x 107*%)

2.05 x 107 *
(5.75 x 107*%)

Enone 4

R 8.43 x 107%
(2.32 x 107*)

2 2 &K

1.74 x 10°%
(5.72 x 107%)

3.64 x 10°%
(-1.99 x 10°*%)

T1a T1b
(a) Enone 1
(occ.) (vir.) (occ.) (vir.)
T1a Tib
(b) Enone 2
(occ (V|r (occ.) (vir.)
T1a T1b
(c) Enone 3
e & B e
(occ.) (vir.) (occ.) (vir.)
T1a T1b
(d) Enone 4

Fig. 5 Most dominant occupied (occ.) and virtual (vir.) natural transition
orbitals of enones 1-4 for the lowest triplet excitation at the excited state
structures.

The relative energies of the conformers are given in Table 11.
In addition they determined one minimum on the T; surface.
In the current study we used DFT/B3LYP-D3/cc-pVTZ for the
ground state and CC2/aug-cc-pVDZ for the excited state geometry
optimisations. In both cases, S, and S;, we could only locate two
minima and also on the triplet surface we also found two
minima (T; and T,'). The CC2 excited state geometries agree
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5 6 7

Fig. 6 The T, equilibrium structures of the a,-enone 5 and the diketones
6 and 7.

Table 7 The rotational strengths [esu cm erg G~ in velocity gauge for
transitions to S; and T, in enone 5 at the ground state (absorption) and at
the S; and T, (emission) structure with CC2/aug-cc-pVDZ. The DFT results
from ref. 11 for rotational strengths are given in parentheses for
comparison

Sl Tl
Absorption —5.71 x 10 *° 6.79 x 10~ *
(—3.37 x 107 %)
Emission —4.00 x 10°*° 247 x 1074

(4.31 x 107%)

well with those from DFT in most cases. The calculations for
rotational strengths for CPL and CD were again done at the
CC2/aug-cc-pVDZ level. The results for the (S)-DMBDA enantiomer
are summarised the Table 10. For the singlet transitions they
agree qualitatively with the TDDFT results from ref. 21. Fig. 8 also
shows the optimised geometries for the triplet excited state at the
CC2/aug-cc-pVDZ level. For the spin-forbidden (T; — S, and
T," —S,') transitions in DMBDA no theoretical values have
been obtained before. The CC2 calculations give for this
transition a rotational strength which has the same sign as
for the CD and the CPF of the S, and S; conformers with a
similar structure, which is in agreement with the experimental
results in ref. 21.

The NTOs for the singlet-singlet transitions for one of the
conformers show charge-transfer from one naphthyl group to
the other. If DMBDA would be C,-symmetric another set of
NTOs with a charge-transfer between the naphthyls in the

View Article Online
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opposite direction should contribute with an equal weight to
the transition. The symmetry breaking induced by the methyl
groups leads for (S)-DMBDA to a localisation of the charge
transfer states; only one dominant NTO pair contributes to S;.
The charge transfer excitation in the opposite direction appears
as S, at a only slightly higher excitation energy (3.73 instead of
3.67 €V in CC2, cmp. Table 10). This transition is connected
with a rotational strength which has the opposite sign. The
presence of such a close-lying excited state with an opposite
sign for the rotational strength becomes important when
comparing results with other methods or experiment. For the
So’ conformer the S, — S; transition is a local excitation in one
of the naphthyl groups. In this case, we also find that the
rotational strengths for CD and CPL have opposite signs.

The rotational strength calculated for the spin-forbidden
triplet to singlet transition with SOC-PT-CC2 is 5.96 X
10™* esu cm erg G~'. Experimentally, the phosphorescence
is observed between 500-600 nm which agrees well with our
result at ~556 nm corresponding to the yellow region of the
visible spectrum. Its sign agrees with the experimentally
observed sign of the Cotton effect. The NTOs (see Fig. 9) for
this transition show that this transition is local excitation in
one of the naphthyl groups. The results for the second triplet
conformer, not found in the DFT study, is also included in
Tables 10 and 11. The NTOs reveal that also this transition is a
local excitation in one of the naphthyl groups (cmp. Fig. 9).

5 Summary and conclusions

A computational protocol for dipole and rotational strengths of
spin-forbidden CD and CPP where the spin-orbit coupling is
treated as a perturbation (SOC-PT) for the non-relativistic
Hamiltonian has been established for CC response theory
and implemented for the approximate singles and doubles
model CC2. A spin-free formalism was used to treat the sing-
let-triplet transitions."®'” The SOC-PT approach is applicable
for closed-shell molecules containing only light elements. It has
been verified that the simplification obtained in the spin-free

Table 8 The rotational strengths [107° esu cm erg G~ in velocity gauge for CD, CPF and CPP transitions in diketones 6 and 7 using CC2/aug-cc-
pVDZ. The DFT results from ref. 11 for rotational strengths are given in parentheses for comparison

Excited state Absorption (CD) Emission (CPL)

Excited state

Absorption (spin-forbidden CD) Emission (CPP)

Diketone 6

Sy —1.01 1.13 T 2.75 x 10°° —7.52 x 10
(0.99) (1.43) (-1.30 x 1079 (—3.10 x 1079

S, 0.30 —0.17 T, 2.53 x 10°° 1.34 x 10°°
(—0.82) (—0.87) (7.14 x 107°) (6.12 x 107?)

Ss 13.84 26.56 T, —4.45 x 10°° —1.08 x 10°*
(6.58) (29.96) (-7.23 x 107%) (-7.33 x 107%)

Diketone 7

S —0.95 —0.80 T, 5.45 x 10°° —1.08 x 10°°
(-1.31) (—0.69) (-1.68 x 107?) (4.14 x 107°)

S, 0.70 0.39 T, 1.76 x 10°° —8.55 x 10>
(1.93) (0.45) (—1.49 x 107°) (=127 x 1074

S, 3.09 —2.13 T, —3.69 x 10°° 9.55 x 107°
(—11.41) (0.97) (1.68 x 10°7) (2.59 x 1077

21058 | Phys. Chem. Chem. Phys., 2018, 20, 21051-21061
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Table 9 Vertical transition energies (in eV) between the ground and the first excited singlet and triplet states for the diketones 6 and 7 with CC2/aug-cc-
pVDZ. In the right most column n(s) and n(a) denote the symmetric and anti-symmetric linear combinations of the oxygen lone pairs

Excited state Absorption Emission Excited state Absorption Emission Character
Diketone 6

S, 3.82 2.29 T, 2.94 1.95 n(s) - n*
Sy 4.93 2.62 T, 4.09 2.28 n(a) » n*
Ss 5.91 4.49 T, 411 3.07 T o ¥
Diketone 7

Sy 3.79 2.29 T, 3.02 1.94 n(s) —» n*
Sy 5.00 2.57 T, 4.06 2.23 n(a) » n*
S; 5.48 4.26 T, 4.15 3.08 T o> Tt

(occ.) (vir.)

T2

T3

Fig. 7 Most dominant occupied (occ.) and virtual (vir.) natural transition
orbitals at the triplet excited state structures of (1S,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptane-2,3-dione (camphorquinone, 6).

Table 10 The dipole [esu? cm?] and rotational strengths [esu cm erg G
and transition energies AE [eV] of different transitions in (S)-DMBDA. The
DFT results from ref. 21 for R-DMBDA are given in parentheses for
comparison. (Note that R-DMBDA and S-DMBDA have opposite signs for

rotational strengths)

R
Transition D R AE )
So = S1 5.85 x 107%®  2.81 x 107%° 3.67 4.80 x 10°*
(—=1.20 x 107%%)
So’ — Sy 5.32 x 10°° 596 x 10> 3.72 1.12 x 1073

—4.91 x 107*9)
So = Sy 3.86 x 10 3¢ (—5.62 x 107 3.73 —1.46 x 10°
5.85 x 10 % 2.87 6.50 x 10~ *
(—1.05 x 1073
—1.12 x 107 2,78 —224x10°*
(2.23 x 1079
5.96 x 10~ 2.23 5.89 x 10~*

Si = So 9.00 x 10 %¢
S,/ —> Sy’ 4.99 x 107%°
T, = So 1.01 x 1074

T, = Sy 7.42 x 10°* 110 x 10°*® 2.32 1.49 x 1073

case from the Wigner-Eckhart theorem for the spin-forbidden
oscillator strengths in phosphorescence!” transfer to the
pseudoscalar rotational strengths in spin-forbidden circularly
polarised phosphorescence. The correctness of the implemen-
tation was tested by a comparison against relativistic two-
component CC2 calculations within the X2C approach,*

This journal is © the Owner Societies 2018

Conformer 2 (T})

Conformer 1 (T;)

Fig. 8 The geometry-optimised ground state (So and Sg’), first excited
singlet state (S; and Sy’) for two conformers and first excited triplet state for
two conformers (T, and T4’) structures of (S)-DMBDA.

X2C-CC2, and by testing the gauge-origin invariance of the
rotational strength in the velocity form. Furthermore we
checked also at the CC2 level that the basis set dependence
of the spin-forbidden rotational strengths is only week once
the electronic transition is described qualitatively correct.
Applications are presented for B,y-enones and ketones with
conjugated double bonds, where literature results are available
from earlier TDDFT calculations.® The CC2 calculations gave
for the CD, CPF and CPP of the fB,y-enones and conjugated
ketones rotational strengths which agree in most cases qualita-
tively with the results from the DFT calculations. In a few cases
where the rotational strength differ in sign between the DFT
and CC2 results, a switch between close-lying excited states
between DFT and CC2 is not unlikely. The B,y-enones exhibit
two minima with similar energies (& 0.05 eV) in the first excited
singlet and triplet states. In some cases, the CC2 calculations
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(occ.) (vir.)

T
1 ‘|'/1

Fig. 9 Most dominant occupied (occ.) and virtual (vir.) natural transition
orbitals of (S)-DMBDA for the transition from ground state to excited state
as visualised on the ground state (Sg and Sg’) structures.

Table 11 The relative energies AE [eV] and dihedral angles [°] of different
conformers in (S)-DMBDA. The DFT results from ref. 21 for R-DMBDA are
given in parentheses for comparison

Transition AE Dihedral angles
So 0 92.3
(91.6)
So’ 0.06 103.2
(77.3)
S1 2.87 120.3
(121.5)
S,/ 2.84 121.7
(70.5)
T, 2.23 116.1
(103.9)
T, 2.32 115.6

predict opposite signs for rotational strengths for the two
minima which is related to the pyramidalisation of the carbonyl
group in the excited state towards or away from the C—C
double bond.

Since the SOC-PT-CC2 implementation uses the RI approxi-
mation for the electron repulsion integrals, it is also applicable to
larger molecules. As an example we studied a molecule with 44
atoms, (S)-DMBDA, which was recently reported to exhibit circu-
larly polarised persistent room-temperature phosphorescence.”*
Experimentally, the phosphorescence is observed between

21060 | Phys. Chem. Chem. Phys., 2018, 20, 21051-21061
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500-600 nm which agrees well with our result at ~556 nm.
The rotational strength calculated for the spin-forbidden triplet-
singlet transition for (S)-DMBDA is 5.96 x 10 %’ esu cm erg G .
Its sign agrees with the experimentally observed sign of the
Cotton effect.
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