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In this study we report theoretical studies of the linear and nonlinear optical properties of a series

of m-conjugated organic cations and their neutral precursors which show z-stacking to exhibit
aggregation-enhanced optical properties. These organic cations show promises as photoactive
layers in hybrid quasi-2D perovskites for applications in optoelectronics, particularly in the short
wavelength infrared region. We analyze one- and two-photon (2P) absorption (2PA) transition
strengths of several excited states in the considered systems at the coupled-cluster level theory
(employing CC2 model). Furthermore, a microscopic insight of their 2P activity has been obtained
using the generalized few-state model (GFSM). Based on our GFSM results, we pinpoint the origin
of the desired nonlinear optical properties and provide a design strategy for efficient IR photoactive
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organic materials with potential application in organic-inorganic hybrid quasi-2D perovskites.

1 Introduction

Nonlinear optical properties of molecular systems occupy privi-
leged spot due to numerous potential technological applications
which utilize optical limiting, all-optical switching, biomedical
imaging using two-photon microscopy or data storage.!~13 In
particular, much effort has recently been put into development
of design rules aiming at maximizing third-order nonlinearities.
As far as these processes are concerned, two-photon absorption
(2PA) is nowadays the most widely studied one. 1420 It was pre-
dicted based on the perturbation theory by Maria G6ppert-Mayer
in 1931, 2! but the theory was confirmed experimentally 30 years
later.22-23 This third-order resonant process has a number of ap-
plications, e.g. it can be employed as a spectroscopic tool to iden-
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tify symmetry-forbidden transitions24 or to record Doppler-free
spectra.2® Potential technological applications of 2PA range from
two-photon bio-imaging*>26-27 to three-dimensional high den-
sity optical data storage. 1-2

Another interesting application was demonstrated recently
by some of the present authors who had introduced the con-
cept of interlayer-sensitized photoluminescence of hybrid quasi-
2D perovskite (PVSK) that incorporated an aggregation in-
duced enhanced emission (AIEE) organic cation layer. 28 A rod-
shaped AIEE organic cation (Z)-2-([1,1-biphenyl]-4-y1)-3-(4-(3-
aminopropoxy)phenyl)acrylonitrile, BPCSA+, and its neutral
precursor BPCSA (Fig. 1) were synthesized to maximize energy
sensitizing properties in the short wavelength IR region and to fit
into the lattice of 3D PVSK layers. As demonstrated on the exper-
imental basis, BPCSA+ emitted strong fluorescence in the solid
state, while its solution was almost non-fluorescent. This clearly
demonstrated the AIEE characteristic of BPCSA+. Upon incorpo-
ration into quasi-2D PVSKs as a bulky organic layer in between
the 3D PVSK layers, BPCSA+ promoted the photoluminescence
(PL) of PVSK up to 10 folds from that of non-zm-conjugated or-
ganic cation (octylammonium) 2D PVSK. Importantly, BPCSA+
2D PVSK displayed superior emission properties upon two-photon
excitation by a short wavelength IR laser. As highlighted in the
recent study, an AIEE sensitization system can reinforce the PL
properties of PVSK upon linear/nonlinear optical excitations in
PVSK based non-linear optical devices.

Following these encouraging experimental advances, in this
study we aim at elucidating the photophysical properties of sev-
eral m-conjugated organic cations (including their neutral precur-
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sors) shown in Fig. 1. These rod-shaped a-cyanostilbene deriva-
tives have the potential to be AIEE active cations as well as to be
used as photoactive layers in perovskites. 28 For the present study,
besides the previously reported BPCSA, we designed three addi-
tional neutral precursors (NCSA, BMCSA, BPyMCSA) and theo-
retically studied the optical properties of their cationic (NCSA+)
and dicationic (BMCSA+, BPyMCSA+) forms as well. To this
end, we employ advanced electronic-structure methods to deter-
mine electronic spectra, including one- and two-photon transition
strengths.

2 Computational details

The ground state geometries of the four neutral precursors
(BPCSA, NCSA, BMCSA, BPyMCSA) shown in Fig. 1 and their
cations (BPCSA+, NCSA+, BMCSA+, BPyMCSA+) were opti-
mized using the density functional theoretical method with the
B3LYP functional®® and the cc-pVDZ basis set.39 In doing so, we
neglected environmental effects, i.e. we considered molecules in
vacuo only. The minima on potential energy hypersurface were
confirmed by evaluation of hessian. Subsequently, the minimum
energy geometries were used for electronic-structure calculations.
We performed the ab initio quantum-chemistry calculations us-
ing the resolution-of-identity coupled-cluster CC2 model®! and
the cc-pVDZ basis set. The choice of this method is dictated by
recent reports that all studied density functional theory approx-
imations show serious limitations as far as predictions of two-
photon absorption strengths are concerned, i.e. hybrid function-
als with fixed amount of HF exchange are burdened by cancel-
lations of significant errors, while range-separated functionals
systematically underestimate two-photon transition strengths due
to their inability to correctly reproduce excited-state density dis-
tributions. 3233 This is line with the results of calculations pre-
sented in ESI, where the comparison between CC2 and PBEO
and CAM-B3LYP is made. As far as the prediction of one-photon
spectra is concerned, it should be highlighted that according to
the benchmark work of Jacquemin et al., one obtains a MAE of
0.27 eV for excitation energy of organic dyes at the CC2/TZVP
level taking the CAS-PT2/TZVP level as the reference.3* A similar
level of accuracy is expected for the electronic excitation ener-
gies for molecules studied herein. Separately, the CC2 results for
the four m-conjugated molecules were compared systematically
to DFT/TD-DFT calculations. Such a comparison may assist in
studying larger systems in future work. The results, also includ-
ing solvent effects, are summarized in the ESI (see Tables S6-S9,
Figures S1-S2). We conclude that in selection of the functional
for calculation of 1PA, benchmarking with inclusion of solvent
has to be considered. Moreover, the comparison of the calculated
emission characteristics to experimental data demonstrated good
agreement for BPCSA using the CAM-B3LYP functional. All the
density functional theory calculations were performed with the
GAUSSIAN 16 program, 3> while all the RI-CC2 calculations were
carried out with the TURBOMOLE 7.3 program. 3¢ We used our
own code for all the generalized few-state model (GFSM) calcu-
lations.

2| Journal Name, [year], [vol.], 1-8
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Fig. 1 Structures of precursors of photoactive cations studied in the
present work. In the case of cations (denoted as BMCSA+, BPCSA+,
BPyMCSA+, NCSA+), each -NH, group is replaced by -NHJ .

3 Results and Discussion

Based on our previous study on the AIEE cation sensitizing
PL of its 2D PVSK composites,?® we designed three more
organic cation candidates which can form hybrid quasi-2D
PVSKs (see Fig. 1). The rod-shaped cations, which have
one-dimensional bulkiness, can facilitate 2D PVSK assembly
by a well-fitted diameter matched to the 2D PVSK lattice
size. The dipolar (NCSA) and quadrupolar (BMCSA+, BPyM-
CSA) structures, combining electron donor (D) and accep-
tor (A) groups to 7-conjugation (NCSA: alkoxy(D)-nitro(A);
BMCSA+: ammonium(A)-methoxy(D)-ammonium(A); BPyM-
CSA: pyridinium(A)-methoxy(D)-pyridinium(A)) can extend -
conjugation via intramolecular charge transfer (ICT) to improve
their third-order nonlinear optical property.3” In their 2D PVSK
structures, mono ammonium cations (BPCSA+ and NCSA+) can
form(R—NH;)zMX4(R—NH3+): alkyl or aryl ammonium cation;
M: divalent metal cation (e.g. Pb2*); X: halide), while diammo-
nium cations (BMCSA+ and BPyMCSA+) can produce (*NH;3-
R-NH;L)MX4.38 The a-cyanostilbene framework can enhance PL
of the candidates in the solid state (AIEE) by (i) restriction of
energy dissipating rotational relaxation and (ii) formation of a
head-to-tail molecular assembly (J-aggregation) to enlarge the
Stokes shift, thus minimizing reabsorption of its own PL.3° Poten-
tially, this AIEE feature can improve one- and two-photon excited
PL of their 2D PVSKs without any concentration quenching issue
(significant PL quenching in the solid state or high concentration)
faced by most organic luminophores. The structure of the four or-
ganic precursors considered in this work are shown in Fig. 1. The
optimized coordinates are provided in Electronic Supplementary
Information file.

This journal is © The Royal Society of Chemistry [year]
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3.1 One-photon absorption

The one-photon absorption is characterized by its oscillator
strength (f), and the corresponding values for transitions from
the ground state to the first five singlet excited states in all the
four neutral and cationic precursors are presented in Table 1.
The one-photon absorption spectra of all four neutral precursors
share some common well-studied features. Firstly, the Sy —S;
transition has very large oscillator strength indicating that they
have the characteristics of a 7 — #n* transition. Secondly, the ex-
tension of 7-conjugated linker leads to a decrease of the excita-
tion energy, e.g. on passing from NCSA to BMCSA with a more
extended conjugation length, the corresponding wavelength for
Sop —S; transition is red-shifted by 110 nm. The correspond-
ing oscillator strength also increases from 1.33 to 1.43. There
is also an appreciable increase in the excitation wavelength on
moving from BMCSA to BPyMCSA, which could be attributed to
the ICT in BPyMCSA. The corresponding oscillator strength in-
creases from 1.43 to 3.17. In general, the excitation energy for
the Sg —S; transition gradually decreases on moving down the
series from BPCSA to BPyMCSA. Higher-energy electronic excita-
tions for neutral precursors, except the Sy —S, transition in the
BMCSA molecule, have insignificant oscillator strengths (not ex-
ceeding 0.1).

In comparison with the neutral precursors, one finds signifi-
cant changes in the electronic structure of some of the cations.
However, there is almost no such change on moving from the
neutral precursors BPCSA and BPyMCSA to their respective
cations. The excitation wavelengths of BPCSA/BPCSA+ and
BPyMCSA/BPyMCSA+ are 321nm/318nm and 522nm/530nm
respectively. Similarly, the oscillator strengths for the pairs are
respectively 1.63/1.45 and 3.17/3.17. In contrast to this, we wit-
nessed significant changes for the other two pairs. In one hand,
the brightest one-photon state S; in NCSA becomes a dark state in
NCSA+, whereas on the other hand, the dark one-photon state S,
in NCSA becomes brightest in NCSA+. However, there is no sig-
nificant change in excitation wavelengths. Interestingly, only for
the BMCSA/BMCSA+ pair there is a significant red-shift of the
first electronic transition (roughly by 60 nm), with a slight de-
crease in the oscillator strength. The second excited states in this
pair is located almost at the same position relative to the ground
state. It should be highlighted that the structural modification
allows for red-shift of first intense transition roughly by 200 nm,
e.g. on passing from NCSA to BPyMCSA. This result might be
beneficial for construction of the active organic layer for PVSK
with desired photophysical properties.

3.2 Two-photon absorption

The two-photon activity of an electronic system is measured in
terms of its two-photon transition strength (&y;). Within the
coupled-cluster theory the orientationally averaged &y, for a tran-
sition between states |0) and |J) is given as*°

2PA uu uv uv uv vu
(8o 15 ZZ MJeOMOeJ M; oMy J+MJ<70MO<—./:| 1)
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where 11,V € x,y,z. The symbols M}*, and M}, are used to de-
note right and left second-order transition moments, respectively.
In the case of one source of photons, i.e., ® = %wj, they read:

WL_Z(®§MWYH

K 7 Wy — Wk

1
7 Wy — Wk

+mmmwxm> -

MJeO = Z
K

1
70y — Wk

(mymmmm+ummmwm> -
2 Wy — WK

The values of &y, calculated for the first five singlet excited
states of all the four neutral precursors and their cations are
also presented in Table 1 (see last column). The following two
key observations can be drawn based on the analysis of the re-
sults presented therein for neutral precursors. Firstly, in the case
of BPCSA, BMCSA and BPyMCSA molecules, the lowest-energy
bright transitions with large values of oscillator strengths are con-
nected with insignificant two-photon activity. However, some
of the dark states in the one-photon absorption spectra of neu-
tral precursors exhibit incomparably large two-photon transition
strengths (and corresponding two-photon absorption cross sec-
tions). For NCSA, we note that the bright S| state exhibits the
largest two-photon strength among its first five excited states.
Secondly, the largest two-photon activity is found for symmetric
molecules BPyMCSA (S;, A symmetry) and BMCSA (S3, A sym-
metry). The second largest two-photon strength is exhibited by
the S; state in BMCSA. In order to analyze this behaviour, we
have employed recently developed generalized few-state model
(GFSM) for electronic structure theories with a non-hermitian
structure.33 GFSM allows to interpret the two-photon transition
strengths in terms of electronic structure parameters:

(STFSMy - — ZZ SSESM " where
SGFSMy  _
(SoskL") ISAEKAEL(a+ﬁ)’ €]
a = |0 )
(cos 6X9 cos %7 + cos 6% cos 0L + cos 81 cos 62’6)
Bo= I Ol "]

(cos 61 cos 9&] +cos 9K cos (-)Z(OJ +cos 0K/ cos 625)

In the above expression (Eq. 4), the superscripts distin-
guish between the right (L0) and the left (OL) moments and
AEg = Yoy — wg. The term 9}55 represents the angle between
the transition dipole moment vectors "2 and u®S. Note that
for the time-dependent density functional theory, in which case
the left and right moments are equal, the above expression
reduces to the one derived previously by one of the present
authors.#! The summation in Eq. 4 runs over all the electronic
states. In principle, any number of intermediate states K and
L can be chosen in Eq. 4. In the present study we employed
a three-state model (3SM), in which K and L can be either
the ground state 0, an intermediate or the final excited state
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Table 1 Excitation energies (AE, eV), wavelengths (1, nm), oscillator strengths (f) and two-photon transition strengths ((§2"), au.) for the transitions

to the five lowest-lying singlet excited states. All results were obtained at the RI-CC2/cc-pVDZ level.

Symmetry AE (1) f (87PAYx 103
BPCSA A(Sy) 3.86 (321) 1.63 4.6
A(Sy) 4.62 (268) 0.02 1.0
A (S3) 4.67 (265) 0.01 2.7
A (S4) 4.91 (252) 0.07 97.9
A (Ss) 5.02 (247) 0.00 0.1
BPCSA+ A(Sy)) 3.896 (318) 1.45 12.9
A (Sy) 4.584 (271) 0.01 <0.1
A (S3) 4.604 (269) 0.00 <0.1
A (Sy) 4.646 (270) 0.00 4.6
A (Ss) 4.923 (252) 0.20 86.5
NCSA A(Sy) 3.76 (330) 1.33 25.6
A (Sy) 4.01 (309) 0.00 <0.1
A (S3) 4.58 (271) 0.00 <0.1
A (Sg) 4.61 (269) 0.01 0.3
A (Ss) 4.69 (264) 0.00 1.1
NCSA+ A(Sy)) 3.996 (310) 0.01 <0.1
A (Sy) 4.153 (300) 1.35 3.1
A (S3) 4.527 (274) 0.00 <0.1
A (Sy) 4.673 (265) 0.01 0.3
A (Ss) 4.695 (264) 0.02 <0.1
BMCSA B (S1) 2.81 (441) 1.43 <0.1
B (Sy) 3.49 (355) 0.62 <0.1
A (S3) 3.71 (334) 0.00 491.7
A (Sq) 4.19 (296) 0.00 264.0
B (Ss5) 4.50 (275) 0.05 <0.1
BMCSA+ B (S1) 2.467 (503) 0.66 <0.1
B (Sy) 3.554 (349) 1.28 <0.1
A (S3) 3.716 (334) 0.00 524
A (Sy) 4.372 (284) 0.00 64
B (Ss5) 4.546 (273) 0.02 0.2
BPyMCSA B (S1) 2.37 (522) 3.17 0.0
A (Sy) 2.99 (415) 0.00 858.6
B (S3) 3.10 (401) 0.01 0.0
A (S4) 3.13 (396) 0.00 214.2
A (Ss) 3.38 (367) 0.00 2.7
BPyMCSA+ B (S1) 2.337 (530) 3.17 0.3
A (Sy) 2.755 (450) 0.00 669.6
B (S3) 2.801 (443) 0.04 10.7
A (Sy) 2.890 (429) 0.00 379.5
B (Ss) 3.067 (404) 0.00 <0.1
4| Journal Name, [year], [vol.], 1-8 This journal is © The Royal Society of Chemistry [year]
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Table 2 Two-photon transition strengths ((§2P4), au.) predicted based on a three-state model including the ground state, the final and a key intermediate

state.
Initial state Final state Key intermediate state (8%PA) (3SM) x103
BPCSA So Sy Si 117.5
BMCSA So S s, 305.7
So S4 Si 276.3
BPyMCSA So S, S 985.4
So S, s, 254.2

Table 3 Excitation energies (AE, eV), wavelengths (A, nm), oscillator strengths (f) and dominant one-electron excitations between frontier orbitals for
the transitions to the two lowest-lying singlet excited states. All results were obtained at the CAM-B3LYP/cc-pVDZ level of theory

Symmetry AE f orbital character
BPyMCSA B (S1) 2.318 (535) 2.70 HOMO—LUMO
A (Sy) 3.083 (402) 0.00 HOMO—LUMO+1, HOMO—LUMO +2
BPyMCSA+ B (S1) 2.132 (582) 1.10 HOMO—LUMO
A (Sy) 2.184 (567) 0.00 HOMO—LUMO+1

J. Given 0 — J transition, we performed three-state model
calculations including all possible intermediate states within
considered manifold of excited states (S;-S5). The summary of
these calculations for BPCSA, BMCSA and BPyMCSA is shown
in Table 2 (see the Electronic Supplementary Information for
complete data). Both NCSA and its cation exhibit very low
two-photon activity and hence we did not present the data
for NCSA in this table. However, we noticed that for NCSA, a
two-state model is sufficient to reproduce the response theory
results. The other excited states in NCSA owing to having a
very small transition dipole moments (either u'X/X0 or yOL/L1 or
both) are inactive towards contribution to its two-photon activity.
These data along with detailed GFSM data for other systems
are supplied in the Electronic Supplementary Information file.
It follows from the data presented in Table 2 that: i) for
each electronic two-photon excitation with significant strength,
the key intermediate state contributing to the two-photon
activity is the brightest one-photon state, ii) the three-state
model calculations satisfactorily reproduce the response-theory
values reported in Table 1. Note that “the key intermediate
state” is such state which makes the major contribution to the
two-photon transition strength as defined by the sum-over-state
expression (see Eq. 2-4). For example, in case of BMCSA and
BPyMCSA, the contribution of the S; state (i.e. &y term)
is 99.98% of the total &y, value obtained from the response
theory. The second highest contribution comes from the cross
terms &yjo1 = 810, which corresponds to a contribution of only
0.01% each. Similarly, in BPCSA the contributions of 8y, and
Sos14 are 92.47% and 3.58% respectively. The other terms have
negligible contributions. A close scrutiny of the GFSM results
indicates that the transition moments for Sy —S; and S; —Sg /L
are significantly larger than the S —Sk/L transition(s). This

This journal is © The Royal Society of Chemistry [year]

makes the contributions of &y and &yyx.,K # L # J much larger
than that of other terms. Based on the GFSM results obtained for
neutral precursors one may conclude that a further increase of
two-photon transition strengths to the discussed electronic exci-
tations might lead through modifications of properties of the S;
electronic excited states (energy decrease, one-photon intensity
increase). In fact, this strategy was utilized in chemical modifi-
cations BMCSA—BPyMCSA. Table 1 also contains the results of
calculations of two-photon transition strengths for cations. In a
qualitative sense, the two-photon spectra of cations shares the
main features of spectra for neutral precursors, albeit we note
some drop in the two-photon intensity for BPyMCSA+ (in com-
parison with BPyMCSA). Among all the studied cations, similarly
to their neutral precursors, the largest two-photon transition
strength is observed for BPyMCSA+ for the Sy —S, transition.
The two-photon Sy —S; excitation wavelength is 900 nm, which
is red-shifted in comparison with other studied cations. In
order to better understand the nature of Sy —S; and Sy —S,
excitations in the BPyMCSA/BPyMCSA+ pair, we performed
additional electronic-structure calculations using the CAM-B3LYP
functional and the cc-pVDZ basis set. The choice of TD-DFT is
dictated by the fact, that in the linear-response coupled-cluster
method, the transition vector does not describe the transition
from one orbital to another. The electronic-structure parameters
for these two electronic excitations, together with their orbital
character, are shown in Table 3. As expected, the Sy —S;
excitation is dominated by the HOMO—LUMO orbital transition.
The HOMO orbital for BPyMCSA closely resembles the one for
BPyMCSA+, and both are localized on the rm-conjugated path
(see Fig. 2). However, there is a significant difference in the
LUMO orbital between BPyMCSA and BPyMCSA+. For the latter,
the LUMO involves terminal NH3+ moieties. The analysis of third-
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BPyMCSA+
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Fig. 2 Molecular orbitals involved in Sy —S; and Sy —S; electronic excitations for BPyMCSA and BPyMCSA+ molecules. See text for details.

order nonlinear optical properties for quadrupolar molecules
has been a subject of numerous studies (see Ref. 4247 and
references therein). In particular, based on the proposed models,
it is expected that quadrupolar structures will exhibit larger
resonant third-order responses than their dipolar counterparts.
These observations are in line with the results of the ab initio
calculations presented in the present work, i.e. two-photon
transition strengths for low-lying excited states are much larger
for BMCSA and BPyMCSA than for NCSA. As highlighted by
Terenziani et al. large TPA cross-sections are expected for dyes
with intermediate quadrupolar character (defined in terms of the
p parameter corresponding to the admixture of a neutral and a
charged resonance form). 43 Thus, BMCSA and BPyMCSA can be
a basis for further tuning of two-photon absorption properties by
proposing structures with optimal p parameter. In conclusion,
among the set of studied neutral precursors and their cations,
the BPyMCSA/BPyMCSA+ pair exhibits the features desired for
an organic active layer in PVSK, i.e. there is a low-lying state
with an accompanying large two-photon transition strength and
the corresponding two-photon excitation wavelength is in the

6 Journal Name, [year], [vol.], 1-8

infrared region.

4 Conclusions

In conclusion, with the aim to provide a design strategy for an
effective photoactive layer in quasi-2D perovskite, in this work
we study the one- and two-photon activity in four neutral organic
precursors and their cations theoretically. The results obtained
at the coupled-cluster level of theory (using CC2 model) indicate
that two of the four neutral (cationic) precursors exhibit large
two-photon activity. On moving from the neutral to the corre-
sponding cationic form of the precursor named BMCSA, there is a
significant bathochromic shift of the one-photon active state. Sim-
ilarly on moving from the least two-photon active NCSA precursor
to the most two-photon active BPyMCSA, there is a bathochromic
shift of 200 nm. This result indicates that similar structural modi-
fication (as done for NCSA—BPyMCSA) can be used for construc-
tion of active organic layer for perovskite. The microscopic anal-
ysis based on three-state model reveals that the key excited state
contributing to the two-photon activity in these compounds is the
one that shows the highest one-photon activity. This in turn sug-

This journal is © The Royal Society of Chemistry [year]
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gests that the design of an effective organic photo-active layer in
quasi-2D perovskite can be done by changing the electronic struc-
ture of the one-photon active state.
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