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Abstract

The two-photon absorption (TPA) cross-section of the dihydroazulene-spiropyran
(DHA-SP) multi-state multi-functional dyad has been investigated using quan-
tum chemistry methods to assess its potential as a write nonlinear optical (NLO)
switch for 3D data storage. TPA induced switching is found to trigger reactions
from DHA-SP to DHA-E-MCH, with TPA cross-sections value of ~ 2500 GM.
Conversely to the one-photon absorption, no simple additivity is observed in the
dyad TPA spectra but cooperative effects are highlighted in DHA-E-MCH, the
most active form. Excitation channel analyses, based on the sum-over-states for-
malism and the missing state analysis, show that the TPA cross-section of the
DHA-E-MCH form mostly result from local excitations on the E-MCH parent
unit with important charge transfer contributions from DHA to E-MCH. More
generally, it also highlights that the first singlet excited state is the most impor-
tant excitation channel in all forms presenting large TPA cross-section. This is
further confirmed by a simplified three-state model. Overall, the results of this
paper demonstrate the promising potential of the DHA-SP multi-state multi-
functional molecular switch for NLO read/write applications from the viewpoint
of memory devices.
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Introduction

Modern computing units rely on binary (ON/OFF) solid-state switches of metal-
oxide-semiconductor field-effect transistors for processing information. Among the
latter, complementary-metal-oxide-semiconductors are the most widely used for the
construction of integrated circuits [1]. However, as technologies push the limits of
miniaturization, the search for alternatives to traditional silicon-based logic has been
intensified in the last years. Enter molecular switches, a class of compounds that can
reversibly interconvert between two or more distinct states upon application of exter-
nal stimuli, leading to changes in their geometrical and electronic structures and,
consequently, to modifications of their molecular properties [2]. These dynamic trans-
formations enable molecular switches to perform logic operations [3, 4], making them
attractive for a broad range of applications, notably in electronic devices [5, 6] and
data storage [7, 8].

To design data storage devices, photochromic molecules serve as key functional
units [9] and constitute the substrate (or logic device), with their switching states
corresponding to distinct information bits. In such a framework, external stimuli, i.e.
photons, are referred to as the inputs. This concept extends beyond photochromism
to other stimuli-responsive phenomena, such as thermo- and halochromism, where the
inputs are heat and changes in pH, respectively [2]. An advantage of photochromic
compounds is their ability to undergo isomerizations detectable at the single-molecule
level. In principle, if the switching process were perfectly efficient (converting all
the molecules, though, experimentally, it often remains partial), each molecule could

encode an information bit, enabling high-density storage [10]. An effective strategy



for increasing storage capacity consists in integrating multiple switching units, each
addressable by different (orthogonal) stimuli, leading to multi-state multi-functional
molecular switches [11-13]. Contrary to bistable switches—only capable of performing
simple YES/NOT operations—these systems enact multi-valued [14] and multi-input
[15] logic functions, allowing for complex gates such as AND, OR, exclusive OR (XOR),
and exclusive NOR (XNOR), all still at the single-molecule level. In addition, an octa-
state switch requires only one-third the number of systems needed for storing the same
information as with two-state switches, being a key development for designing high-
density storage devices. For example, only eleven molecules are sufficient to represent
a larger integer range than a conventional 32-bit architecture.

For molecular switches to be viable for data storage, three key conditions must
be met. First, all states must be selectively accessible during writing. This is ensured
if the switching is orthogonal [16] or path-dependent [17]. Consider, hypothetically,
two bistable units (Fig. 1a) connected by a m-conjugated linker forming a multi-state
system where the four possible combinations of states are labeled as [00], [10], [01],
and [11]. The resulting switching processes depend on the ability of the multi-state
to react under stimuli. In a non-orthogonal switching (Fig. 1b), input 2 switches one
unit ([00] — [01]), but input 1 leads to [11], which can originate from either [00] or
[01], making [10] inaccessible. Conversely, in the case of an orthogonal switching path
(Fig. 1¢), each input exclusively affects one unit, allowing access to all four states. Fur-
thermore, path-dependent switching (Fig. 1d) ensures unique state accessibility, but
[11] is only reachable via a specific input sequence (input 2 then input 1). Second, all
states must be unambiguously readable. In single-input/single-output devices, linear
optical responses (e.g., UV/vis one-photon absorbance, fluorescence, or even electronic
circular dichroism) enable fast and cost-effective state discrimination but they lack
the ability to focus on small volumes. Finally, the states should be stable for keeping

data integrity.
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Fig. 1 Stimuli-dependent switching processes in a system composed of two switching units (adapted
from Ref. 17).

A complementary approach to increase storage density is the development of three-
dimensional (3D) memory architectures [18, 19], enabling storage capacities up to the
petabit scale in ultra-compact volumes [20], because the data are written on multiple
layers within a stacked wafer assembly rather than on a single surface. Other storage
technologies based on photochromic materials have been proposed, such as near-field
optical memories, e.g., in the studies of Irie and co-workers using diarylethenes [9, 21—
their promise lies in achieving sub-diffraction-limited storage with fast read/write
speeds and ultra-high density. Nevertheless, 3D optical memories are mechanically less
challenging and present room for potential improvements in writing speed and storage
density. Two-photon writing, relying on two-photon absorption (TPA), is essential
for 3D memories. TPA is a nonlinear phenomenon where two photons of low energy
are simultaneously absorbed by a molecule, leading to an electronic excitation [22].
It was theoretically predicted by Goppert-Mayer in 1931 [23, 24] but only observed
30 years later by Kaiser and Garret [25] thanks to the apparition of lasers. The GM
standard unit of TPA cross-section honors Goppert-Mayer and represents 10759 cm?*

s photon~! while 1 atomic unit = 1.896788 GM. TPA-driven photochemical reactions



can thus occur only at the laser(s) focus, where beams overlap in time and space,
which allows to closely pack the functionalized wafers. Beyond high storage capacity
and density, TPA writing offers (i) reduced photo-damage, (ii) random access, and
(iii) parallel processing [26]. However, writing speeds remain low due to the modest
TPA cross-section (orpa) of currently used molecular switches. To overcome this, two
main strategies exist for designing new compounds with high orpa values, that also
possess low absorption wavelengths to further reduce the bit spacing in 3D storage
devices. One approach aims to design molecular switches presenting high TPA cross-
sections [26, 27| for direct applications, while, alternatively, the TPA-active molecule
can act as an “antenna” to transfer energy to a switchable unit [28].

Complementary, the ability of reading high-density information is crucial for the
development of 3D optical memories and TPA can also be used for reading purposes,
although it may partially degrade stored data by inducing undesired switching. In
this context, the second harmonic generation (SHG), a second-order nonlinear opti-
cal (NLO) property governed at the molecular scale by the first hyperpolarizability
(8) [29], becomes an interesting alternative to avoid data degradation under reading.
Hence, SHG-readable switches must exhibit strong [-contrasts between their states
[30-32].

Recently, Dowds et al. [17] proposed and characterized a multi-state multi-
functional switch integrating the 2-phenyl-1,1-dicyano-1,8a-dihydroazulene (DHA)
bistable unit with the multi-state 1’,3’,3’-trimethyl-6-nitroindolinobenzospiropyran
(SP) moiety. Fig. 2 illustrates the switching behavior of this DHA-SP dyad, which
exhibits both orthogonal and path-dependent transitions, generating a total of eight
distinct states in solution (excluding stereoisomers) by combining light irradiations
and pH variations. Photoexcitation at 415 nm promotes the stable DHA isomer to
its lowest singlet excited state, triggering a ring-opening towards the higher-energy

vinylheptafulvene (VHF) isomer [33-35]. On the other side of the linker, a 365 nm



irradiation induces C—O bond cleavage, triggering SP ring-opening in VHF-SP to form
a zwitterionic merocyanine (VHF-MC) [36]. Additionally, in DHA-SP, both units can
switch non-orthogonally to VHF-MC under 365 nm light illumination. Adding acid
to the photo-metastable MC yields a protonated transoid merocyanine (E-MCH).
These states were characterized by their one-photon absorption (OPA) and fluores-
cence properties, acting as readouts. Moreover, the reverse VHF-MC — VHF-SP —
DHA-SP reactions are spontaneous and thermally driven. The VHF-SP, VHF-MC,
and VHF-E-MCH trio of states acts as an AND logic gate: transitioning to the flu-
orescent VHF-E-MCH form requires both 365 nm irradiation AND acid addition—if
either condition is unmet, no emission occurs. Finally, acidification of SP (in both
DHA and VHF forms) directly produces the protonated cisoid merocyanine (Z-MCH).
In the Dowds et al. [17] study, one drawback is the use of monochromatic light as
input and OPA as the output, which increases the probability of switching during the
reading process. To overcome this undesired effect, some of us examined the DHA-SP
potential as an NLO switch for non-destructive reading via SHG using computational
quantum chemistry methods [37]. It was shown that combining the hyper-Rayleigh
scattering intensities and their depolarization ratios enables multi-state distinction.
For memory applications, molecular switches are typically grafted onto surfaces or
embedded in polymers matrices making acidochromism impractical [38, 39]. However,
this multi-switch serves as an excellent model. Indeed, SP-MC derivatives have been
extensively studied [36, 40] and were used in the first demonstration of a 3D optical
memory [41], while DHA has also been explored for multi-dimensional data storage
[42]. However, to the best of our knowledge, all attempts of TPA induced switching
for 3D storage have relied exclusively on two-state switches, and the TPA induced

switching of DHA-SP multi-state has not yet been investigated.
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Fig. 2 Overview of the switching reactions of the DHA-SP dyad (adapted from Ref. 17), TFA:
trifluoroacetic acid, ‘*’ refers to the asymmetric centers of the DHA-SP form, and the bulbs highlight
the photo-triggered reactions.

This Account presents a computational quantum chemical investigation of the TPA
properties of the DHA-SP dyad in solution, employing (time-dependent) density func-
tional theory [(TD)-DFT] to analyze its full potential as a read/write NLO switch
before advancing to more complex 2D and 3D architectures, usually more challenging
to establish. Building upon the experimental characterizations [17] and our previous
theoretical endeavors [37], TPA is introduced as a novel writing mechanism for this
molecular multi-state switch. The focus is on the forms capable of undergoing a light-
triggered switching transition, viz. DHA-SP, DHA-E-MCH, VHF-SP, VHF-Z-MCH,
and their parent units (which also include the linker with an hydrogen substituting

the second unit). The photo-reactions originating from the latter are highlighted with



bulbs in Fig. 2. The work is structured as follows. The next Section presents the essen-
tial of the theoretical and computational aspects. Results are then exposed, beginning
with the one- and two-photon absorption spectra and an analysis of the charge transfer
character, complementing the discussion in Ref. 37. This is followed by a comparison
of the two computational formalisms used to determine the TPA responses. These
responses are then further rationalized by considering the contribution of individual
electronic excited states. Finally, conclusions are drawn and several perspectives are

proposed.

Theory and calculation aspects

Quantum chemistry calculations

The ground state optimized geometries of all the states related to the molecular
switching processes of the dyad, as presented in Ref. 37, were obtained by mini-
mizing their energy using the wB97X-D [43] exchange-correlation functional (XCF)
with the 6-311G(d) basis set. The OPA and TPA transition energies and intensities
(oscillator strengths/TPA transition probabilities, respectively) were obtained using
TD-DFT within the linear (LR) and quadratic response (QR) formalism, respectively.
Benchmarks assessing the performance of different XCFs on molecules presenting
a charge-transfer (CT) excitation character have recommended the use of range-
separated XCF's, even though the obtained excited-state dipole moments tend to be
underestimated [44, 45]. In this study, the optical responses were obtained with the
CAM-B3LYP [46] XCF combined with the 6-3114+G(d) basis set, employing the Dal-
ton2020.1 program [47]. The acetonitrile solvent effects were taken into account using
the FixSol, a continuum conductor-like model assuming the value of 36.640 for the
relative static dielectric constant and 1.806 for the optical one [48], as implemented in

the Polarizable Embedding library [49)].



The transition dipole moments between the ground (|g)) and excited (|n)) states

((g|pen)) as well as the excitation energies associated with the transitions [Awgn,
I(wn — wy)] are the main ingredients for simulating the OPA spectrum. The OPA

cross-section [oopa (w), Eq. 1] is given by

Topa (w 350“’;{ MO + MB1E G, wniT) (1)
n#g
(M) = {glpiln)i = .y, = (2)

—_ 2

where fw is the photon energy, c is the speed of light in vacuum, M gln) is the one-
photon transition moment vector coupling the ground and excited states. The function
G(w,wgn;T") is a Gaussian broadening function that accounts for the dynamical fluc-
tuations of the dyad in solution and depends on the broadening factor I', which
represents the half-width at half-maximum (HWHM). The oscillator strength is given
by fyn = 2hirgn M3

The TPA transition probability (5TPA Eq. 4) depends on the light polarization
factors F, G, H and on the TPA transition moment tensor (M Efn), Eq. 5) induced by

a pair of photons with energies hw; and hws [50].

1
dgn " = 30 > FIM@NuIMEP55 + GIMEDT M2 + HIMPi; MDY (4)

4,J=T,Y,2

1 5 (glpilk) kluyln> (glpj| k) (K| pi|n) 5)
” Jis h - Wgk — W1 Wk — W2

Equation 5 is referred to as the sum-over-states (SOS) expression for the TPA transi-
tion moments because it sums over the |k) states. Note that in Eq. 5, the ground and

final states are included in the sum and all the other states are commonly referred to



as intermediate states. This expression is usually related to the imaginary contribu-
tion of the resonant second hyperpolarizability [S{v(—w;w, —w,w)}] associated with
the degenerate four wave mixing phenomenon [51, 52].

This study assumes degenerate photons (w; = wy = w) and parallel polarization of
a linearly polarized light beam (F' = G = H = 2). The TPA cross-section [orpa (w),
Eq. 6] is then formulated to match experimental results obtained using a single light

source [44, 50, 53], e.g., the Z-scan technique [54].

orpa(w) = Zlcijwz Z 5£FAQ(2w,wgn; I) (6)
n#g
It is important to note that the energies will be hereafter discussed in terms of the
transition energies (fuwg,) for a better association with the OPA spectra and not in
terms of the photon energy (fw = hwgn/2).

Computing Eq. 5 using the SOS approach requires computing the excitation ener-
gies (hwgy), dipole moments of the ground ((g|p|g)) and excited ((k|u|k)) states,
and ground-to-excited ((g|u|k)) as well as excited-to-excited ({k|u|k’)) state transi-
tion moments. Moreover, achieving convergence for the SOS quantity may require a
large number of intermediate states, increasing the computational cost. Consequently,
most studies have used semi-empirical Hamiltonian approximations [52, 55-59]. How-
ever, simplifying the SOS expression to include only dominant-state contributions
has led to the successful application of truncated few-states models using higher-level
calculations for TPA transitions exhibiting CT character [60-63].

Alternatively, the full SOS quantity [Mg(i)]ij (Eq. 5) can be efficiently extracted
from the QR function vector [64—66]. Methods with different levels of accuracy have
been developed based on this approximation (ranging from wavefunction-based meth-

ods, such as coupled cluster and multiconfigurational approaches, to TD-DFT and its

10



simplified variations), allowing researchers to find a reliable cost-accuracy balance for
small to large molecules [44, 59, 67-73].

The QR formalism offers an efficient computational approach to directly extract
TPA transition moments from the second-order perturbed response vector [64],
although it has been showed that the presence of the XCF in the DFT formalism
can lead to incorrect description of the QR function poles, essential for obtaining the
TPA transition moments [74]. Moreover, in such QR scheme that provides the global
response, a detailed description of the excitation channels is lacking, as these quan-
tities cannot be decomposed into contributions from the intermediate states involved

in the sum.

Excitation channels analysis

To analyze the excitation channels, Eq. 5 must be calculated using the ordinary SOS
formalism to decompose the TPA transition moments into the contributions of differ-
ent excited states. This was then performed by using the ground and excited states
dipole moments, transition dipole moments between each pair of the ground-to-excited
and excited-to-excited states, and vertical excitation energies from the 100 lowest-lying
excited states, obtained from the relaxed one-particle density at the linear response
level. To this aim, one-electron transition density matrix (1TDM) was reconstructed
using the configuration state functions coefficients larger than 10~® from TD-DFT
calculations, and then the (transition) dipole moments were calculated using the Mul-
tiwfn program [75, 76]. As a consequence, while ground-to-excited state quantities
are true TD-DFT values, the excited-to-excited ones as well as excited state dipole

“unrelaxed approxima-

moments are approximations. Indeed, they correspond to the
tion” of Ref. 74 as they lack the so-called orbital relaxation [77]. They are thus not
equivalent to the values obtained through QR, but, as mentioned earlier, this approach

can still provide interesting insights by addressing the excitation channels involved in

the transitions.
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Finally, the TPA transition moments were calculated using a homemade software,
where the excitation channels were analyzed in terms of the contributions of the dif-
ferent intermediate states. To do so, the contributions to the TPA cross-sections of
specific intermediate states included in the SOS formula were evaluated by employing
the missing state analysis [78]. It involves doing a series of truncated SOS calculations,
in which one state of the sum (running here over the 100 first excited states) is left
out. The contribution of the i*" intermediate excited state in the Sy — S, transition

(97) is determined by the effect of its absence on orpa of the final state:

tot i
OtPA — 9TPA
U =——"0r—i#Fn (7)
0TPA

where o%%, is the SOS value with no state missing (here encompassing 100 excited

states), and o%p, is the one where state i is missing. A missing state coefficient of
zero implies that the intermediate state does not contribute to the response, while
a negative Y7 indicates that state ¢ interacts destructively, thereby reducing orpa.
Yet, 97 is limited to +1 because opa is positively defined, meaning the ¢ state fully
dominates the excitation. For simplicity, ¥} is referred to as v; throughout this article,

except when specific final states must be explicitly distinguished.

Charge transfer characterization

The character of the singlet excited states of the molecular dyads was analyzed using
the TheoDORE package (version 3.2) that allows to easily assign the electronic nature
of a given excited state from a fragment-based analysis using the 1TDM [79]. Math-
ematically speaking, the main idea is the transformation of the 1TDM from the
molecular orbital (MO) basis representation (T) to the atomic orbital (AO) basis (T)

followed by a Léwdin orthogonalization scheme given that the AOs are usually non-

orthogonal. In this context, the charger transfer number (Q4p) is interpreted as the

12



one-electron character of the excitation, or in other words, it measures the total con-
tribution of excitations (forward or backward) from any atom of fragment A to B or

vice versa. This quantity is expressed as follows:

Qpp = Z Z {(81/21‘81/2) r .
HEA VEB wv
where S is the AO overlap matrix and the double sum runs over all atoms in fragments
A and B, respectively.

In order to carry out these analyses, two fragments are adopted for the molecular
dyads with the C=C bond defining the frontier region. In addition, the TheoDORE
program was fed by the Dalton output results parsed by the cclib library version 1.8
[80].

Results

This section aims at rationalizing which compounds are more prone to be excited via
a two-photon absorption process. It is firstly worth mentioning that the OPA spectra
of these molecules were extensively discussed in our previous work and cross-compared

with the available experimental results [37].

One-photon absorption spectra

Starting with the discussion of the OPA spectra (based on the 10 lowest energy excited
states, Fig. 3, blue lines), the DHA-SP compound shows a broad and intense absorption
band with a peak centering at 3.18 eV and a shoulder around 4 eV. This absorption
band is essentially composed by the two lowest-lying singlet excited states. The Sy —
S transition is mostly characterized by local excitations (LE) on the DHA unit (~
80%), as shown in Fig. 4a, whereas for the Sy — Sy transition, there are significant

contributions coming from LE inside the SP fragment (~ 20%) and charge transfer

13
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Fig. 3 OPA (blue line) and TPA (red line) spectra of the molecular dyads and their respective
parent units computed at the TD-CAM-B3LYP/6-311+G(d) level (I' = 0.3 eV). All TPA spectra are
convoluted using the orpa values calculated from the quadratic response formalism.

(CT) from SP to DHA (~ 20%), in addition to the LE on the DHA moiety (~ 50%).
In comparison with the DHA parent unit, the absorption peak is red-shifted from
3.18 ¢V (DHA-SP) to 3.30 ¢V (DHA), which agrees with the measured experimental
red-shift of 0.1 eV [17]. The SP unit does not contribute to this energy range of the
DHA-SP OPA spectrum because its excited states lie above 4 eV.

The first peak associated with the DHA-E-MCH OPA spectrum is in the same
energy region as that of DHA-SP, but having a stronger intensity. This higher inten-

sity is explained by the electronic nature of the Sy — S; transition, since it has a

14
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Fig. 4 Fragment-based analysis of the 10 lowest-lying singlet excited states for (a) DHA-SP, (b)
DHA-E-MCH, (c¢) VHF-SP, and (d) VHF-Z-MCH computed at the TD-CAM-B3LYP/6-311+G(d)

level.

considerable contribution of excitations coming from the E-MCH unit (~ 40%) over
the DHA (~ 30%) (Fig. 4b), indicating a strong additivity of the parent units spectra.
This contrasts with the dominant LE contribution from DHA on the DHA-SP com-
pound. Moreover, there is a second absorption band originated from the S3_g excited
states around 4.3 eV.

The VHF-SP spectrum shows a broad absorption band including several intense
transitions (S, S3,S4, and S7). From the fragment-based analysis, the two lowest-
energy excitations are fully dominated by LE on the VHF unit Fig. 4c, such that
these two transitions have identical excitation energies compared to its VHF par-

ent (see Table S1 and S2). Besides, the Sy — S3 transition presents an important

15



CT contribution from SP to VHF units (~ 40%). The VHF-Z-MCH form presents a
similar electronic structure to VHF-SP, and, as a consequence, the electronic transi-
tions driving to the S and S, states have the same excitation energies and oscillator
strengths as the VHF parent unit. However, it presents an intense absorption band
centered around 3.5 eV, corresponding to the third excited state, which has a large

LE contribution on the Z-MCH moiety (~ 60%).

Two-photon absorption spectra from quadratic response

function

Turning now to the TPA spectra (based on the 10 lowest energy excited states, Figure
3, red lines), the DHA and E-MCH parent units exhibit similar TPA profiles, with an
intense orpa band centered around 5.5 eV (~ 10 x 102 GM) and a shoulder around
4.5 eV. The VHF compound also presents an intense orpa (~ 12 x 102 GM) around
5.5 eV. Conversely, low orpa (0.2 x 102> GM at 4.0 eV) intensities are obtained for
the SP molecule. Similarly, the orpy maximum value for the Z-MCH form reaches
0.3 x 102 GM at 4.3 eV.

For the molecular dyads, the DHA-SP TPA spectrum has an energy band centered
at 4.6 eV with an impressive TPA cross-section (~ 12x10?> GM). This absorption band
is mainly composed by two degenerated high-energy excited states (S7 and Sg). Both
transitions bear a similar electronic nature, being fundamentally characterized by LE
on DHA and SP units (Fig. 4a). In addition, the Sy — So transition is responsible
for the shoulder that appears at 3.9 eV and is mainly characterized by LE in the
DHA unit. Replacing DHA with VHF leads to a slight red-shift in the spectrum and
a strong decrease of intensity to less than 1.5 x 102 GM. Moreover, its orpa spectrum
resembles its parent SP unit, leading us to conclude that the contribution coming
from its parent VHF unit would appear at much higher energies (above 5 e¢V). Note

that, in this energy region, the photon energy (fiw = 2.5 V) starts to induce the OPA
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phenomenon (fuwg; = 2.77 eV). Next, replacing the SP unit with Z-MCH, which gives
rise to the VHF-Z-MCH molecule, slightly enhanced the orpa (2.4 x 10> GM) and
blue-shifted the peak to 4.1 eV. According to the CT analyses, the excitation that
provides the highest oppa value is mostly localized on the Z-MCH moiety, showing
again that the parent VHF unit does not contribute on the orpa spectrum. This
finding also evidences how a moiety replacement can substantially affect or not the
orpa intensity. In fact, the effects on the TPA are stronger than on the OPA.
Among the studied molecules, the DHA-E-MCH is the one that shows the highest
orpa (~ 25x 102 GM) and therefore it would be the best candidate to TPA molecular
switch applications. This intense band results from transitions to three excited states
(S3, S5 and Sg) with all of them being described by single excitations delocalized over
the DHA and E-MCH units. According to the fragment-based analysis, the S3 and Sg
state has a predominant LE contribution in the E-MCH unit (~ 65% for both states),

while S5 is a mix of LE contributions on both units (around 40% in each fragment).

Two-photon absorption from the SOS scheme

Alternatively to the QR formalism for computing the orpa, the SOS approach can be
used at a reasonable computational cost using the 1TDM to reconstruct the excited
state wavefunctions. It directly connects to the CT analyses (also based on the 1TDM)
and allows a further description of the TPA excitation channels. Before breaking
down the SOS into the missing state analyses, a direct comparison between the orpa
obtained using QR and SOS is presented.

Fig. 5 shows that the shape of the spectra are mostly preserved between the two
approaches, except for VHF, but with only slightly larger intensities when SOS is
used. On the one hand, for DHA-SP, DHA-E-MCH, and VHF-Z-MCH, both methods
yield nearly identical TPA spectra. On the other hand, the SOS approach leads to

orpa values up to 4 times larger compared to QR for VHF, the form which presents
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Fig. 5 Comparison between the TPA spectrum computed using the quadratic response (red line)
and sum-over-states (dark red line) approaches of the molecules dyads and their respective parent
units. A scale factor of 1/5 is used in the spectrum of VHF to improve readability.

the lowest orpa value. It was not possible to find a correlation between this behavior
and other quantities, such as the CT character of the different states implicated in
the transition. This difference could therefore be attributed to different factors: the
absence of orbital relaxation in the contributions to the SOS expression, the need for
further excited states to converge the sum, or inaccuracies in the TD-DFT approach for
computing the QR poles, and, therefore, the TPA transition moments [74]. To explain
the spectra, the next section explores the missing state analysis, which disentangles

the contributions of individual states to the total TPA response.
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Interpretation of the orpa via the missing state analysis

A deeper understanding of the TPA cross-sections was grasped through the missing
state analysis, based on a series of SOS calculations (Eq. 7). Fig. 6 shows a heat map
of the relative contributions (1J;) from the 35 lowest-energy intermediate excited states
included in the SOS expression to orpa of the 10 lowest-energy TPA-accessible (final)
states of DHA-E-MCH. Cells in black indicate that the 9 coefficients were removed
from the analysis because it is the target final state. The corresponding plots for the
remaining dyads and parent units are presented in Figures S2 and S3.

In general, when a final state has a large TPA cross-section (such as S; and Ss
in DHA-SP, or S5 and Sg in DHA-E-MCH), only a few excited states significantly
contribute, typically with the dominant excitation channel going through S; (9, ~ 1),
regardless of the CT nature of the one-photon excitation. Indeed, for the TPA active
forms of the dyads and their parent units, the oscillator strengths associated with the
So — 57 transitions are relatively large (ranging from 0.7 to 2.5). Consequently, a
three-state approximation should suffice to reproduce the main TPA spectral bands
for these forms (vide infra). In contrast, when orpa is near zero—for instance, for most
TPA states of SP or for Sy, S4, S7, and Sg in DHA—a larger number of intermediate
states contributes, often with negative ; values.

Turning specifically to DHA-E-MCH, which exhibits the highest TPA activity
among the studied dyads and the best agreement between the SOS and QR approaches,
it is observed that S also strongly influences the TPA cross-section of all the dominant
TPA-active states (viz. S3, S5, and Sg). Since the one-photon transition to S; has
been identified as involving both switching units, primarily as a simultaneous local
excitation on each unit, and since both units are individually TPA-active, the intense
TPA response of DHA-E-MCH is attributed to their cooperative contribution. The
excited states adjacent in energy to S5 and Sg are observed to exert minimal influence

on their TPA cross-sections, confirming that the TPA is governed by a transition from
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the ground state to the final state with a single channel through S;. Then, for Ss, the
TPA path also involves a significant destructive channel related to the sixth excited
state (9§ = —0.4), despite its higher excitation energy (hwg, = 4.23 €V) and weak
oscillator strength for the So — S transition (fy, = 0.16). It indicates that Sg is
strongly coupled to other excited states.

On the contrary, the TPA activity of the S7 and Sg states in DHA-SP is primarily
attributed to the DHA moiety. This is supported by the CT analysis, which indicates
that the Sy — S1 transition is localized on DHA. Then, while the VHEF’s TPA spectrum
exhibits similar intensity to the DHA, its activity is completely suppressed in that
energy region when connected to SP and Z-MCH. This is accompanied by the loss of
a well-defined two-photon excitation pathway through S; in these dyads, whereas it
remains intact for the VHF parent. Nonetheless, the missing-state analysis confirms
that the overestimation of VHF’s orpa using the SOS method, compared to the QR
approach, arises from approximations in both methods. Indeed, the domination of a
few excitation channels including low energy excited states discards the hypothesis
of requiring even more (high energy) excited states. This is the case in VHF’s TPA,

unambiguously dominated by a single channel through .S;.
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Subsequently, a series of three-states model calculations were performed for DHA-
E-MCH and VHF-Z-MCH, considering only the ground state, the final TPA state, and
S as the intermediate state. These calculations were carried out for the 10 lowest TPA
states, and the results are presented in Table 1, alongside the cross-sections obtained
using the full set of 100 intermediate states for comparison. As expected, the two
approaches yield consistent results when orpy is large, as it is primarily driven by the
S1 pathway, particularly for the S5 and Sg final states in DHA-E-MCH. However, for

Ss3, the absence of Sg as an intermediate state leads to a 50 % overestimation of orpa.
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In VHF-Z-MCH, the lack of a clear excitation channel results in a poor description
of TPA properties within the three-state approximation, even failing to reproduce the

trends in the final state responses, except when the responses are (very close to) zero.

Table 1 Three-states model analyses of the orpa for DHA-E-MCH and VHF-Z-MCH
dyads. The calculations include contributions from the ground state, the first singlet
excited state, and the final TPA state within the SOS expression (using a Gaussian
broadening with I' = 0.3 eV). Results obtained using the full 100-state model along
with their corresponding ratios (3 states / 100 states) are also presented.

Final state 1t 2 3 4 5 6 7 8 9 10
DHA-E-MCH

3 states 144 35 1220 0 927 1086 85 66 96 50

100 states 58 15 806 0 791 1133 47 46 104 188

Ratio 248 233 1.51 - 1.17 096 1.81 1.43 0.92 0.27
VHF-Z-MCH

3 states 3 0 31 19 32 0 4 9 4 19

100 states 3 0 18 63 43 0 168 17 25 28

Ratio 1.00 - 1.72 030 0.74 - 0.02 0.53 0.16 0.68

Mn this case, a two-state model was employed including only the ground state and the
first excited state as final state in the SOS expression.

Conclusions

The two-photon absorption properties of the dihydroazulene-spiropyran multi-state
multi-functional dyad proposed by Dowds et al. [17] have been computed in solution
(implicit solvation) using the quadratic response and sum-over-state methods. Our
previous theoretical study [37] has shown that the photo-switching reactions can be
be monitored by SHG combining the Hyper-Rayleigh scattering responses and their
depolarization ratios. Evaluating the TPA cross-sections of these dyads assesses its full
potential as a read /write NLO switch. The focus of the present Account has hence been
on evaluating the high-resolution writing aspects induced by TPA photo-switching.
Two TPA-switching reactions have been identified from DHA-SP and DHA-E-
MCH. For the former, the most intense TPA has been found to occur in the high-energy
S7 and Sg states (fuwg, ~ 4.2 eV), making the VHF-MC form the most probable
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product. In contrast, TPA of DHA-E-MCH leads unambiguously to the VHF-E-MCH
state, as it already occurs with a low lying excited state (S3, around 810 GM), as
well as in the S5 and Sy states, with cross-sections exceeding 790 and 1000 GM,
respectively. Conversely to the close additivity observed on the OPA spectra, the
maximum of the TPA cross-section spectrum observed for DHA-E-MCH is around
60 % larger than the merely additive parent units spectra. The intense transitions
present mixed local (within each parent unit) and charge transfer (between the units)
contributions, indicating a strong coupling and cooperative effects between the DHA
and E-MCH units. These effects are attributed to structural similarities between the
parent units—m-conjugated coplanar segments with donor and acceptor groups at the
extremities—responsible for large transition dipole moments and large variations of
dipole moments upon excitation.

Generally, a good agreement between the TPA cross-sections obtained using the
QR and SOS approaches is observed, allowing for understanding the excitation chan-
nels involved in the intense transitions. Both missing state and simplified three-states
model analyses show that the main TPA channel involves the S; intermediate state
whenever the cross-section is significant. However, the charge transfer character asso-
ciated with the excitations to the intermediate or final state are not directly connected
with the TPA amplitudes. It has been further emphasized that the high TPA ampli-
tude of DHA-E-MCH results from cooperative contributions of both switching units,
whereas the slightly lower amplitude observed for DHA-SP originates solely from the
DHA moiety.

Moreover, excited-state dynamics starting in high-energy states may lead to diverse
decay pathways, potentially impacting the switching process. Despite this, the use of
short-wavelength lasers remains advantageous for achieving narrow bit spacing in 3D
optical memories. From the methodological point of view, it is also worth recalling that

all calculations were performed on the global minimum of the ground state potential
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energy surfaces due to small conformational effects observed on spectroscopic prop-
erties of these systems [37]. Therefore, the effects of conformational diversity were
not addressed except by the large broadening function parameter. Dynamic confor-
mational effects are known to impact the excited state energy and its ordering as well
as the (OPA and TPA) transition dipole moments. However, a quantitative deviation
depends on the flexibility of the compounds and also on the solute-solvent interactions
[59, 81-85]. Therefore, further studies can help to assess a more complete character-
ization of the DHA-E-MCH dyad. In addition, the SOS approach allows for easily
predicting the TPA cross-section for non-degenerate photons, opening new excita-
tion dynamics investigations. Then, in order to better understand the response of the
different systems and complementary to the decomposition into excitation channels
provided by the SOS approach, other fragment-based decomposition schemes can be
applied [86, 87].

Finally, the results have highlighted the potential of the DHA-E-MCH dyad as a
TPA photo-switch, also suggesting molecular designers to be inspired by this chro-
mophore to focus on the strong coupling between the DHA and the E-MCH moieties,
and SP at a lesser extent. The DHA-SP multi-state molecular switch therefore demon-
strates promising potential for NLO read/write applications from the viewpoint of a

3D memory device, allowing for triggering at least two switching reactions.

Supplementary information. The supplementary information contains: (i) a PDF
document, containing the data that supports the findings of this study, (ii) an archive
containing the Cartesian coordinates of the computed geometries, as XYZ files, and
(iii) an archive containing the SOS file with all, ground state, excited state, and transi-
tion dipoles moments, as obtained from Multiwfn and used as input for our homemade

code.
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