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ABSTRACT

Planar donor-acceptor-donor (D-A-D) organic molecules have been highlighted as promising
photothermal agents due to their good light-to-heat conversion ratio, easy degradation and
chemical tunability. Very recently, it has been demonstrated that their photothermal conversion
can be boosted by appending rather long alkyl chains. Despite this behavior has been tentatively
associated to the population of a non-radiative twisted intramolecular charge transfer (TICT) state
driven by intramolecular motion, the precise mechanisms and the role played by the environment,
and most notably aggregation, still remain elusive. In this context, we carried a series of Time-
Dependent Density Functional Theory (TD-DFT) -calculations combined with Molecular

Dynamics (MD) simulations to achieve a realistic description of the isolated and aggregated
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systems. Our theoretical models unambiguously evidence that the population of CT states is very
unlikely in both cases, whereas the light- triggered heat dissipation can be ascribed to the activation
of specific vibrational degrees of freedom related to the relative motion of the peripheral chains.
Overall, our results clearly corroborate the active role played by the alkyl substituents in the
photothermal conversion through vibrational motion, while breaking with the conventional

picture, which invokes the formation of dark TICT states in non-close packed aggregates.

Introduction

Heterogenous light-triggered activated photothermal therapy (PTT) agents present several
advantages with respect to other anticancer clinical treatments (i.e. radio- or chemo-therapy) due
to their high selectivity and sensitivity, and low invasiveness, which results in a strongly reduced
damages to the surrounding health tissues and hence a strong decrease of unwanted side-effects
limiting the patients’ quality of life.!-> PTT is based in the exploitation of a dye that after absorption
of a suitable light wavelength will thermally relax producing a localized increase of the
temperature that is susceptible to disrupt the cellular organization leading to the triggering of
apoptotic pathways or its necrosis. To date, most of the materials used for PTT are based on
inorganic or metallic nanoparticles. Despite showing some important advantages such as large
absorption coefficients, good photostability and excellent performance, their practical use is
however limited by their toxicity and scarce biodegradability leading to accumulation in the
tissues.*® To overcome this issue, organic PTT agents in form of small molecules®!'! or polymers!>-
4 have been recently proposed as promising light-activated agents due to their low cost, easy

decomposition, and high versatility. Indeed, their optical properties can be opportunely tuned via



chemical engineering.!>~'® The most common organic molecules used in clinical applications are
based on cyanine-based agents, being indocyanine green (ICG) the workhorse component
employed in these fields.!”? By the way, their practical application has been limited due to their
poor stability in biological environments, low target selectivity, and quick released from human
body.?! In view of their higher photostability and good biocompatibility, a great attention has been
devoted, during the last years, to small planar acceptor (A) molecules such as
diketopyrrolopyrroles,?> naphthalene diimides,” thiadiazoles,?*? or fluorenes.?® Remarkably, the
extended m-conjugation of their cores combined with donor groups conforming a D-A-D
architecture, allows these materials to display large absorption coefficients in the NIR region,

hence reaching the therapeutic wavelength limit, and efficient quantum yields in solution.

Following NIR activation, the specific biological application will depend on the relaxation
pathways of the photogenerated electronical excited state. If the populated excited state is emissive
the organic agents can be used as fluorescence or luminescent dyes and hence be used as probes
for bioimaging applications. Whereas if their excited state thermally dissipates through non-
radiative relaxation, they can be used for PTT. In this context, the deep understanding of the
photophysics driving the relaxation processes of the generated states is crucial if one wants to
optimize the PTT conversion by proper structural modifications.?’” Nevertheless, the knowledge of
the intrinsic photophysical properties of the organic molecules alone is usually not sufficient, since
in biological applications the dyes are embedded in a complex and inhomogeneous environment
or are subjected to aggregation. Indeed, contrary to inorganic semiconductors, small organic
molecules are highly polarizable,”® meaning that their optical response is quite sensitive to their
surroundings.”” On the same foot, in case of the formation of stable aggregates, the electronic

excited states centered on the different units may start to couple, resulting in a completely different
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optical and photophysical behavior with respect to the single molecule, due to the formation of
delocalized excitonic states.’* This phenomenon is especially relevant when the molecular
aromatic cores are forming m-stacked aggregates, which can also trigger different physical
processes such as inter- or intra-molecular charge transfer.?! In this case one can observe the
quenching of luminescence through the so-called aggregation caused quenching (ACQ).*?
Nonetheless, molecular stacking is not necessarily related to quenching. Indeed, the luminescence
of certain molecules whose excited states can deactivate non-radiatively through large scale
molecular vibrations, such as rotation of peripheral groups, can be substantially enhanced by
blocking these deactivation channels in the solid state or in the close packed aggregates.>* This
phenomenon is commonly known as aggregation induced emission (AIE)*?3435 and it has been
recently reported for some organic fluorophores such as diketopyrrolopyrrole-based and
sulfonamide dyes. Overall, we can conclude that chemical substituents which enable/disable the
intermolecular motion at the solid (aggregate) state are crucial in mediating the photophysical

outcome of the material !53¢

In this viewpoint, one interesting strategy which allows to control the molecular packing of dyes
is the functionalization with saturated alkyl chains. The resulting photophysics being strongly
dependent on the characteristics (length, substitution position, etc.) of the peripheral chains. One
paradigmatic example of this phenomenon has been recently reported,”> where the photothermal
performance of a given NIR-II dyes was finely adjusted by employing four different alkyl chains
of increasing length. These dyes consist of a planar D-t-A-7-D core, where a benzo[1,2-c:4,5-
c'Ibis([1,2,5]thiadiazole) (BBTD) moiety, acting as acceptor, is connected to two terminal
triphenylamine (TPA) donor groups by means of two st-conjugated thiophene bridges (see Figure

1). The saturated chains are inserted in ortho- position with respect to the TPA groups, and their
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length ranges from a short 1-hexyl chain (1) to a long 2-decylmyristyl group (2). Interestingly,
both dyes exhibited a broad emission in solution which was significantly quenched when moving
to aggregates, i.e incorporating them in mixed-shell nanoparticles. More importantly, the
photothermal efficiency of the NP aggregates was considerably enhanced when increasing the
length of the saturated chains, resulting in a photothermal conversion capacity outperforming the
commercial green ICG. This behavior was attributed by the authors to the population of a dark
twisted intramolecular charge transfer (TICT) state, that should be favored in case of the longer
alkyl spacer thanks to a less compact packing and hence to a higher flexibility in the aggregate
state. These findings opened the door to the use of photo induced intramolecular motions for
phototherapy purposes.?* In a following up work, the same authors investigated the emission
mechanisms of the same dyes, but this time the hexyl chains were linked to the TPA unit via a
meta- connection. In this case, the shielding effect of the peripheral chains in the aggregates was
supposed to block the intramolecular motion, inhibiting the population of the TICT state, and
hence resulting in a AIE.*” Furthermore, the same authors indicated that the increase in the chain
lengths leads to an intensification of AIE, which was ascribed to the prevention of undesired
intermolecular interactions, which could originate ACQ processes.*® In this context, the influence
of the chain geometries in the stabilization of the TICT states, which are claimed to be the cause
of the different behavior of these dyes in solution vs aggregated state, remains unclear. If the less-
hindered intramolecular motion in the loosely packed aggregates (longer chains) was at the origin
of the fluorescence quenching, the molecule in solution should also be not emissive, and this is not
the case. As we can see, some of the explanations given in the literature to rationalize the emission
properties of these dyes appear contradictory, while their elucidation will be crucial for the

development of efficient imaging and PTT technologies based on small organic molecules.



Figure 1. Chemical structure (top left) and ground state (GS) geometries (bottom) for 0, 1 and 2

dyes.

Notably, molecular modelling and simulation has proven invaluable to shed light on the different
physical phenomena underlying the optical and photophysical properties of organic dyes and the
role played by the environment. This requires the combination of highly accurate methods to
describe the excited states of the organic dye, with adequate computational strategies to treat the
different environments in realistic conditions as well as the effects of the dynamical movement
and the conformational sampling. Hence, to understand the basis of the PTT efficiency of the two
aforementioned dyes we resorted to a multiscale simulation protocol in which Time-Dependent
Density Functional Theory (TD-DFT) is used to get access to the excited states properties,**#
whereas for classical Molecular Dynamics (MD) is used to sample the phase space of large

aggregates (>2000 atoms) up to hundreds of nanosecond timescale. As a matter of fact, this



strategy has been successfully applied to the study of the aggregation effects in other type of

applications such as photovoltaic*' or light emitting devices.*?

In this work, we aim at understanding the influence of the chain length on the excited state
relaxation pathways governing the emission mechanism of the prototype PTT agents displayed in
Figurel, in solution and aggregates. Firstly, we investigated the possible population of TICT states
by exploring the main characteristics of potential energy surface of the lowest lying excited states
along some selected coordinates. In particular, we considered the coordinates describing the
torsional intramolecular motion influencing the TICT energetic, namely the dihedral angles
connecting the D-7t-A groups (8 and ¢ angles in Figure 1). Afterwards, we evaluated the effect of
the different environment (solution vs aggregation) for both short and long peripheral chain, by
comparing the results obtained from monomers (solution) and dimer (representative of aggregates)
MD trajectories. The most relevant degrees of freedom that can be connected to non-radiative
deactivation channels are also evidenced by performing Principal Components Analysis (PCA)
along the MD simulation. Globally, our theoretical results clearly show that the heat dissipation
processes of the long-chain dyes originates from the activation of specific vibrational modes via
the interaction of the bulky groups in the aggregated state, rather than by the population of TICT
state. This emerging picture highlights the need for a chemical design aimed at favoring the
interaction between bulky chains, instead of focusing on the intermolecular motions of the cores,
if one wants to properly boost the photothermal conversion of planar D-A-D dyes. Before closing
this section, it is noteworthy to mention that many different physical phenomena (vibronic
coupling, dark (n,n*) or (o,n*) states, etc.) could potentially influence the non-radiative pathways
followed by the dye’s excited states in their aggregated state.** Nonetheless, in view of the variety

and complexity of these processes we intend to tackle them in prospective separated works.



Theoretical methods

Static Quantum Mechanics (QM) calculations

QM calculations were performed at the DFT level employing the CAM-B3LYP functional** and
the 6-31G(d) basis set. This level of theory was chosen with the aim of properly describing CT
states and the shape and energy barriers of the PES curves.**7 In static calculations, solvent
(water) was treated by means of the Conductive Polarizable Continuum Model (C-PCM).*® The
excited state properties of the dyes were investigated by employing TD-DFT. A half-width at full-
length of 0.17 eV was employed to build the static simulated TD-DFT spectra. The CT analysis
was carried by analyzing the transition density matrices via the tools implemented in TheoDORE
package.* On the same foot, Natural Transition Orbitals (NTOs) were used to obtain a spatial
representation of the electronic density reorganization for the lowest energy states.”® All QM

calculations have been carried out within Gaussian16 package.>!

MD simulations

For the FF parametrization and MD methodologies we relied on the procedure implemented in our
previous work.?> We employed a standard General Amber Force Field (GAFF),* where all
parameters have been obtained with the antechamber program available in the AMBER16 package
suite of tools. 3 Following the standard procedure established for AMBER, we assigned all atomic
point-charges by computing the Restricted Electrostatic potential (RESP) charges estimated at the
HF/6-31G* level of theory. In a last step, all FF parameters were converted into a suitable
GROMACS file format by means of the ACPYPE - AnteChamber PYthon Parser interface

program.>



All MM/MD simulations were conducted within GROMACS package suite of programs.>® We
first built an initial configuration for the MD simulations by immersing the 1 and 2 relaxed
structures in a 50x50x50A water solvent box by employing the Packmol package suite of tools.*
The number of solvent molecules in the simulation box was chosen to match the density of water
at room temperature: one 1/2 dye and 4120/4070 solvent molecules for the monomers M1/M2;
and two 1/2 dyes and 4074/3975 water molecules in the case of the dimers D1/D2. For the sake of
illustration, Figure S1 presents a perspective view of the four equilibrated solvent boxes considered
here. The first equilibration run consisted of 100 ps simulation performed in the NVT ensemble,
with a time step of 0.1 fs, where the geometries of the dyes were frozen to its equilibrium
conformation. For this run, initial velocities were assigned by a random Maxwell-Boltzmann
distribution at 298 K, whereas the temperature was controlled by a velocity rescaling thermostat.>
Afterwards, a longer 10 ns NVT equilibration run was carried out by removing the previous
constraints on the dyes, within the same set of parameters. In the last equilibration step, a 2.5 ns
NPT run was performed at 298 K and 1 atm, with a 0.25 fs time-step, where the thermostated
system was coupled to a Parrinello-Rahaman barostat.* Finally, the production run involved a 10

ns simulation, done in the NPT ensemble, at 1 atm and 298 K.
OM calculations for the MD snapshots

50 snapshots of the dye geometries along the MD run were used to calculate TD-DFT transition
energies at the same level of theory as previously discussed. The thermalized averaged spectra
were calculated by convoluting all vertical transitions with Gaussian function of half-width at full-
length of 0.09 eV. The orientation factor » which describes the relative position of the two

monomers conforming the dimer configurations has been calculated as follows:



K= [ [ —3(111"1?)(/1]"1?) (D

Where u;; represents the normalized transition dipole moment of the isolated monomers, and R

is normalized vector connecting the centers of mass for both monomers.
Results and discussion
The static picture: Potential Energy Surface (PES)

We have started our investigation by analyzing the ground state (GS) structures of 1 and 2
displayed in Figure 1. Due to their conjugated nature, the two geometrical properties dictating the
opto-electronic response are the twist dihedral angle connecting the TPA-rt bridge units (8), and
the one between m-BBTD moieties (¢). The alkyl chains are in orto-(meta-) position with respect
to the TPA(BBTD) groups, resulting in a larger influence of the chain geometry on the values of
0. Indeed, ¢ angles remain close to ideal planarity (2.3 and 2.5° for 1 and 2), while 6 angles are
distorted due to the sizeable steric hindrance (47.1 and 43.6° for 1 and 2). These values are in fair
agreement with previous studies* and showed that both 1 and 2 exhibit comparable geometrical

properties in their GS.

In a second step, we have investigated the possible population of TICT state by performing a
series of TD-DFT calculations (see Experimental section), as this state has been invoked to explain
the different emission patterns of 1 and 2.2 For the sake of simplicity, since the static optical
properties of both dyes are only negligibly influenced by the length of their alkyl chains (see Table
S1), we decided to employ a reduced model (0) where the peripheral chains are substituted by a
methyl group (see Figurel), without strongly impacting the dye geometries (0 and ¢ amounted to
39.9° and 2.2° respectively in 0). We have focused on the three lowest energy states of 0, since the
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other states are too high in energy (>3.4 eV) to be activated with NIR wavelengths. The nature of
these states, at the Franck-Condon geometry, has been analysed by inspecting the corresponding
Natural Transition Orbitals (NTOs),® which provides a spatial representation of the hole/electron
couple, as exemplified in Figure 2. In addition, a quantitative estimation of the hole/electron
localization along the different fragments has been obtained by performing the transition density

matrix analysis implemented in the TheoDORE package* (see Table S2).

Figure 2. NTOs for S;, S, and S; states in the GS geometry for the simplified dye 0. The isovalue
used to plot the isodensity was set to 0.02 a.u. Note that the NTOs for 1 and 2 are presented in

Figure S2.

Si possess a local st-7t* character localized around the BBTD moiety (87% / 96% of hole/electron
localization on the t-BBTD-7t fragment) with only a slight extension to the thiophene bridges.
Thus, it presents a large oscillator strength in the NIR region, which clearly corresponds to the
lowest absorption bands centred at 808 and 820 nm for 1 and 2 respectively, as measured

experimentally.?® On the other hand, S, and S; exhibit a prominent TPA to BBTD CT character
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(68/77% and 80/77% of hole/electron localization along TPA/BBTD units for S, and S;,
respectively). This fact leads to much lower transition dipole moments and hence the states are
almost dark (especially S,). Note that an identical nature of the three lowest excited states was
found in the full models for 1 and 2 (see Figure S2 and Table S2). More interestingly, our
calculations pointed to a large energy difference (>1.1 eV) separating the bright S, and the dark
CT S, and S; states at the optimal GS geometry (see Table 1). This finding already suggests that
internal conversion leading to the population of the CT state should require surmounting a very
important energetic penalty, that is most unlucky to be achieved through geometrical
reorganization, even in presence of a twisted geometry. However, to verify this hypothesis we have
explored the PES of the three lowest excited states. The energies at the equilibrium geometry of

each of the states are reported in Table 1.

Table 1. Energies in eV of the three first excited states in the Sy; geometries of the simplified dye

0 with the corresponding oscillator strength in parenthesis for each excited state.

excited state energy (eV)

Geometry Si S> S3
So 1.38 (0.92) 2.49 (0.00) 2.82(0.20)
Si 0.86 (0.87) 2.15(0.00) 2.57(0.51)
S2 1.03 (0.94) 2.12 (0.00) 2.59 (0.36)
Ss 1.11 (0.81) 2.24 (0.00) 2.54 (0.22)

The results provided in Table 1 unambiguously shows that the three states do not cross each
other due to the high energy gap between them, being S, the lowest energy state for all cases.

Furthermore, the GS geometries of the dyes were not largely modified upon relaxation of the
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excited states (see Figure S3), hence similar twisting angles for all So; geometries (see Table S4)
have been observed. Note that these results are independent of the choice of the solvent (see Table
S3). To get an even deeper exploration of the possible radiative channels that could involve larger
structural deformations, we have obtained the PES of the three excited states along the § and ¢

angles, as displayed in Figure 3.

Energy (eV)
Energy (eV)
Energy (eV)
Energy (eV)

90 90 90

Figure 3. PES curves for the ground and three lowest excited states of 0, estimated for é and ¢
coordinates and obtained by relaxation of their Sy, S;, S, and S; states. The 0 and ¢ twist angles

are illustrated on the right part of the curves and were kept rigid during the structural relaxation.

The four PES curves indicate that the energy gradients are mainly determined by values of ¢
rather than &, which exhibited quite flat surfaces with an energy minimum around 45°. All states
are destabilized when increasing ¢ from 0°, being this effect especially prominent in the case of
S;. This result is not surprising due to the break of the extended delocalization of this state over

the thiophene units. However, following the relaxation on the S, and S, PES, the destabilization of
13



S with respect to the higher energy states is not accompanied by any crossing between the excited
states, even for ¢ values close to 90°. Nevertheless, in the case of S, and S; PES, we can hint at
the presence of conical intersection (CI) between S, and S;, and S, for ¢ angles equal to 75° and
85°, respectively. Despite having located CIs which could lead to TICT, those non-adiabatic points
appear scarcely accessible since the barrier on the S; PES amount to 1.4 eV and 1.5 eV for S, and
S; crossings, i.e. more than 50 times larger than kT at room temperature, and hence out of reach
even considering an excess of kinetic energy due to excitation. These results unequivocally
demonstrate the absence of TICT for these dyes in solution, as indicated by their measured
emission spectra. We can thus proceed to evaluate the behaviour of the same compounds in an

aggregated-state via MD simulations.

Dynamic response: self-aggregation and non-radiative recombination

To achieve a realistic description of the environmental effect affecting the dyes both in solution
and in aggregates, we relied on the use of MD simulations, as described in the Theoretical Methods
section and in the SI. More in detail, the behavior of the dyes in solution has been studied by
considering only one molecule (monomer) in the simulation box (M1 and M2 for 1 and 2 dyes,
respectively), whereas aggregation has been simulated by introducing a second dye in the box,
thus resulting in a dimer configuration, D1 and D2 for 1 and 2, respectively. Water has been chosen
as solvent in view of its relevance in biological applications and the available experimental data.?
Note that for an accurate representation of the molecular geometries along the dynamics one should
consider the relaxation of the lowest energy state as well. Nevertheless, in view of both the huge
computational burden required by this type of dynamics (especially for the timescales employed

here ~10 ns), and the almost negligible geometrical changes obtained when relaxing the lowest
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energy states from the dye GS geometries (see Figure S3), we consider that the GS geometries

obtained by our model are suitable for the objectives tackled in this study.

In view of their close structure, one may expect a similar behavior of 1 and 2 dyes in solution,
nevertheless this is not the case in the aggregated state, where the length of the chains can definitely
modulate the interaction between the dye cores. Coherently, we focus our attention on the analysis
of the geometrical factors describing the interaction between the monomers in D1 and D2 (Figure
4-a and 4-b). In particular, we have evaluated the evolution of two geometrical descriptors along
the MD trajectory: the distance between the centers of mass and the tilting angle between the long
axes of the two monomers’ cores, as represented in Figure 4-b. The distribution of these two
variables is presented in Figure 4-c. In the case of D1, the relatively short hexyl chains of the
monomers do not hinder the aggregation between the dye molecules (see Figure 4-a left), resulting
in a core distance peaking at 4A and tilting angles centred around 22°, which are typical values for
ni-stacked aggregated structures.®® On the other hand, the bulky and flexible chains of D2 hampers
the stacking between the monomer cores, leading to disordered dimer configurations with a
broader distribution of both descriptors. More in detail, the inter-core distance peaks at 10.5A and
the tilting angle at 40°, thus suggesting a negligible tendency to form ordered aggregates for this

dye.
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Figure 4. a) Perspective view of a representative snapshot for D1 and D2 geometries, b) schematic
representation of the descriptors (d, distance between the monomer core centers; and 3 dihedral
angle formed by the monomer cores) used to account structural the degree of aggregation; and c)

distribution of these parameters along the D1 and D2 MD trajectories.

The next point that we have to address is how the different aggregation properties of 1 and 2
modify their photophysics. With this aim, we calculated vertical excitation energies, at TD-DFT
level, over a series of representative MD snapshots (see first part of the Methodological section).
In a first stage, we have checked the suitability of our MD geometries to describe the main
absorption features of 1 and 2 by comparing the averaged spectra obtained from the MD
trajectories of the monomers (M1 and M2) with the absorption spectrum obtained from Gaussian
convolution (0.09 eV) of the vertical TD-DFT excitation energies and oscillator strengths on the
DFT optimized GS geometry (see Figure S4). Interestingly, the overall shape of the QM spectra is

well reproduced by the MD averaged ones. More importantly, despite showing some quantitative
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deviations, both QM and MD averaged spectra show an identical behaviour concerning the nature
of the three lowest excited states, with the bright S, state much lower in energy with respect to the
dark S, and S; states (see Table S5 and Table S6), thus confirming that thermal effects play a minor
role in the absorption features of these systems. Furthermore, vertical excited states obtained from
DFT or force field (FF) optimized geometries display similar exciton delocalization for the three
excited states of interest (see Table S2 and Figure S2), further validating the reliability of the FF

procedure.

Now that we have verified that our MD protocol is robust enough to properly sample the
conformation space of S, while properly describing the electronic characteristics of S;, we can
evaluate the impact of different aggregation motifs on the excited state properties. To this end, we
have calculated on the snapshots extracted from the respective MD trajectories, two descriptors
describing the excitonic properties of D1 and D2: the participation ratio (PR), which provides an
estimation of the number of monomers involved in the excitation; and the charge transfer (CT)
coefficient describing the transfer of the electronic density from one monomer to the other. These

two quantities calculated for the lowest-energy states (1.1-1.7 eV) are displayed in Figure 5.
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Figure 5. Colour maps representing the participation ratio (PR, left) and charge transfer (CT, right
panel) values for the lowest energy states obtained from the D1 (top) and D2 (bottom) MD
trajectories, as a function of their excitation energy (x-axis) and their oscillator strength (y-axis).

The colour scales are depicted in the right part of each graph.

Clearly, the different structural arrangement, and in particular the strong aggregation present in
D1, lead to a larger PR values (~1.4 for many states) with respect to D2, where almost all
excitations where strictly localized over one single molecule (PR=1). Conversely, both D1 and D2
presented CT values very close to 1 for all states, hence excluding the presence of CT excitons
even for D1, a result that further reinforces the argument against the population of CT state via
intramolecular deformation. The same tendency is also reproduced for the higher excited states as
shown in Figure S5. Another important question to address concerns the type of aggregates,
namely H or J, since this is also related to the red- or blue-shift of the excitation energy. To do

that, we calculated the orientational factor », given by the relative positions of the transition dipole
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moments of the two monomers and thus by the type of aggregation present in the dimers. Indeed,
» will be positive/negative for H-/J- aggregates, respectively (see Experimental section).®® The
distribution of the » values, obtained from snapshots of the D1 and D2 trajectories are shown in
Figure S6. Despite their different aggregation behavior, a comparable number of positive and
negative x values were obtained for both D1 and D2. Interestingly, these results confirm that even
the more compact D1 presents a rather weak excitonic coupling presenting a coexistence of J- and

H-aggregates and a rapid interconversion among them.

In turn, these finding imply that the different photophysical properties, and in particular the
emissive or thermal deactivation, cannot be explained in terms of electronic factors and radiative
recombination, only. This conclusion motivated us to evaluate the non-radiative deactivation
pathways present in both solution and aggregated-state, by performing PCA of the MD trajectories.
This type of analysis quantifies which are the most prominent motions by extracting the principal
components of the covariance matrix of the atomic positions along the MD run. Therefore, the
main eigenvalues and their corresponding eigenvectors obtained by PCA can be directly connected
with those atomic motions, i.e. normal modes, which are dominating the global displacement. The
representation of the most important PCA eigenvector and its corresponding eigenvalue for the

four MD runs are displayed in Figure 6.
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Figure 6. Vector representation of the main displacements as obtained from PCA with their
correspondent eigenvalues in nm/s?N, for the MD trajectories of M1, M2, D1 and D2. For the

shake of a better visualization, only the ten most important eigenvectors are represented here.

Due to their high flexibility, the largest PCA eigenvectors involve atomic motions of the alkyl
chains for all MD runs. The same type of atomic displacements was also found for the three largest
eigenvectors (see Figure S7). A further analysis of the standard deviation of the dihedral angles
belonging to the alkyl chains confirmed that these large motions are originated by those dihedrals
which are located in the center of the chain (see Table S7). Not surprisingly, both 1 and 2 display
similar PCA eigenvalues in solution, what is consistent with the similar quantum yields achieved
experimentally by both dyes in this type of environment. This finding clearly evidences that the
intrinsic motion alkyl chains of the isolated dyes cannot be responsible of the emission line
quenching. More strikingly, the PCA eigenvalues estimated in the aggregated-state for 1 and 2
were clearly diverging. The aggregation of D1 monomer cores is somehow hampering the

interaction between the side chains due to the close contact of the monomer cores (see Figure 4-
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a), thus resulting in small PCA eigenvalues (being close to the ones observed in solution).
Contrarily, the interaction between the bulky chains of 2 induces larger collective motions for these
groups, which resulted in PCA eigenvalues two times larger with respect to 1. As a matter of fact,
we found the same trends in the PCA eigenvalues for 1 vs 2 dyes whether we considered atomic
masses in the computation of these quantities or not (see Table S8). To sum up, we can infer that
the contact between the alkyl chains of 2 in the aggregated-state activates large amplitude
vibrational modes that are able to generate thermal deactivation of the excited state. This
phenomenon seems to be at the origin of the light triggered heat dissipation showed by these dyes
in the solid state, and it clearly points to the use of long bulky chains in the chemical design as the

best strategy to enhance the photothermal properties of small organic molecules.

Conclusions

Herein we have carried out a combined TD-DFT/MD computational study of the relaxation
mechanisms of planar D-5t-A-7-D dyes, used as potential phototherapeutic agents, as a function of
their peripheral groups and their environment (solution vs aggregation). In a first stage, we
discerned the relaxation pathways followed by these dyes in solution upon NIR irradiation. Our
calculations clearly revealed that only S, state is accessible in solution, internal conversion to other
excited states was excluded since it would lead to unfavourable energetic pathways (more than 50
times kT). Afterwards, we evaluated the impact of the molecular packing on the excited state
properties of the dyes with both short- and long- peripheral groups. Despite their distinct packing
structures (compact and disordered for short- and long- chains, respectively), the absence of
intermolecular CT and the similar type of H-/J- aggregation observed for both shielding groups,
discarded a major effect of this factor on their different emission properties observed

experimentally. Finally, the possible non-radiative deactivation processes were examined by
21



estimating the main eigenvectors obtained via PCA. This analysis demonstrated that while in
solution both type of chains behaves similarly, in the aggregated-state the interaction of the longest
peripheral chains triggers collective motions that can open thermal deactivation channels and that

are absent in the shortest-chain analogous.

This work clearly evidenced that the origin of the excellent photothermal properties exhibited
by this type of dyes are to be sought in the non-radiative relaxation induced by the aggregation-
dependent activation of the intermolecular peripheral chain modes. With the results presented here
we aim to encourage the PTT community to put more efforts in the design of NIR activated organic

dyes where the interaction and motion of the shielding groups can be optimized and rationalized.
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