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Abstract

The dynamics and 2-photon absorption (2PA) properties of two pyrimidine chromophores are studied by means of
femtosecond time-resolved fluorescence and 2-photon excited fluorescence techniques. The pyrimidine is used as an
electron withdrawing group and is substituted at the C2 position with phenylacridan fragment while at positions C4/6
diphenylaministyryl donor moieties are appended to afford the pseudo-dipolar and pseudo-quadrupolar molecules,
respectively. The chromophore 2 shows more efficient fluorescence emission while 1 exhibits larger Stokes shifts. Their
decay pathways are discussed through an emission from a locally excited (LE) and an intramolecular charge transfer
(ICT) state. Ultrafast dynamics in tetrahydrofuran show an ICT population for 1 that is faster than solvation while for 2,
due to its pseudo-quadrupolar nature, ICT is slower and takes place from the solvated LE state. Finally, molecule 2 shows

better 2PA properties with cross sections reaching 560 GM at 820 nm.

Introduction

Intramolecular charge transfer (ICT) in push-pull z-conjugated organic chromophores is a fundamental process,
controlling the nature and dynamics of the excited states, the photophysical properties and the potential for

future applications of these chromophores in diverse and emerging photonic applications.»® It also plays a



crucial role in various biophysical phenomena.”*° The population of ICT states takes place in chromophores of
dipolar, quadrupolar and octupolar topology and not only depends on the electron donating/withdrawing groups
and the m-conjugated core but also on the molecular environment. In solution, the polarity of the solvent affects
the energy level of the ICT state rendering its population energetically favorable.!"** Emission by an ICT state
is characterized by a low-energy, broad and structureless emission spectrum with reduced fluorescence quantum

yield (&), compared to the narrow and vibronically structured emission stemming from a Franck Condon (FC)

state.1-2% Often, the ICT process leads to the population of a number of states with variable degree of charge-
transfer (CT) or to an excited state conformation with a twisted morphology (TICT), resulting to a very broad

spectrum with dual peaks.??”

The ICT takes place within the excited state lifetime and especially in the 100 fs to a few ps timescale. It often
occurs simultaneously with solvent relaxation, structural re-organization and isomerization leading to rich and
complicated photodynamics. Separating the above kinetic phenomena is typically a non-trivial task.20 In
dipolar (D-=-A) molecules, ICT is typically expected and is easily manifested by significant positive emission
solvatochromism. In quadrupolar and octupolar molecules, ICT is related to the excited state symmetry breaking
(SB), a phenomenon that has attracted great scientific interest.3:-3” SB is decisively dependent on solute-solvent
interactions since the solvent’s strong reaction field enhances SB and an excited state of quadrupolar nature

relaxes to a dipolar state.

Molecules with ICT properties have been the subject of intense scientific interest since a deep understanding of
the control and modulation of ICT is imperative towards an advance in photonic devices. They have
demonstrated enhanced electro-optic coefficients,®% second harmonic generation efficiency*®#! and 2-photon
absorption (2PA) properties.}’#2%0 Especially, due to their non-linear optical (NLO) properties, they are
attractive for a variety of applications in imaging,® photodynamic therapy,® optical limiting,>*** direct laser
microfabrication and 3D optical data storage.>>” Moreover, they have also exhibited reverse intersystem
crossing (RISC) and excellent thermally activated delayed fluorescence (TADF) properties due to a small
singlet and triplet excited state gap.®®%! Finally, aggregation induced emission (AIE) has also been reported for
push-pull structures,52%® rendering these ICT molecules highly suitable for next-generation organic light
emitting diodes (OLEDs), while they are also finding use in organic solar cells as electron acceptors.®6°
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As it is easily understood, push-pull molecules with ICT properties are appealing not only from a fundamental
point of view but also because of a plethora of applications. Alkyl-amino, phenyl-amino, 9H-carbazol-9-yl and
acridan fragments are some of the most well-known groups to be used as electron donors.%¢"* On the other
hand, various heterocyclic rings have been investigated as electron withdrawing groups in ICT molecules such
as benzothiazole and triazine.”>”™ The pyrimidine group with two nitrogen atoms has been used as a suitable
fragment in NLO chromophores, in TADF emitters as well as in stimuli responsive fluorescence switches.”s"®
In arecent work of ours, we have reported on the synthesis of six 4-styryl or 4,6-distyryl substituted pyrimidines
linked to acridan at the C2 position via a phenylene linker. We have focused on their dual emission properties

and long-lived ICT states.®

As a continuation of our previous work, we focus herein on the ultrafast dynamics and NLO properties of two
of the previously reported pyrimidines, having diphenylamino donors connected to the styryl fragments.
Ultrafast dynamics reveal emission by a locally excited (LE) and ICT state which are both solvent relaxed while
good 2PA values are found. Based on ultrafast dynamics and 2PA measurements, it is concluded that the acridan

group does not play a role in the emission process as it lies almost perpendicular to the adjacent phenyl ring.

Experimental

Steady state spectroscopy

The two molecules were examined for their steady state spectra in hexane (HEX), decane (DEC), toluene
(TOL), tetrahydrofuran (THF), dichloromethane (DCM), acetone (ACT) and acetonitrile (MeCN). The
absorption spectra were detected with a Schimadzu UV-3000 spectrometer while a Horiba S2 Jobin Yvon

Fluoromax 4 was used for the steady-state fluorescence spectra. The & values were determined relative to that

of 9,10-bis(phenylethynyl)anthracene in cyclehexane (&= 1.00).%

The time resolved fluorescence dynamics were studied in the ps-ns and fs-ps timescale by means of the Time
Correlated Single Photon Counting (TCSPC) and the femtosecond upconversionmethods.328 In the former, a
ps diode laser at 400 nm, with 60 ps pulse duration was used as the excitation source. The detection was made
under magic angle conditions for the determination of the lifetimes, while anisotropy measurements were also

made to determine the rotational time. The overall temporal resolution of the technique was 80 ps. For the



upconversion measurements, a fs mode-locked Ti:Sapphire laser with 80 fs pulses was used. The second
harmonic beam at 400 nm played the role of the excitation beam. The temporal resolution of the system was
250 fs. Again, both magic angle and anisotropy measurements were made. For the latter, the polarization plane
of the excitation laser was changed by means of a Berek compensator. In both techniques the time resolved

Ipar(t)_lper(t)

anisotropy was calculated by means of r(t) = PRNESEETINNG)
par per

where I,q,-(t) and I,,-(t) are the fluorescence

intensities with parallel and perpendicular polarizations to the excitation source’s polarization plane. For the
TCSPC a correction factor G was determined to compensate for the different response of the monochromator

at the two perpendicular polarizations. For the upconversion technique, this factor is unity.

All the samples were fluorescent chromophores, so their 2PA properties were examined by a 2-photon excited
fluorescence (2PEF) technique from 730 to 870 nm, using the same mode-locked Ti:Sapphire fs laser described
above.82# The 2PA fluorescence intensity was detected as a function of the excitation power, which was
changed by a half-wave plate and a polarizer, always validating the square-law dependence. For these
measurements, the 2PA cross sections (8,p4) were calculated using Rhodamine 6G in MeOH (2x10°M) as the

reference sample. The measured scattered light from the solvent has been subtracted.
Materials

Figure 1 shows the chemical structures of the two herein studied push-pull molecules 1 and 2 bearing
pyrimidine-based electron acceptor central core. The pyrimidine is substituted at position C2 with
phenylacridan group. Also, diphenylamino substituted styryl moieties are appended in the positions C4/6. The
synthesis, using cross-coupling and Knoevenagel reactions, has been described previously, together with
thermal properties, X-ray analysis and DFT-calculated parameters.® It was revealed that the acridan moiety has
a perpendicular arrangement with respect to the residual w-system. Besides, non-zero ground state dipole

moment was found while the compounds possess no symmetry.
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Figure 1. The chemical structures of the pyrimidine-based molecules 1 and 2.

Steady state spectroscopy

The fundamental optical properties of chromophores 1and 2 were recorded in solutions with solvents of
different polarity. Figure 2 shows the absorption and emission spectra of the two molecules. Table 1 summarizes
the photophysical results. The absorption spectra show a main peak at 400-430 nm attributed to the HOMO-1
to LUMO transition.® In the apolar solvents HEX and DEC, both molecules feature narrower absorption spectra
together with an absorption shoulder due to vibronic coupling. As the polarity is increased, the spectra lose their
structure and become broadened, pointing to a ground state with a small degree of ICT nature. Indeed, the
ground state dipole moment was found by DFT calculations equal to 6.5 and 5.3 D.8 The smaller value for 2
is due to its weaker degree of ICT character because of its pseudo-quadrupolar nature. The absorption
maximum experienced a hypsochromic shift when the solvent changes from the medium polarity solvent TOL
to more polar ones like MeCN.1An exception is evident however in DCM. For 2, the absorption spectra are
red-shifted compared to 1 (by about 0.216 eV) which is typical for molecules with longer conjugation length,
indicating an electronic coupling between the branches at position C4 and C6. Such an electronic coupling is
typical for branched compounds with a nitrogen atom as a central core while it is hindered in the case of a

benzene core because of a suppression of coherent interactions among the branches. 8668

As a quantitative investigation, the absorption transition dipole moments for 1 and 2 were calculated through

the equation®

=9.854 x10° [1 1 E(V) l
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where n is the refractive index of the solvent, f(n)=3n/(2n?+1) and € (v) is the molar absorption coefficient.

The results of these calculations are presented in Table S1. JZpy in the various solvents, ranges from 5.93 to

7.60 D for 1 and from 10.29 to 11.03 D for 2, following the differences in the molar absorption coefficient. For

2, uge 1s higher than 1, as expected for a molecule with increased conjugation length.

The emission spectra are more sensitive to solvent polarity as shown in Figure 2. In apolar solvents, both
molecules feature structured and narrow spectra with clear vibronic peaks. The mirror image rule is far from
being obeyed in apolar solvents and this is due to an emission originated from a planar rigid structure because
of an increase in the torsional barrier in the excited state.?*%! On the other hand, in the ground state, the barrier
is decreased leading to an absorption from a variety of torsional arrangements. As the polarity increases, the
spectra become broader, structureless and the peak is shifted to longer wavelengths, revealing the population
of an ICT state which becomes the emitting state in polar environments. Finally, the fluorescence

@ values were measured for four representative solvents and were found significantly higher for 2 vs. 1 reaching

0.94 in DCM.
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Figure 2. Absorption (a, ¢) and emission (b, d) spectra of molecules 1 and 2 in various solvents.

Table 1: Optical properties of molecules 1 and 2.

Molecule | Solvent Aabs(NmM) / € Aem(NM) (0] Stokes Shift | t(ns)? 62p4(GM)
(mM-icm™) (cm?)
1 HEX 396/24.4 432, 459 0.23 2100 0.87 150
DEC 399 436, 463 - 2130 1.07
TOL 404 /26.1 471 0.35 3520 1.44 110




THF 400/ 34.0 508 0.47 5310 2.42 130
DCM 406/31.3 532 0.75 5830 2.80
ACT 397 540 - 6670 2.96
MeCN 398 566 - 7460 291
2 HEX 415, 433/ 451, 479 0.52 1920 1.25 560
65.1
DEC 417, 436 456, 482 - 2050 1.36
TOL 426/62.1 480 0.65 2640 1.53 460
THF 424/ 65.6 523 0.61 4460 2.38 460
DCM 430/58.0 553 0.94 5170 2.89
ACT 422 563 - 5930 2.49
MeCN 419 592 - 6970 1.84

2 Taken as the average of the lifetimes measured by the TCSPC technique.

To obtain a clearer view on the effect of polarity on the steady state spectra, the Lippert-Mataga plots were
constructed i.e the Stokes shift was plotted as a function of solvent polarizability (Figure S1). As can be seen,
molecule 2 has a slightly smaller Stokes shift for all the solvents and also a slightly smaller slope of the Lippert-
Mataga plot. From the slope of these plots, the change of the permanent dipole moments 4., UPON excitation
can be calculated following the equation: 18293

_ 2(pg — 1e)?

Uy — VUp PYPE Af + constant

Where h is the Planck's constant, a is the Onsager cavity radius and uz — pg IS the change of the dipole

moments Au,;,,- The solvent's polarizability is given by the equation:

5 e—1 n?-1
Af =f@ = fO) =0T ~ o1

where ¢ is the dielectric constant and n is the refractive index of the solvent. Table S2 summarizes these values
for all solvents. For pseudo-dipolar chromophore 1, the Onsager radius was estimated from its DFT-optimized
structure as half of the distance between the PhaN donor occupied by the HOMO-1 and the LUMO spread over
the central pyrimidine acceptor. For pseudo-quadrupolar 2, the longest distance for the charge separation
corresponds to the Ph,N-centered HOMO-1 and the opposite olefinic linker bearing the LUMO (Figure S13).X

Finally, Aug,;,, was found 9.85 D for 1 and 17.47 D for 2 respectively (Table S3).

Excited state dynamics



Fluorescence dynamics in the nanosecond timescale

To further investigate the mechanisms that occur after excitation, we performed TCSPC measurements, thus
determining the excited states’ lifetimes. The experimental results and fitting parameters are shown in Figure 2
and Table S4 respectively. For both molecules the fluorescence lifetime is in the range of ns and increases as
the polarity is increased from the apolar HEX to medium polar DCM, owing to the stabilization of the ICT
state, e.g. for 2, the lifetime is 1.25 ns in HEX and 3.27 ns in DCM. In the most polar solvents ACT and MeCN,
the lifetime decreases compared to the medium polarity ones, revealing that as the ICT state is shifted to lower
energies, nonradiative pathways become significant. However, this lifetime decrease is not very important,
compared to other push-pull molecules where a more than one order of magnitude decrease is observed.3*8 The
decay curves of molecule 2 are fitted with a single-exponential function in low polarity solvents while a two-
exponential one is needed as the polarity increases. Based on these findings and the steady state spectra, tican
be attributed to the lifetime of the LE state while 1. to the ICT state. For 1, the discussion on the lifetimes is
similar excluding the two apolar solvents HEX and DEC where a short lifetime of ~ 0.70 ns exists, whose
amplitude however reduces significantly in the latter solvent. This can be tentatively attributed to an unrelaxed
excited state which then relaxes to form a LE state with lifetime of 1.0-1.87 ns. Using the & values for HEX,
TOL, THF and DCM and the average lifetimes, the radiative (k,,4) and non-radiative (k,,-q4) decay rates were

calculated (Table S5). k,.,4was in all cases higher for 2 ranging from 0.26 to 0.42:10° s,
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Figure 2. Fluorescence decays in the nanosecond timescale for 1 and 2 in various solvents. Exc.: 400 nm,

detection at the peaks of the emission spectra.



Next, the emission transition dipole moment is calculated using the lifetimes obtained by the TCSPC method

and the following equation®

lq& 1 111/2

A U T

@ is the fluorescence quantum yield, 7 the average excited state lifetime, n the solvent refractive index,

f(n)=3n/(2n?+1) and \7? is the average cubic fluorescence frequency expressed by:

3 JI(v)dv
Vi=———
W) /vidv
Ugg can also provide useful information for the nature of the excited state. The values are summarized in Table

S1 and are higher for 2 (e.g. p;for 2 in DCM is 9.53 vs 8.26 D for 1) following the changes of the quantum

yields.
Fluorescence dynamics in the femtosecond-picosecond timescale

The above-described fluorescence dynamics in the nanosecond timescale provided information on the decay
pathways of the molecules. To gain a deeper insight into the time evolution of the systems’ excited states,
fluorescence up-conversion measurements were carried out and the dynamics were examined within the first
130 ps in TOL and THF solutions. Because of the wavelength dependent nature of the dynamics in this short

timescale, various measurements at different emission wavelengths were detected.

The dynamics along with the time-resolved emission spectra (TRES) and time-resolved area normalized
emission spectra (TRANES) for TOL and THF are shown in Figures 3 and 4 for 1 and 2 respectively.%* The
2D plots of the TRES are shown in figure S2. In all samples, a fast decay is observed at the shorter wavelengths
and a slow rise at the longer ones. This effect is due to a relaxation of the excited state towards lower energies
originated by solvent relaxation and ICT population and leads to a red-shift of the emission spectrum. The
curves were analyzed using a global fit method and the fitting results for the two faster mechanisms are shown
in tables S6 and S7. In all cases, a three-exponential fitting was needed to fit the results. The third component
was fixed to be equal to the lifetime found by the TCSPC technique. Within the ps timescale, two decay lifetimes
of the order of ~1.3 ps and 5.9-6.6 ps in TOL and 0.6-0.8 and 2.5-2.8 ps in THF were found. The lifetimes
correspond to decay mechanisms at short wavelengths (positive amplitudes) while they evolve to rise
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mechanisms (negative amplitudes) at longer ones. The relaxation times are smaller in THF for both molecules,
because it is a more polar solvent than TOL and the solute-solvent interactions are stronger. In both solvents,
the relaxation times are similar to solvation times for TOL and THF but as will be shown below, ICT population

is also taking place apart from solvation.%:1%°

The TRES of 1 in TOL exhibit a small transient red-shift (374 cm™) which is finished within ~ 10 ps, while the
TRES of 2 remain almost unchanged with only a slight broadening. On the other hand, in THF the spectral
changes are more obvious with the spectra of both molecules having a significant redshift (1313 cm™ and 1171
cm? for 1 and 2 respectively) within 10 ps. The solvent response function C(t) for both molecules and solvents
is plotted in Figure S3. C(t)decays faster in THF pointing to a more efficient spectral relaxation. A bi-
exponential function was used to fit C(t) with lifetimes similar to those found after global analysis of the
individual dynamics pointing to inertial and diffusive solvation mechanisms (Table S8). The total area-
normalized intensity obtained by the TRES is also plotted in Figure S3 and its dynamics is visually compared
to the C(t). In toluene, the total intensity exhibits a rise up to 2 ps, possibly due to vibronic relaxation. It is
obvious that spectral relaxation is faster in toluene, while in the more polar THF, the spectral relaxation is
highly related to the guenching of the excited state. Apart from the transient red-shift, the spectra are also
accompanied by a gradual broadening indicating a decay process involving more than one emitting state.”?°
Figure S4 shows the FWHM of the TRES as a function of time. Especially in the case of THF, for both
compounds, an initial decrease of the FWHM is observed. This is due to a fast decay of the high energy rotamers

to a rigid excited state.

Finally, following the method described by Vauthey et al.}* and used by Xia et al.2%? the instantaneous emission
dipole moment ugz (t), is calculated at different times for 1 and 2 in THF. The time dependence of ug. (t)is
shown in Figure S5 in non-normalized and normalized units. For both molecules, ug (t) decreases within the
first 10 ps reaching a constant value at longer times which is equal to the emission dipole moment of the relaxed
excited state as calculated by eq. 2. The decrease of ug; (t) is associated to a change in the nature of the excited
state. The initial values of ug;(t) found 9.5 and 7.5 D for 1 and 2 respectively are considered as the emission
dipole moments of the LE state. The more intense decay of ug. (t) for 2 points to a change of its excited state
from LE with a pseudoquadrupolar nature to an excited state with a CT character.

10



Although the TRES provide a quantitative aspect of the spectral changes, a further insight on the photodynamic
mechanisms is obtained by observing the TRANES (Figures 3 and 4). In TOL, both molecules have an
isoemissive point indicating that there are two emissive species. The transient spectral changes for 1, as
mentioned above, are stronger than those of 2 which could be ascribed to its dipolar nature, also revealed by
the time resolved anisotropy and 2PA measurements (vide infra). The two emissive species could be considered
as the LE and ICT state, while the contribution of the latter is less significant in the case of 2. On the other hand,
the two molecules reveal different and more pronounced behavior in THF. 1 exhibits an isoemissive point
within the first 2 ps, while a gradual redshift of the spectrum takes place at longer times and the isoemissive
point is lost (Figure S6). The isoemissive point at short timescales, is due to an emission from the LE and ICT
states with peaks at 21000 cm™ and 20220 cm?, the latter being populated on a ~ 100 fs time scale i.e within
the inertial solvation time for THF. Then, the emission from the ICT state dominates and it relaxes at longer
times (2-10 ps) leading to the observed transient red-shift to 19700 cm™. Molecule 2 in THF shows exactly the
opposite behavior. Initially, the spectrum experiences a transient shift in <3ps (without an isosbestic point) due
to an inertial and diffusion relaxation of the LE state by the solvent molecules from 20300 cm to 19500 cm*
(Figure S7). After 3 ps, an isoemissive point is revealed which is an indication of the population of an ICT state
(at 19100 cm™) by energy transfer from the relaxed LE state and the simultaneous emission of both states.
Figure S8 shows an energy diagram that is used as a model for the explanation of the dynamics for 1 and 2 in
THF. The population of the ICT state for 2 is slower than for 1, taking place after solvation, while the ICT
population for 1 is within the inertial solvent relaxation. This is attributed to the quadrupolar nature of 2

compared to the dipolar character of 1.
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Anisotropy dynamics

In our previous work, DFT analysis in molecules 1 and 2 revealed that the acridan moiety is rotated and lies off
plane with respect to the pyrimidine core, therefore, it is not expected to play a crucial role in the optical
properties and ICT process. To confirm this assumption, anisotropy measurements in the fs-ps time scale were

conducted and the plots are shown in Fig. 5.
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The initial anisotropy ro provides an aspect of the molecular symmetry after excitation. For dipolar molecules,
ro is expected to be close to 0.4 while for quadrupolar and octupolar ones it is expected to be close to 0.2 and
0.1 respectively. For 1 and 2, ro is 0.35 and 0.24-0.27, i.e close to the values expected for a dipolar (D-n-A) and
quadrupolar (D-n-A-n-D) symmetry. Also, no decay of the anisotropy in the 100s fs to ps timescale was
observed for 2, as expected for octupolar molecules due to coherent and incoherent energy delocalization
mechanisms among the branches. Anisotropy decays in the ns timescale were also performed to determine the
rotational correlation time tcor as a function of solvent viscosity. tcr ranges from 0.15 ns to 0.38 ns for 1 and

from 0.25 to 0.67 for 2 and is linearly dependent on the solvent viscosity (Figures S9, S10 and Table S9).
2-photon Absorption properties

The 2PA spectra are presented in Figure 6 for both molecules in HEX, TOL and THF. The 2-photon induced
fluorescence as a function of excitation intensity is shown in Figure S11 exhibiting the quadratic dependence
as expected for a 2PA process. As expected, 2, due to its longer conjugation length, has larger 2PA cross sections
than its dipolar counterpart reaching 560 GM in HEX and 450 GM in TOL and THF. Apart from the difference
in the 2PA values, the 2PA peak of 2 falls within the same spectral region as that of 1 meaning that the spectral
shift observed in their 1PA spectra is not maintained. This is due to a difference in molecular symmetry. 2PA
spectroscopy is, in general, useful in identifying the nature and molecular geometry of the excited states.’®® A

comparison of 2PA spectra with the rescaled 1PA ones is shown in Figure S12. For 2, the 2PA peak is blue-
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shifted compared to twice the wavelength of the rescaled 1PA peak, following the expected behavior of a
quadrupolar molecule based on the Frenkel exciton model 338719 Besides, the 2PA and rescaled 1PA spectra of
1 coincide, providing further evidence for its pseudo-dipolar behavior as also concluded by the fs-anisotropy

measurements.
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Figure 6. 2PA spectra of 1 and 2 in (a) HEX, (b) TOL and (c) THF.

Mono and di(diphenylamino)styrylpyrimidines have been extensively studied in the past for their 2PA
properties.’”® In this frame, the effect of electron donating group, the effect of branching and n-conjugated bridge
has been addressed.'%-1% Surprisingly, very large 2PA cross section values have been found reaching 3000 GM.
However, great care must be taken in discussing and comparing different results since in certain cases very high
excitation powers and sample concentrations have been used. On the other hand, a comparison of the 2PA
values of 1 and 2 can be made with those of the molecules presented in a previous work of ours®® where the
acridan group is replaced by another diphenylamino substituent, addressing the influence of the C2 substitution.
Interestingly, the three-branched A-(n-D)s; compound with diphenylamino groups at the periphery (2c in ref.

50) has very similar 2PA cross section values and peak wavelengths compared to 2, showing that the
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replacement of the diphenylamino with the out of plane acridan does not play a decisive role in the 2PA

properties.

Finally, the 2PA results are also useful in calculating again the difference between the excited and ground state

dipole moments using the equation:1%8°

1/2
5 hcNy n Viax

4(1 + 2c0s?0) m103In10 2, €max

Apizpg = 82p4(0 —0)

where vmax is the lowest energy absorption frequency (in Hz), emax is the peak molar absorption coefficient (in
mol™ dm® cm™), # is the angle between the dipole moments of the excited and ground states (considered as 6 =
0), nis the refractive index and foy is the local field factor equal to (2 + n?)/3.The difference in the permanent
dipole moments of the ground and excited states was calculated and compared with those found from the
solvation method. Au,p4 in TOL was found 12.9 and 17.00 D for 1 and 2 respectively being in reasonable

agreement with those found by means of the Lippert-Mataga plots (Table S3).

Conclusions

In summary, we have investigated the role of branching on the steady-state, excited state dynamics and 2PA
properties of two pyrimidine molecules with phenylacridan group at the C2 position. The pyrimidine was also
substituted at the C4/6 positions(s) with styryl groups attached to diphenylamino donors to obtain molecules 1
and 2. Steady state spectroscopy shows larger Stokes shift for molecule 1, while higher fluorescence quantum
yields were found for 2. The time-resolved fluorescence measurements revealed emission pathways attributed
to emission by an LE and ICT states. For 1 in THF, the ICT population takes place as fast as inertial solvation,
followed by diffusive solvation of the ICT state. On the other hand, for 2, LE to ICT energy transfer is slower
than for 1, occurring by the solvated LE state. Time resolved anisotropy measurements in the fs-ps timescale
showed an excited state of dipolar and pseudoquadrupolar nature for 1 and 2 respectively. Finally, 2PA
characterization showed a more than 4-times increase of the 2PA cross sections for 2 vs. 1, reaching 560 GM

at 820 nm in HEX.
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Table S1. Transition dipole moments for 1 and 2 in HEX, TOL, THF and DCM.

Molecule Solvent uce (D) ues (D) D
HEX 5.93 6.54 0.23
1 TOL 6.50 6.41 0.35
THF 1.57 6.68 0.47
DCM 7.60 8.26 0.75
HEX 10.29 8.54 0.52
5 TOL 10.42 8.76 0.65
THF 11.03 8.00 0.61
DCM 10.62 9.53 0.94

Table S2.Solvent parameters. «: dielectric constant, n: refractive index, f(¢) and f(n?) the low and high-
frequency polarizabilities respectively.

Solvent £ n f() f(n?
HEX 1.88 1.37 0.185 0.186
DEC 2 141 0.200 0.199
TOL 2.38 1.49 0.239 0.227
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THF 7.58 141 0.407 0.197
DCM 8.93 1.42 0.420 0.203
ACT 20.7 1.36 0.464 0.180
MeCN 375 1.34 0.480 0.175

Table S3. Onsager radius estimated from the DFT-optimized structures of 1 and 2 (see Figure S13) and the
difference in the dipole moments of the ground and excited stare measured by the solvation Aug,;,, and 2PA
Ap,p s methods.

Molecule Onsager radius (A) Asory (D) Auspa* (D)
1 4.00 9.85 12.96
2 6.00 17.47 17.00

Au,pa Was determined using the 2PA data in TOL.

Table S4. Fitting parameters of the TCSPC fluorescence decays for 1 and 2 in different solvents.

Molecule | Solvent Al t1(ns) A2 12(Ns) A3 3(ns) | <t>(ns)

HEX 0.54 0.76 0.46 1.01 - - 0.87

DEC 0.15 0.72 0.85 1.13 - - 1.07

TOL - - 1 1.44 - - 1.44

1 THF - - 0.42 1.65 0.58 2.99 2.42
DCM - - 0.60 1.87 0.40 4.19 2.80

ACT - - - - 1 2.96 2.96

MeCN - - - - 1 2.92 291

HEX - - 1 1.25 - - 1.25

DEC - - 1 1.36 - - 1.36

TOL - - 1 1.53 - - 1.53

2 THF - - 0.20 0.57 0.80 2.82 2.38
DCM - - 0.15 0.73 0.85 3.27 2.89

ACT - - 0.46 1.69 0.54 3.19 2.49

MeCN - - 0.46 1.15 0.54 2.42 1.84

Table S5.Radiative k, .4 and non-radiative k.4 rates for 1 and 2 in HEX, TOL, THF and DCM.

Molecule Solvent ) T (ns) krqq (10°s1) | kppqq(10° s
HEX 0.23 0.87 0.26 0.88
1 TOL 0.35 1.43 0.24 0.45
THF 0.47 2.42 0.19 0.22
DCM 0.75 2.8 0.27 0.089
HEX 0.52 1.25 0.42 0.38
2 TOL 0.65 1.53 0.42 0.23
THF 0.61 2.38 0.26 0.16
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| bcM [ 094 | 289 | 0.32 | 0.021

Table S6. Fitting parameters of the upconversion dynamics for 1 and 2 in TOL.

Sample | Wavelength (nm) Al t1 (ps) A2 12 (ps)

435 0.15 0.52
450 0.083 0.20
465 -0.040 0.13

1 480 -0.130 1.33 0.02 5.94
495 -0.159 -0.10
510 -0.10 -0.16
525 -0.125 -0.18
435 0.55 0.31
450 0.18 0.33
465 -0.03 0.22
480 -0.03 0.01

2 495 -0.09 1.23 0.03 6.64
510 -0.097 -0.11
525 -0.07 -0.17
540 -0.10 -0.13
435 0.55 0.31

Table S7. Fitting parameters of the upconversion dynamics for 1 and 2 in THF.

Sample | Wavelength (nm) Al Tl (ps) A2 12 (pS)
450 0.86 0.29
465 0.37 0.51
480 -0.14 0.62
495 -0.47 0.47
1 510 -0.54 0.81 0.30 2.81
525 -0.52 0.04
540 0.06 -0.19
555 -0.19 -0.29
450 0.99 0.24
465 0.65 0.41
480 0.30 0.54
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495 0.059 0.52
2 510 -0.12 0.61 0.38 2.54
525 -0.40 0.26
540 -0.56 -0.01
555 -0.51 -0.09
570 0.20 -0.29

Table S8. Fitting parameters of the solvent response function C(t)for 1 and 2 in TOL and THF.

Molecule Solvent t1 (ps) 12 (ps)
1 TOL 1.14 5.39
THF 0.42 3.51
5 TOL 1.44 4.42
THF 0.37 2.54

Table S9. Initial anisotropy () and correlation time (z.,,-) for 1 and 2 in solvents of various viscosities.

Molecule Solvent Viscosity (cP) 0 Teor(NS)
HEX 0.33 0.33 0.15
DEC 0.92 0.32 0.38
TOL 0.59 0.37 0.27
1 THF 0.55 0.31 0.23
DCM 0.44 0.34 0.19
ACT 0.32 0.38 0.17
MeCN 0.37 0.39 0.18
HEX 0.33 0.28 0.25
DEC 0.92 0.24 0.67
TOL 0.59 0.19 0.46
2 THF 0.55 0.22 041
DCM 0.44 0.23 0.37
ACT 0.32 0.24 0.26
MeCN 0.37 0.27 0.30
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Figure S1. Lippert-Mataga plots for 1 and 2.
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Figure S2. 2D plots of the TRES for 1 and 2 in TOL and THF. The steady state emission spectra are also shown
(line).

21



Figure S3. Solvent response function C(t) =

and THF.
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Figure S4. FWHM of the TRES as a function of time for 1 and 2 in TOL and THF.
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Figure S5. The non-normalized in D (a) and normalized (b) instantaneous emission dipole moments as a
function of time for 1 and 2 in THF.
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Figure S6. TRANES for 1 in THF within the (a) 0.5-2.0 ps and (b) 2.0-130 ps
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Figure S7. TRANES for 2 in THF within the (a) 0.5-3.0 ps and (b) 3.0-130 ps
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Figure S9. Anisotropy decays in the nanosecond timescale for 1 (a,b,c) and 2 (d,e,f) in selected solvents as

shown in the figure.
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Figure S10. Correlation time versus the viscosity of the solvent for 1 and 2.
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Figure S11. Plot of TPEF intensity vs. excitation laser power for compounds 1 and 2 in HEX, TOL and THF.
The slopes in all cases were very close to 2.00 (R2 > 0.99) confirming the quadratic law dependence and
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assuring that emission is due to a two-photon induced process.
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Figure S13. DFT-optimized molecular structures of 1 and 2 showing localization of the LUMO (blue) and the
HOMO-1 (red) and the longest distances across both molecules where charge separation can take place, that

were used to determine the Onsager cavity radius (4 and 6 A).
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