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Abstract: The photophysical and two-photon absorption (TPA) properties of five push-pull pyrimidine derivatives were studied
upon protonation with trifluoroacetic acid (TFA). The pyrimidine heterocycles have been used as the protonation sites and electron
acceptors while methoxy groups were employed as electron donors. Steady state and fluorescence time-resolved spectroscopy
from femtoseconds to nanoseconds have been used together with the two-photon excited fluorescence method. Protonation with
TFA resulted in red-shifted absorption and fluorescence spectra as well as to an acceleration of the excited state dynamics. The
TPA properties showed a remarkable enhancement upon protonation with a ten-times increase of the TPA cross sections due to
an increased intramolecular charge transfer. Our results demonstrate the potential of pyrimidine chromophores to be used as
protonation tunable non-linear optical chromophores.

Introduction

Two-photon absorption (TPA) is a 3" order nonlinear optical phenomenon that is related to the simultaneous
absorption of two photons."2 TPA is quantitatively linked to the imaginary part of y, the cubic hyperpolarisability tensor and
is only observed when suitable materials are illuminated by sufficiently powerful sources of coherent light (pulsed lasers
of fs or ps pulse duration) showing a quadratic dependance on excitation intensity. In case of fluorescent TPA
chromophores, the TPA excitation results in emission of photons of higher energy than excitation photons. Two-photon
excitation fluorescence (TPEF) is a powerful method to measure the TPA cross sections of fluorescent media.®* Although
it is considered an indirect method to measure the TPA properties, its main advantage over direct methods based on non-
linear transmission is the capability to monitor the order of the non-linearity (in order to avoid undesired effects and artifacts
due to thermal phenomena, scattering, self-absorption, higher order non-linearities etc) and the use of low concentrations.
5 Organic materials exhibiting TPA are generally based on push-pull structures of dipolar, quadrupolar and octupolar
topology, exhibiting significant intramolecular charge transfer (ICT).2%78° The main applications of TPA are related to
bioimaging,'®'"2'3 photodynamic therapy,'*'> ¢ optical limiting.'”'®'® microfabrication,2°?"?223 and 3D optical data
storage.?42526 The first two ones take advantage of the near infrared excitation reducing biological tissues absorption and
scattering, while the last ones take advantage to the fact that TPA occurs only at the focal point of the laser within a volume
of 100 femtoliters, generating highly localized photophysical or photochemical phenomena with a spectral resolution of
100 nm.

The studies of chromophores combining TPA and chromism are rather scarce in the literature. Few examples of
photochromism induced by two-photon excitation have been described.?”?82° Belfield et al have designed 4-
styrylguaiazulene exhibiting efficient fluorescence switch-on upon protonation.®® These chromophores have been
efficiently used in systems for two-photon microlithography with iodonium photoacid generator in polymethyl methacrylate.
However, to the best of our knowledge, the protonation has never been used to tune the spectrum of TPA and increase
the TPA cross section values.

Push-pull pyrimidine chromophores, including styrylpyrimidine groups, are known for their strong luminescence
properties and have found applications as fluorescent sensors and emitters for organic light emitting diodes.3':32.33:34.35
Styrylpyrimidines are also well-known for their TPA properties and have been efficiently used in various
applications.36:37:38.39.40.41.42 However, the amino substituted styrylpyrimidines have been almost exclusively studied for their
TPA properties.?* A significant branching effect was observed with significantly stronger TPA cross section for 4,6-distyryl-
and 2,4,6-tristyrylpyrimidines than for their 4-monostyryl analogues (Scheme 1).4344 Pyrimidine push-pull chromophores
have also been described for their sensibility to pH (halochromism).*®> The protonation of the pyrimidine ring significantly
increases its electron-withdrawing character. In case of 4-styrylpyrimidines, it has been calculated that the protonation



occurs exclusively on the N1 atom. 4647 The pyrimidine ring acts as a monobase with pKa = 1.1. The protonation of the
first nitrogen atom leads to a marked decrease in the basicity of the second nitrogen atom due to the attractive inductive
effect of the resulting quaternary nitrogen (pKa =-6.3), as a consequence a double protonation by TFA is not envisioned.
45 Depending on the nature of electron-donating group, the protonation induced either an emission quenching or a red-
shifted emission. In the case of methoxy substituted styrylpyrimidines, with extended t-conjugated linker, an emission
color change from blue to orange/red can be achieved when acid is added while white light is observed upon partial
protonation.#® Both neutral and protonated forms exhibit significant fluorescence quantum yield. Besides, the absorption
spectra of pyrimidine chromophores exhibit a clear bathochromic shift upon protonation which triggered us to examine the
effect of protonation on the TPA spectra.

Therefore, we report here on the effect of protonation on photophysics as well as on the TPA properties of five
methoxy substituted pyrimidines 1-5 (Scheme 2). A significant increase of the TPA cross sections was observed leading
to protonation controlled TPA switches. This is due to enhanced ICT upon protonation, indicating stronger electron
accepting ability of the protonated pyrimidine group.
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Scheme 1. Structure of few styrylpyrimidine chromophores and their TPA properties from ref 43. ICT is symbolized by blue arrows on the structure
of monostyryl chromophore.

Results and Discussion

Materials

The herein studied five molecules are shown in scheme 2. They are of dipolar (1-3) or quadrupolar (4, 5) nature. They
bear pyrimidine electron withdrawing and methoxy electron donating groups. Their synthesis was described previously by
some of us.*649.5051 Gompounds 1-4 are highly soluble in common organic solvents (DCM, CHCls, THF). The solubility of
5 is limited but solutions up to 10-°M can be obtained.
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Scheme 2. Structure of chromophores 1-5.

Steady state spectroscopy



The steady state spectra of the five chromophores have been studied in neutral form in dichloromethane (DCM) solutions
as well as in protonated form in acidified DCM (102M TFA). Table 1 summarizes the photophysical results. In several
previous works, the systematic change of the photophysical properties of azaheterocxyclic protonable chromophores has
been studied in details focusing on the emission of dual fluorescence and white light generation via a partial energy transfer
and by combining emission by both neutral and protonated species.*8-5052535455 That was achieved by means of a careful
addition of tiny amounts of acid. However, here we only study the different properties of the neutral and the fully protonated
molecules in acidified solvents, focusing on the excited state dynamics and TPA properties. In neutral form, the five
chromophores show a low-energy absorption peak in the range of 338-380 nm with molar absorption coefficients ranging

Table 1. Photophysical parameters of compounds 1-5 in DCM and acidified DCM (102M TFA).

Compound DCM TFA 102M in DCM
Aabs/nm (&mM " cm™") Aem/nm (®f) Aaps/nm (&mM" cm™") Aem/nm (®p)
1 346 (33.2) 447 (0.14) 417 (19.7) 578 (0.15)
2 285 (11.4), 351 (28.8) 458 (0.51) 286 (13.1), 404 (23.5) 597 (0.15)
3 276 (13.1), 345 (20.6) 443 (0.022) 281sh (9.9), 425 (15.4) 558 (0.30)
4 268 (55.9), 338 (38.1) 415 (0.90) 263 (43.2), 427 (37.1) 531 (0.70)

from 20 mM-”cm up to 39 mM-'cm! (Figure 1a). In the protonated form, these peaks disappear while new red-shifted
peaks in the range 404-482 nm emerge, attributed to charge transfer from methoxy to the pyrimidine group (Figure 1a)
which after the protonation has an increased electron-withdrawing character.“® The fluorescence spectra show initial peaks
of the neutral species at 415-470 nm (Figure 1b). The spectra are structureless and broad without any vibronic peaks.
This is due to the flexible nature of the solutes and the polarity of the solvent (dielectric constant of 8.93). In acidified DCM,
the fluorescence of the neutral molecules almost vanishes, while only weak shoulders appear in some cases due to
emission from the remaining neutral molecules (Figure 1b). New peaks are formed in the range 531-597 nm which point
to a red-shifted emission from the protonated chromophores.*® Again, these spectra are structureless and even broader
than those of neutral molecules as expected for emission by CT states.?®5” The quantum yields (®F) are moderate to very
high for the neutral molecules 1, 2, 4 and 5 while it is extremely low for 3. On the other hand, the protonated forms of all
compounds exhibit @5 higher than 0.15 up to 0.70.
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Figure 1. Absorption spectra (a) and normalized emission spectra (b) of compounds 1-5 (5 x10°°M) in DCM (solid lines) and acidified DCM (10°M
TFA) (dashed lines). The emission spectra were detected upon excitation at the absorption maxima.

Time-resolved spectroscopy

The fluorescence dynamics have been studied by the femtosecond (fs) upconversion and time-correlated single photon
counting (TCSPC) methods focusing on the temporal range of a few picoseconds (ps) and hundreds of nanoseconds (ns)
respectively. Measurements were taken in both the fluorescence bands of the neutral and protonated species in an effort
to understand the induced changes in the excited states upon protonation. In the fs upconversion method, the excitation
beam was tuned either to 380 or 420 nm to excite the neutral and protonated species respectively while in the TCSPC
technique, the excitation wavelength was 400 nm. Figures 2 and 3 show the early dynamics within the first 40 ps for 2 and
5. Compound 2 does not exhibit any fast decay dynamics in the first few ps when detected at the peak of the neutral
emission band (460 nm) in DCM (figure 2a). A slow rise within the first 2 ps is due to a structural relaxation and solvation,
accompanied by ICT mechanism (see figure S1 for a complete set of dynamics at different emission wavelengths showing
adip and rise behavior on the few ps timescale, leading to a transient red-shift of the emission spectrum).42585960. However,



in acidified DCM and at the same high-energy emission band, it shows an ultrafast decay of <100 fs pointing to the dynamic
quenching of the remaining neutral species. The dynamics at the protonated red-shifted band (600 nm) were detected for
two cases i.e for a slightly and a fully protonated acidified solution (figure 2b). The slightly protonated molecules were
prepared by adding 10 eq. of TFA in the original DCM solution. According to ref. 48, 10 eq. of TFA is a small quantity that
only slightly protonates the molecules, while on the other hand in the acidified DCM, all molecules are considered to exist
in their protonated form. Within the first 40 ps, the fully protonated species decay faster than the slightly protonated ones
(with a lifetime of the order of 10 ps). This is ascribed to the enhanced CT experienced in the former species leading to
enhanced non-radiative transitions.
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Figure 2. Early fluorescence dynamics of 2 detected at the emission band of the neutral (a) and protonated species (b).

Similar results were obtained for 5 as shown in Figure 3. However, addition of TFA only leads to a slightly faster
initial decay of the neutral species at 470 nm (figure 3a), i.e. the effect of TFA on the excited state dynamics is less
significant than in the case of 2, indicating the presence of a static quenching mechanism of the neutral molecules of 5 by
TFA. In the protonated band (590 nm), the decay of the fully protonated molecules again becomes faster pointing to
enhanced non-radiative transitions, exhibiting similar dynamics to 2 on the tens of ps timescale.
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Figure 3. Early fluorescence dynamics of 5 detected at the emission band of the neutral (a) and protonated species (b).

The corresponding early dynamics for the other three molecules are presented in Figures S2-S4. Compound 1
follows an ultrafast (<100 fs) decay in acidified DCM when detected at the high energy neutral emission band showing
similar behavior to 2. For 3 and 4, the dynamics were detected only at the protonated band (530 and 560 nm) upon 420
nm excitation because the signal at the neutral emission band was too low to be detected. Both compounds showed
acceleration of the decays upon increasing the strength of protonation.

Although the early dynamics provide significant information on the deactivation process upon adding TFA, a detailed
quantitative analysis of the change of the lifetimes was made upon detecting on the ns timescale (Figures 4, 5 and S5-
S7). Figure 4a shows the decay of 2 at 460 nm before and after adding TFA. In its neutral form (detection at 460 nm), 2
decays monoexponentially with a single lifetime of 1.14 ns (Table S1 presents the fitting results of the ns fluorescence



dynamics for all compounds). Addition of TFA leads to a very fast initial decay of < 0.05 ns (within the response functions
of our system), dominating the dynamics, and a slower one (1.13 ns) attributed to the remaining neutral species. The
dynamics of the protonated species, detected at 600 nm, are bi-exponential with lifetimes of 1.50 and 1.98 ns for the
slightly protonated sample (Figure 4b). However, in the fully protonated case, the dynamics are accelerated and become
mono-exponential with a lifetime of 0.68 ns. This acceleration was also obvious in the fs measurements, as discussed
above and is due to the stronger electron accepting ability of the protonated pyrimidine group.6'6263 |t is also related to a
decrease in the fluorescence intensity of the protonated species while it can also be associated to the increase of the
polarity of the solution (Figure S8).

The neutral species of 5 show a different excited state dynamics upon titrating with acid (Figure 5). Initially, a bi-
exponential decay was observed for the neutral species with lifetimes of 0.37 and 1.38 ns (470 nm). After adding TFA, the
decay lifetimes only slightly change while the amplitude of the fast/slow component increases/decreases leading to an
overall decrease of the average lifetime from 1.21 to 0.90 ns. Therefore, an abrupt decrease of the lifetime as in 2 is
absent. This slight change in the dynamics was also observed in the fs measurements (Figure 3). The protonated species
of 5 follow the discussion given above for 2 showing a decrease of the lifetime (figure 5b).
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Figure 4. Nanosecond fluorescence dynamics of 2 detected at the emission band of the neutral (a) and protonated species (b).
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Figure 5. Nanosecond fluorescence dynamics of 5 detected at the emission band of the neutral (a) and protonated species (b).

The nanosecond dynamics for compounds 1, 3 and 4 are shown in figures S5-S7. Among all five molecules, 3 has a totally
discrete dynamic. In neutral form, 3 decays rapidly with a main lifetime of 0.06 ns (Table S1) which is related to its very
small @ (Table 1). This lifetime becomes even smaller upon adding TFA while the longer mechanism that is observed is
due to the emission by the protonated species (Figure S7a). Compound 1 also exhibits a small neutral lifetime of 0.34 ns
which is also related to its reduced @, (Tables S1 and 1) and again becomes significantly faster upon adding TFA.

Two-photon absorption



The TPA properties of compounds 1-5 have been studied in neutral form in DCM solutions and the results are shown in
Figure 6. In all cases, the quadratic law for a two-photon excitation has been validated and corresponding results are given
in Figure S9. Low &7p, values have been achieved with values below 100 GM while only 5, having a quadrupolar and
elongated structure, showed moderate values reaching 150 GM having in mind that all compounds are expected to exhibit
their TPA maxima close to 700-720 nm which is not within our experimental range. In their protonated form, all molecules
showed remarkably enhanced TPA properties and red-shifted spectra (figure 6). Table S2 summarizes all TPA data for
the neutral and protonated species. The two quadrupolar molecules 4 and 5 showed the largest TPA action cross sections
(®r % 8rpa) reaching 200 and 350 GM respectively (figure 6a). The TPA spectrum of 5 is red-shifted compared to that of
4 as expected by its elongated structure and one-photon absorption (OPA) spectrum. Compound 5 also exhibited
maximum 87p, of about 2000 GM after dividing with @ i.e. excellent values compared to similar compounds.54:656667.68.69.70
A comparison of the TPA spectra with the rescaled OPA is given in figure S11 for 1 and 5. Compound 1 shows matched
TPA and OPA spectra as expected by its dipolar D-m-A structure. On the other hand, for quadrupolar molecules like 5
where the excited state splits to form two new states, the TPA spectrum is expected to be blue shifted compared to the
rescaled OPA one, pointing to higher energy TPA excitations.”! The spectra in figure S10 follow the expected behavior
showing that the quadrupolar nature of 5 is retained in both neutral and protonated forms without the appearance of a
symmetry breaking. Overall, protonation obviously favors the TPA properties leading to a more than ten times increase of
&rpa for the most efficient molecule. The enhanced ICT upon protonation is the reason for this increase.
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Figure 6. TPA action cross sections (a), (c) and TPA cross sections (b) and (d) of compounds 1-5 in DCM (a), (b) and in acidified DCM (c), (d).

Conclusions

In conclusion, five push-pull pyrimidine chromophores were studied in DCM and acidified DCM solutions, after addition of
adequate amounts of TFA, focusing on their steady state, time-resolved and TPA properties. The steady state spectra
showed a decrease of the absorption and fluorescence peaks of the neutral molecules and the generation of new red-
shifted peaks as a consequence of the formation of protonated species. The study of the excited state dynamics, from the
fs to the ns timescale, revealed a quenching of the excited states due to the enhancement of the ICT mechanism from the
methoxy donors to the protonated pyrimidine acceptors. Most interestingly, the TPA properties of the compounds showed
a remarkable enhancement upon protonation, reaching a ten-times increase of the &rp, of the most efficient TPA
chromophore reaching 2000 GM. We believe this is an important manifestation of acid-controlled TPA properties of
protonable chromophores providing a means for sensitive and non-destructive acidity sensing.
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The absorption spectra were recorded using a Schimadzu UV-3000 absorption spectrometer while the steady-state
fluorescence spectra were recorded by using a Horiba S2 Jobin Yvon Fluoromax 4 or a Spex Fluoromax-3 Jobin-Yvon
Horiba spectrofluorimeter. All fluorescence and excitation spectra were corrected to take into account the response of the
photomultiplier. Fluorescence quantum yields (+10%) were determined relative to those of quinine sulfate in 0.1 M H2SO4
(@F=0.55), 9,10-diphenylanthracene in cyclohexane (@ = 0.90), and 9,10-diphenylethynylanthracene in cyclohexane ( ®¢
— 1.00).72,73.

Two methods have been used for time resolved fluorescence measurements. The fs upconversion method providing
transients in the fs-ps timescale utilized a fs mode-locked Ti:Sapphire laser with 80 fs pulses tunable from 730 to 870
nm.”442 The second harmonic beams at 380 or 420 nm were used for the excitation of the samples. The temporal resolution
of the system was 250 fs. For the ps-ns transients, the Time Correlated Single Photon Counting method was used with a
pulsed diode laser at 400 nm as the excitation source (60 ps pulse duration).*27> The temporal resolution of this technique
was 80 ps (Fluotime 200, Picoquant). The samples for steady state and time-resolved fluorescence measurements were
dilute solutions with an optical density (O.D.) of ~0.1 at excitation wavelength.

The TPA properties were studied via a TPEF technique using the same mode-locked Ti:Sapphire fs laser used for
the fs upconversion measurements.*>677 The samples were solutions of the chromophores in DCM and acidified DCM
(2x10° M). Rhodamine 6G in MeOH (2x10°°M) has been used as the reference sample, having a well-known TPA
spectrum. The excitation power was changed by a set of a half-wave plate and a polarizer while the two-photon induced
fluorescence was collected backwards and sent to a protomultiplier connected to photon counting electronics. The square
low was always validated before calculating the TPA cross sections. The measured scattered light from the solvent has
been subtracted.

Keywords: Pyrimidine « Two-photon absorption « Halochromism ¢ Fluorescence « Time resolved spectroscopy
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Protonation of a styrylpyrimidine quadrupolar chromophore increases the two-photon absorption cross section more than
ten times reaching 2000 GM.
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