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Abstract

The quest for novel organic fluorescent materials capable of two-photon
absorption (2PA) has intensified in recent years due to their promising applications in
biological imaging. Two-photon fluorescence microscopy (2PFM) offers high spatial-
temporal resolution, reduced photodamage, and deeper tissue penetration compared to
conventional techniques. However, the development of bright two-photon molecular
markers remains a challenge, necessitating compounds with high fluorescence quantum
yield and 2PA cross-section (g2P4). Strategies such as increasing m-conjugation have
shown promise but are hindered by synthesis complexities and limited biocompatibility.
Alternatively, incorporating electron-donating (ED) or electron-withdrawing (EW)
peripheral groups in a main structure has emerged as a viable approach, leading to
significant enhancements in g2P4. This study highlights the advantages and challenges of
these strategies, emphasizing the importance of exploring new organic compounds and
evaluating the efficacy of peripheral groups for advanced two-photon bioimaging

applications.



41
42
43
44
45
46
47
48
49
50

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

Journal of Materials Chemistry B

Highlights
New materials for biological imaging probes via one- and two-photon absorption
Linear and nonlinear spectroscopy
Diketopyrrolopyrroles derivatives
Two-photon absorption characterization

Evaluation of compound feasibility for biological imaging

1 INTRODUCTION

The recent interest in novel organic fluorescent materials exhibiting two-photon
absorption'? may be attributed to the potential application of these materials as probes in
biological systems, enabling safe and non-invasive optical imaging with high spatial-
temporal resolution, both in vivo and in vitro’* The motivation for this pursuit is
intricately linked to the advantageous characteristics of the two-photon absorption (2PA)
process compared to the common one-photon absorption (1PA) process. These include
precise spatial control, the use of infrared light, commonly found in the near-infrared I
and II regions (NIR-I and NIR-II: 700-900 nm and 1000-2000 nm), which circumvents
issues of light scattering in turbid media and allows for greater depth of penetration’>.
Additionally, two-photon fluorescence bioimaging significantly reduces background
fluorescence signals from endogenous fluorescent systems, as well as photobleaching and
photodamage in imaging markers and molecular structures®.

With the proliferation of two-photon fluorescence microscopes (2PFM), this
technique has become invaluable for researchers in the fields of biology and biomedicine,
enabling high-resolution studies of physiological, morphological, and cellular
interactions in intact tissues and living animals*%. However, there are still challenges that
need to be overcome for a broader adoption of 2PFM, particularly related to fluorescent
markers. To visualize, characterize, and quantify biological systems, bright two-photon
molecular markers are required, including dyes with high fluorescence quantum yield and
2PA cross-section (o2P4)*7, Regarding 02P4, several strategies have been proposed to
develop more efficient 2PA compounds. One of the widely used strategies is increasing
the m-conjugation of the main structure. It is well-known that increasing the number of 7t-
electrons results in a super-linear increase in the 2748, However, this strategy has several

2
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disadvantages due to the structure's size, such as challenging synthesis routes, little
flexibility for modification, and low biocompatibility!. Other strategies have been

2PA in smaller molecules, including the

developed to obtain appreciable values of o
incorporation of electron-donating (ED) or electron-withdrawing (EW) peripheral groups
at the ends of the main structure®!?. This can form symmetrical structures of the ED-7-
ED or EW--EW type or asymmetrical structures of the EW-n-ED type, where & is a nt-
conjugated structure. This procedure has been extremely advantageous, with increases of
up to 20 times in the 2PA cross-section already demonstrated!®. Although peripheral
groups significantly improve 2PA in organic compounds, it is still unknown how they
influence the emissive properties and biocompatibility of these compounds. These remain
open questions that require further study. Based on this, it is still necessary to research
new small organic compounds and evaluate the efficiency of peripheral groups in these
new organic structures. This becomes crucial, especially considering the potential of these
compounds in advanced two-photon fluorescence imaging applications.

Among various organic compounds, studies have shown a growing interest in
diketopyrrolopyrroles derivatives, also known as DPPs!'"!5. This is due to their
remarkable properties, such as an accessible synthesis route, easy modification by
incorporating substituents, high fluorescence quantum yield, and planarity, making it an
extremely privileged structure!®!”. Due to these interesting properties, such compounds
are widely present in the field of materials science in studies related to organic light-
emitting devices (OLEDs)!8, dye lasers!®, solar cells?’, and field-effect transistors
(OFETSs)?!. Recent studies have also been carried out exploring the excellent emissive
properties of these dyes as a fluorescent sensor?? and one-photon fluorescent probe?,
revealing the great interest in studying the 2PA process in diketopyrrolopyrroles
derivatives.

With respect to the ease of synthesis, Pieczykolan and collaborators introduced a
novel methodology for preparing these DPP derivatives?*. Additionally, studies have
demonstrated that polarized diketopyrrolopyrroles can exhibit charge transfer
modulation'?, as well as symmetry breaking in both the ground and excited states!“.
Through these works, it is possible to observe the scientific interest in the study of
molecules derived from DPP. These studies highlight the growing scientific interest in
DPP-derived molecules, paving the way for the development of new synthetic routes and

the exploration of their optical properties.
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Considering the potential applications of DPPs as 2PA fluorescent probes,
particularly for living cell fluorescent microscopy, Diketopyrrolopyrrole-based
fluorophores show promising results. For example, in the study of Ftouni®® and
collaborator, it was determined that the peak values of 2PA cross section reached
approximately 350-750 GM at 800 nm. Additionally, fluorescence quantum efficiencies
were measured, with values ranging from 34% to 70%, depending on the specific DPP
derivative.

In this Scenario, here, a wide characterization of two symmetric dithienyl-
diketopyrrolopyrrole derivatives of the ED-n-ED type was carried out, exploring the
influence of the thienyl moiety (an electron-rich structure acting as an extension of the -
conjugation) and the bromine atom on the linear and nonlinear properties of these
compounds. Several spectroscopic measurements were performed, including one-photon
absorption, fluorescence, fluorescence quantum yield, fluorescence lifetime,
solvatochromism, and two-photon absorption. Furthermore, quantum chemical
calculations at the theoretical level DFT and TD-DFT for a better understanding of the
properties of these dyes. Finally, such compounds were incorporated into Human Dermal
Fibroblasts, neonatal (HDFn) cells, where toxicity tests were conducted, as well as
assessments of the feasibility of these compounds as fluorescent markers for one- and

two-photon imaging.

2 EXPERIMENTAL AND COMPUTATIONAL SECTION

2.1 Compounds

The dithienyl-diketopyrrolopyrrole derivatives synthesis was previously
described in Ref.?02% and are presented in Supplementary Information. The molecules
should be designated as: DPP2T 2,5-dihexyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione, and DPP2TBr 3,6-bis(5-bromothiophen-2-yl)-2,5-
dihexylpyrrolo[3.,4-c]pyrrole-1,4(2H,5H)-dione.

Figure 1 shows the molecular structure of the compounds, where R represents the
substituent groups. To increase effective molecular conjugation and, consequently,
nonlinear optical responses, both dyes contain a thienyl group at positions C-3 and C-6.
The difference between the two samples is that in DPP2TBr the hydrogen atom in the
thienyl unit is replaced by bromine. In addition, both compounds contain a hexyl chain at

positions C-2 and C-5 to improve their solubility in chloroform.

Page 4 of 25



Page 5 of 25

142

143
144

145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

Journal of Materials Chemistry B

DPP2T: R=H
DPP2TBr: R =Br

Figure 1 - Dithienyl-diketopyrrolopyrrole derivatives chemical structure.

2.2 Linear optical measurements

Dithienyl-diketopyrrolopyrrole samples were dissolved in chloroform at a
concentration of c.a. 10~* mol/L and then placed in a quartz cell with optical path length
of 10 mm (It should be mentioned that no effects relating to aggregation were observed).
The one-photon absorption spectra were measured using a spectrophotometer (Shimadzu,
model UV-1800). Steady-state emission spectra were determined by a fluorimeter
(Hitachi, model F-4500). The dyes' fluorescence quantum yield (¢) was obtained by the
well-known Brouwer method?’ using kiton-red 620 as a standard sample dissolved in
ethanol (¢ = 69%)?%. The studied and standard samples fluorescence spectra were
obtained under the same experimental conditions. Solvatochromism measurements were
performed by dissolving the chromophores in different solvents, namely: toluene,
dichloromethane (DCM), dimethylsulfoxide (DMSO), N,N-dimethylformamide (DMF),
ethanol and methanol. It is noteworthy that, for measurements involving obtaining
fluorescence emission, it was necessary to further dilute the solutions in the order of 10—°
mol/L to avoid fluorescence reabsorption?’.

The fluorescence lifetimes of the dyes were determined using the time-resolved
fluorescence technique, employing a femtosecond laser system, as detailed in Section 1
of the Supporting Information (SI). For this purpose, the samples were placed in a quartz
cell with an optical path length of 2 mm.

2.3 Quantum chemical calculations

These Quantum chemical calculations (QCCs) based on the density functional
theory (DFT) framework were conducted to aid in the interpretation of experimental
results. For that, the 1PA properties (transition energy and oscillator strength) of the 20
lowest-energy singlet electronic transitions of the studied molecules were computed by

time-dependent density functional theory (TD-DFT) calculations using the Gaussian 09

5
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package®®. The molecular orbitals related with such electronic transitions and the
permanent dipole moment difference between the first excited state and ground one (
|Atip1| = |11 — Hool, in D) were also computed. Moreover, using the quadratic
response function (QRF)3! within the DFT framework, as implemented in DALTON
program?2, the 2PA transition probabilities of the five lowest-energy singlet electronic
transitions of the studied molecules were computed.

Initially, geometry optimization and frequency calculations were carried out using
the B3LYP?3 exchange-correlation hybrid functional with a combination of two standard
basis sets: the well-known 6-311G(d,p)** for hydrogen, carbon, nitrogen, and oxygen
atoms, and cc-pVDZ?* for sulfur and bromine atoms. The Gaussian 09 package was used
and the calculations were performed in both gas-phase and chloroform solvent. No
imaginary vibrational modes were identified from the frequency calculations, indicating
that fully optimized structures corresponding with stable minimum were obtained. The
effects of the solvent environment on the equilibrium geometry and the spectroscopic
properties of the studied molecules were taken into account by employing the polarizable
continuum model (PCM). The PCM with the integral equation formalism variant (IEF-
PCM)3%37, as implemented in Gaussian 09 package, was used. The PCM was also
employed to estimate the radius of the solute molecular cavity.

In the QQCs concerning the spectroscopic properties of the studied molecules,
i.e., the TD-DFT and QRF calculations, an approach using B3LYP functional combined
with the augmented 6-311++G(d,p) (for H, C, N and O atoms) and aug-cc-pVDZ (for S
and Br atoms) basis sets was used.

For the QRF calculations the PCM?3® as implemented in DALTON program was
used. For the sake of consistency, for the studied molecules the van der Waals surfaces
used in the QRF calculations were defined by adopting the set of van der Waals radius
and atomic centers determined at the geometry optimization stage using the Gaussian 09
package. Finally, the details of the procedures for constructing the 1PA and 2PA spectra
adopted here, as well as the data obtained from the calculations, can be found in Section

2 of the SI.

2.4 Two-photon absorption measurements
Two-photon absorption measurements were performed using the well-known
open-aperture tunable femtosecond Z-scan technique®’, employing a laser system (Light

Conversion, Pharos-PHI1 model) with a pulse duration of 220 fs centered at 1030 nm

6
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and operating at a 750 Hz repetition rate. The laser system is used to pump an optical
parametric amplifier (OPA) (Light Conversion, ORPHEUS model), which allows tuning
of the excitation wavelengths from 210 —3000nm. This enabled the ¢2P4
determination of the compounds from 790 — 1000 nm, with a spectral resolution of
10 nm. Details on the technique and curve fitting procedure can be found in Section 3 of
the SI.

Measurements of fluorescence emission excited by 2PA were performed by
exciting the compounds at 850 nm and 900 nm. For this purpose, the same laser system

was employed, operated at a repetition rate of 1.5 kHz, with different excitation powers.

A more detailed description of the procedure can be found in Section 4 of the SI.

2.5 Cell culture

The HDFn cell line (Human Dermal Fibroblast neonatal) was cultured with
Dulbecco’s Modified Eagle Medium (DMEM; Vitrocell® Embriolife) supplemented
with 10% fetal bovine serum (FBS). The cells were incubated at 37 °C in a humidified
atmosphere with 5% CO,.

2.6 Cell toxicity.

3-[4,5-dimethyl-thiazol-2-y1]-2,5-  diphenyltetrazolium  bromide @ (MTT)
colorimetric assay was employed to evaluate the cytotoxicity of DPPT2 and DPPT2Br
compounds. HDFn cells were initially seeded at a density of 1 x 10* cells/ well in a 96-
well plate and cultured for 24 hours in 100 pL of DMEM medium supplemented with
10% FBS. Subsequently, the medium was replaced by 100 pL of fresh medium containing
varying concentrations of the compounds, along with a negative control (0.5% DMSO).
Following 1, 4, and 24 hours of incubation at 37°C, the medium containing the
compounds was exchanged with MTT-containing medium (0.5 mg/mL) and further
incubated for 1 hour. Cell viability was assessed by monitoring the reduction of MTT to
purple formazan within live cells. Formazan crystals were then solubilized using DMSO
(200 pL/well), and the optical density of each well was measured at a wavelength of 570
nm using a microplate reader (SpetramaxM3). The cell viability data were derived from

absorbance analysis across three independent experiments.

2.7 Cellular internalization
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In flow cytometric analysis, HDFn cells were seeded at a density of 1 x 107
cells/well in 12-well plates and cultured for 24 hours in 1 mL of DMEM medium
containing 10% FBS. Subsequently, the compounds, DPP2T and DPP2TBr, were
coincubated with the cells at a concentration of 0.5 uM for 1, 4, and 24 hours to monitor
the cellular uptake of these compounds. Following coincubation, the cells were washed
three times with PBS, detached by trypsin-EDTA, and collected by centrifugation at 1000
g for 10 minutes. Afterward, the cells were washed and resuspended in 400 pL of Sheath
Fluid (BD Bioscience) for analysis on the flow cytometer. Data were collected using a
FACSCalibur, recording 10000 events. The subsequent analysis used Flowjo software,

with untreated cells as the negative control.

2.8 Cellular bioimaging

HDFn cells were seeded on glass coverslips in a 24-well plate (2.5 x 10*
cells/well). After overnight incubation, the cells were treated with 0.5 uM of DPP2T and
DPP2TBr for 1 hour. Subsequently, the cells were carefully washed with PBS and fixed
with 4% paraformaldehyde for 20 minutes at room temperature. The cells were stained
with Hoechst 33342 (1 png/mL) for 10 minutes at room temperature. After PBS washing,
the cells were mounted on a glass slide with Fluoroshield™ mounting medium and
imaged using the Zeiss LSM780 (Zeiss, Germany) fluorescence confocal microscope.
Untreated cells were used as endogenous fluorescence controls. Two diode lasers were
utilized for one-photon imaging, one at 405 nm, to excite the Hoechst 33342, with the
emitted light collected in the blue region. Meanwhile, the molecules DPP2T and
DPP2TBr were excited at 564 nm, and their emitted light was collected in the red region.
For two-photon imaging, a Ti:Sapphire laser (800 nm, 80 MHz) was employed to excite
DPP2T and DPP2TBr, and the emitted light was collected in the corresponding red
region (550-650 nm).

3 RESULTS AND DISCUSSIONS

3.1 Linear photophysical properties determination

The one-photon absorption (black lines) and fluorescence emission (blue lines)

spectra of the dyes dissolved in chloroform are shown in Figure 2.
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273 Figure 2 - One-photon absorption (black lines) and fluorescence emission (blue lines) spectrum of the
274  dithienyl-diketopyrrolopyrrole derivatives. The gray lines are the computed one-photon absorption spectra
275 obtained based on the results provided by TD-PCM-B3LYP calculations.

276

277 As can be seen in Figure 2, the dyes exhibit three electronic bands in the near-UV
278  and visible region, which are all ascribed to 1PA allowed transitions of m — ™ nature
279  originating from a local excitation transition**#! (see Figure 3). The lowest energy
280 electronic band is located at c.a. 560 nm (2.2 eV) with a molar absorptivity on the order
281  of 2.8-10* M—1cm™1, displaying well-defined vibrational progressions separated by
282  approximately 170 meV, consistent with the C-C, C=C, and C-N-C stretch vibrational
283  mode*?*. On the other hand, the second and third electronic bands occur around 348 nm
284 and 298nm (3.56eV and 4.16 eV, respectively), with molar absorptivities of
285  approximately 1.1 and 2.3 - 10* M—1cm™1, respectively. The substitution of hydrogen
286  atoms with bromine in DPP2TBr resulted in a bathochromic shift of approximately
287  0.14 eV for all electronic transitions and an increase in the 1PA intensity. This is
288  associated with the increased delocalization of m-electrons provided by the bromine atom
289  (see Figure 3), resulting in higher molecular polarizability**.

290 The computed 1PA spectra (gray lines in Figure 2) for DPP2T and DPP2TBr
291  corroborated the experimental ones and indicate that these compounds have three
292 electronic bands along the UV-Vis spectral region. The lower energy band is described
293 by only a single electronic transition, while the two highest energy bands should be
294  ascribed to the combination of some electronic transitions (see Table SI2). Another
295  noteworthy result from the QCCs is the presence of two transitions at approximately
296 400 nm with a null oscillator strength, indicating that these states are optically “dark” for
297  1PA. The theoretical results showed relatively small differences compared to the

298  experimental values, with the maximum difference in absorption energy being less than

9
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299  0.13 eV. However, it was observed that the theoretical results overestimated the intensity
300 of the electronic transitions, and consequently the amplitude of the absorption bands
301 observed, which is a common characteristic of TD-DFT calculations**4¢.
302 The fluorescence emission spectra (Figure 2 blue lines) of the dithienyl-
303 diketopyrrolopyrrole derivatives were obtained by exciting them at 500 nm. The
304 fluorescence constitutes the visible region in a range from 550 nm to 700 nm, showing
305  partway resolved vibronic progressions. Comparing to DPP2T the emission peak of
306 DPP2TBr is redshift by about 0.07 eV. Analyzing the difference between the
307 fluorescence emission peak and the lowest energy transition, an average Stokes shift (Av,
308 in cm~1) value of ca. 737 cm™1, relatively small, was noted. This suggests that the
309 molecules have a similar electronic structure in both the excited and ground states*’, a
310 behavior that becomes more evident when analyzing the molecular orbitals (MOs) (see
311  Figure 3).
312 Table 1 summarizes other compounds' properties, including fluorescence
313  quantum yield (¢q) and fluorescence lifetime (tq). The analysis of emissive properties
314  revealed distinct behaviors in their photophysical characteristics. The tq (in chloroform)
315  were determined as 6.0 ns for DPP2T and 5.7 ns for DPP2TBr, indicating comparable
316  time scales for relaxation processes in both molecules. Despite the subtle difference in
317  lifetime, these molecules exhibited more distinct ¢ values, with 73% and 56% for
318  DPP2T and DPP2TBr, respectively. The reduction in ¢z for DPP2TBr suggests a less
319 efficient conversion of absorbed photons into emitted photons, as evidenced by non-
320 radiative decay rate (ky, in s~1) values (see Table 1). This 1.3 times decrease in ¢ can
321  be attributed to the presence of the heavy bromine atom; it is known that this atom has
322 fluorescence quenching character*®-0. Finally, it should be noted that these values fall
323  within the range reported for other diketopyrrolopyrrole derivatives!7:43:51-55,
324
325 Table 1 - Photophysical properties of the dithienyl-diketopyrrolopyrrole derivatives, including Stokes shift
326 (4v), fluorescence lifetime (7f; ), fluorescence quantum yield (@), radiative and non-radiative decay rates
327 (kr and kyy, respectively), and the difference between the permanent dipole moment, experimental and
328 theoretical, of the first excited and ground state (|4ig1| and |Aﬁg{‘|, respectively).
ki ( K (
AV (em™Y)  Ta(ns) @n (%) X 10%5-1) X 1095-1) |4fio1l (D) |AHGEI (x 1073 D)*
DPP2T 760 6.0+£0.6 737 76+ TR 0.12 0.05 0.5+0.2 0.9
DPP2TBr 714 57+0.6 56+ 6% 45+ 5 0.10 0.08 0.04+0.01 9.7
329 * Difference in permanent dipole moment between the first excited state and the ground state obtained via
330 TD-PCM-B3LYP calculations.
331 ** Dissolved in Chloroform

10
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*** Dissolved in DMSO

Figure 3 shows the MOs for the transitions with the highest oscillator strengths
and, consequently, those that best represent the three electronic absorption bands. It can
be observed that all three excitations are predominantly described by a m—m™ local
excitation transition, with only a rearrangement of charge distribution in their excitations
and a symmetric charge distribution. This symmetric configuration is a typical behavior
of compounds with a centrosymmetric nature. Indeed, Polak et al.'® and Zadeh et al.'’
attribute the symmetry of DPP2Ts to the C,, point group, reinforcing the observation.
Another point to be noted is the increased electronic distribution provided by the bromine
atom, showing that, indeed, DPP2TBr has a higher polarizability compared to the Br-
free molecule. This behavior is also evident in the reduction of the orbital energy gap.

To better understand the electronic distribution of the compounds, the difference
between the permanent dipole moment of the first-excited and ground states (|Aig1|) was
determined using the Lippert-Mataga equation>®’. For this purpose, solvatochromism
measurements were carried out to obtain the Stokes shift as a function of solvent
orientation polarizability (AF). The results of these measurements, including absorption
and fluorescence emission spectra for different solvents, can be found in Section 5 of the

SI.

A b) DPP2TBr
L+2

L+4

L
468

2.39%9eV (100%

H

Figure 3 — Representation of molecular orbitals (H: HOMO, L: LUMO) describing transitions with the
highest oscillator strengths in dithienyl-diketopyrrolopyrrole derivatives, along with the respective
percentage contributions of the excitations. Results obtained from TD-PCM-B3LYP calculations.

The lowest-energy absorption and fluorescence emission bands of the molecules

exhibited a subtle spectral shift concerning the AF (as can be seen Figure SI4 and Figure
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SI5). This behavior was expected, given that the molecules underwent only an electronic
charge redistribution upon electronic excitation, and, according to TD-DFT calculations
performed by Polak!¢, no conformational changes were observed in the first excited state
compared to the ground one. As a result, AV remained nearly constant concerning AF,
indicating that the permanent dipole moment of the excited state is very similar to that of
the ground one. Finally, by conducting a linear regression, it was possible to obtain the
line slope (Av/AF, in cm™1), allowing the estimation of |Afiy; | using the Lippert-Mataga
equation®%>°,

Table 1 reveals that, within the experimental precision and considering the
approximations of the Lippert-Mataga equation, the |Afiy;| values for DPP2TBr and
DPP2T are low (0.04D and 0.5 D, respectively). Additionally, TD-PCM-B3LYP
calculations also indicated that the |Afiyq| is negligible for both compounds (see |Az5?
in Table 1). These results, therefore, constitute yet another strong evidence of the

compounds charge symmetry nature®0-62,

3.2 Two-photon absorption determination and SOS model analyses

The 2PA cross-sections, a2P4, of the dithienyl-diketopyrrolopyrrole derivatives
were determined by the open aperture tunable femtosecond Z-scan technique, spectrally
resolved over a range of 790 — 1000 nm, with 10 nm resolution. The obtained
spectroscopic data are summarized in Table 2. Figure 4 shows the 1PA (black lines) and
a2P4 (black circles) spectra together to facilitate the comparison. The fittings of the open-

aperture z-scan curves are showed in Figure SI3.

12
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382
383 Figure 4 — One-photon absorption (black lines) spectrum and two-photon absorption cross-section spectrum
384 (Black circles and blue dashed lines represent experimental and theoretical results, respectively.) of
385 dithienyl-diketopyrrolopyrrole derivatives. The red line represents the fit using the SOS model.
386
387 Table 2 — Nonlinear optical properties of the investigated dithienyl-diketopyrrolopyrrole derivatives,
388  including the experimental and theoretical 2PA wavelength at peak (A2P4 and A2/, respectively),
389 experimental and theoretical 2PA cross-section at peak (6274 and a%flA, respectively), the transition dipole
390  moment from the ground state to the first excited one (|[ig|), and the two-photon brightness (0274 - ¢ £1).
Molecules ~ A%P4 (nm) ~ o2PA(GM) 25" (nm)*  ofpA (GM)" ho1l (D) |fazl (D)™ 0P n (GM)
DPP2T 840 19+4 790 12 6.1+0.6 43 14+3
DPP2TBr 850 27+£5 800 36 6.3+0.6 4.7 15+3
391 * Nonlinear properties obtained from QRF-PCM-B3LYP calculation;
392 ** Transition dipole moment from the first excited state to the second excited one as determined by the
393 SOS model.
394
395 From Figure 4, it can be observed that the 2PA electronic band is located in the
396  near-IR region; at 840 nm (~1.47¢eV) for DPP2T, with a value of 19 GM, and at 850 nm
397 (~1.46 eV) for DPP2TBr, with a value of 27 GM. An interesting behavior to note is the
398  decrease in the g2P4 values within the lower energy band; the reason for this will become
399  clearer shortly. Similar to what was observed for 1PA, the substitution of hydrogen atom
400 by bromine in DPP2TBr led to a 1.4-fold increase in the ¢2P4 value and a subtle
401  bathochromic shift of approximately 0.02 eV. It is important to highlight that similar
402  behaviors have also been reported for other diketopyrrolopyrrole derivatives!7.22:43.55.:63,
403 In Figure 4, it is also possible to visualize the first 2PA allowed electronic band
404  (dashed blue lines) obtained through QRF-PCM-B3LYP calculations. Additional data
405  and some calculation details can be found in Section 2 of the SI. The results revealed a
406  two-photon transition at 790 nm (1.57 eV) and 800 nm (1.55 eV) for DPP2T and
407  DPP2TBr, respectively. Comparing theoretical and experimental results, a difference in
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energy of less than 0.15 eV is observed. Regarding %P4, the QQCs exhibited distinct
behaviors for the two compounds; for DPP2T, the theoretical result underestimated the
values of g2P4 (12 GM), while for DPP2TBr, the value was overestimated (36 GM),
resulting in an average error of 42%. However, it is worth highlighting that the increase

of g2PA

when we compare the experimental values obtained for DPP2T and DPP2TBr
is correctly described by the QQCs. In summary, what should be emphasized is that both
experimental and theoretical results show that 2PA occurs in a spectral region different
from 1PA, and the increase in the 024 is solely due to the greater electronic
delocalization provided by the bromine atom.

These results indicate that the electronic transition performed by 2PA (1A,-like —
2A,-like) 1s scarcely accessible by 1PA, i.e., the 2A,-like state is optically “dark™ for 1PA.
From the TD-DFT calculations (refer to Table SI2), this transition (1A,-like — 2A,-like)
showed an oscillator strength of zero for 1PA, resulting in a transition by 2PA, as seen in
Figure 4. The explanation for this behavior is associated with the centrosymmetric nature
of the compounds. Due to the dipole selection rule, this causes states that are optically
“dark” for 1PA to become optically “bright” for 2PA64-6¢,

Figure SI2 shows the MOs involved in the first excited-state allowed by 2PA,
which, in this case, corresponds to the HOMO-1 — LUMO excitation (contributions
ranging by 87 — 94%). Unlike what was observed in Figure 3, electronic excitations by
2PA correspond to an intramolecular charge transfer process, now with a small
involvement of the hexyl chain. Thus, in the excitation from HOMO-1 to LUMO, there
is a charge displacement from the diketopyrrolopyrrole/hexyl core to the thienyl lateral
moieties, with their respective ligands H or Br.

In view of improving the 2PA process interpretation, the Sum-Over-States (SOS)
approach was employed, considering a three-level energy system%>%7. The model consists
of a ground state (1A,-like), an intermediate excited-state allowed by 1PA (1B,-like) and
a final excited-state allowed by 2PA (2A,-like)%”. Such model is described by the

following equation:

g2PA — 2 (2m)* " V2 |to1]? - |l12|? - Toz

5(chn)? " m|(vor — V)2 + gy (voz — 2v)2+ T,

(1)

in this equation c, h, n, and L are light speed, Planck constant, refractive index (1.446 for

the chloroform) and the Onsager local field factor, respectively. v, vo; and I' are laser
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pulse frequency, transition frequency from the ground state to the ith excited state, and
the Full Width at Half Maximum (FWHM) considering a Lorentzian curve, respectively.
Finally, |fo1|? - |t12]? is the tree-states term. Figure 3 (red lines) shows the 2PA
spectrum fit using equation (1), while Table 2 lists such photophysical properties. For the
application of the SOS model, two parameters are necessary: the transition dipole moment
from the ground state to the first excited one (|pio1 |, in D) (presented in Section 6 of the
SI) and the transition dipole moment from the first excited state to the second excited one
(|f12], in D), which in this case was considered as a fitting parameter®®. Overall, the three-
level model adequately describes the experimental data. A significant contribution of the
coupling between the ground state and the first excited one is observed in comparison to

the coupling between the first excited state and the second one, as indicated by the ratio

| Fo1l
=

~ 1.4, for the g2PA,
[t12]

Fluorescence emission measurements induced by 2PA were carried out to verify
if the fluorescence of dithienyl-diketopyrrolopyrrole could be triggered by pure 2PA. The
samples were excited at 850 nm and 900 nm. Figure 5 shows the fluorescence spectrum
of the compounds excited at 850 nm for different laser pulse intensities. As expected, the
spectra are similar to those observed by 1PA. The small inset in Figure 5 reveals the two-
photon induced nature of the fluorescence emission. The slope of the line on the log x log
scale of the fluorescence intensity as a function of pulse energy is equal to 2.0, evidencing
a quadratic dependence®-. It would be appropriate to emphasize that, due to their high
¢qn and occurrence of 2PA in the infrared spectral region, which constitutes the
therapeutic window’?, these compounds are promising for applications in fluorescent

probes with moderate two-photon brightness (624 - @g, in GM) (see Table 2).
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DPP2TBr

Two-photon induced fluorescence
o
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Figure 5 — Two-photon absorption induced fluorescence emission of the dithienyl-diketopyrrolopyrrole
derivatives. The inset portrays the fluorescence signal versus laser pulse energy in the log x lox scale,
excited at 850 nm (circles) and 900 nm (triangle). Solid lines show quadratic dependence on the 2PA
fluorescence process.

3.3 Toxicity, internalization, and cell imaging.

To explore the potential of the DPP2T and DPP2TBr as fluorescent stains for cell
imaging, we evaluated their biocompatibility and uptake by the HDFn cell line. The
biocompatibility of DPP2T and DPP2TBr on HDFn cells showed negligible deleterious
effects (low toxicity) (Figure 6a), later confirmed by Confocal Laser Scanning
Microscopy (CLSM) images, in which the cells incubated with DPP2T or DPP2TBr
showed no morphological damage (Figure 6b). For CLSM analyses, we used Hoechst
33342 as a reference nuclear stain, excited at 405 nm, while DPP2T and DPP2TBr were
used as fluorescent stains, both excited at 564 nm. Under one-photon (Figure 6b) and
two-photon excitations (Figure 7), the DPP2T showed robust cellular uptake and
uniform intracellular distribution, exhibiting higher red fluorescence than control cells
after 1 hour of incubation (Figure 6b). CLSM images, depicted the compound's cellular
uptake and diffusion within the cytoplasmic region while revealing its inability to
internalize the cell nucleus. Notably, DPP2T staining resisted paraformaldehyde fixation,
providing versatility for multiparametric imaging. Conversely, DPP2TBr compound
showed red fluorescence comparable to control cells, suggesting its limited capacity to

internalize HDFn cells, the same behavior was observed for two-photon excitation.
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Figure 6 - In vitro assessment of cell viability, internalization and bioimaging capabilitiecs of DPP2T and
DPP2TBr: (a) Viability HDFn cells following incubation with DPP2T and DPP2TBr at various
concentrations for 1, 4, and 24 hours. Data presented as mean + standard deviation (n =9). Statistical

significance assessed via one-way ANOVA followed by post hoc Tukey test. P-values indicate
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nonsignificant differences between CTRL and DPP2T, as well as between CTRL and DPP2TBr. (b)
Representative confocal laser scanning microscopy (CLSM) images depict HDFn cells following a 1-hour
incubation with DPP2T (0.5 uM) and DPP2TBr (0.5 uM), excited at 564 nm. Hoechst 33342 was utilized
to stain cell nuclei (A = 405 nm, depicted in blue). Scale bars: 20 pm. (¢) Quantification of mean
fluorescence intensities (geometric mean) for HDFn cells after 1, 4, and 24 hours of incubation with DPP2T
(0.5 uM) and DPP2TBr (0.5 uM). (d) Flow cytometric analysis of HDFn cells following a 1-hour
incubation with blank solution, DPP2T (0.5 uM), and DPP2TBr (0.5 puM). Data presented as mean =+
standard deviation (n = 3). Statistical significance was determined using one-way ANOVA followed by a

post hoc Tukey test. ****p < 0.0001.

Further investigations into the internalization of these compounds across different
cellular models and endocytosis mechanisms are necessary to determine whether uptake
is cell-type-dependent or is governed by physicochemical factors, such as lipophilicity
and solubility, stemming from structural differences arising from the hydrogen atom
replacement by bromine. We quantitatively measured the intracellular uptake of HDFn
cells using flow cytometry (Figure 6c, d), demonstrating that after 1-hour incubation with
DPP2T, the fluorescence intensity was 62.6-fold higher than that of unstained cells. This
intensity increased over time, maintaining stability for up to 24 hours, suggesting the
potential application of this organic molecule in live cell monitoring. Consistent with the
confocal microscopy findings, we observed no increase in fluorescence intensity for
DPP2TBr compared to unlabeled cells. Therefore, our data underscores the DPP2T’s
potential as a fluorescent stain for imaging HDFn cells, while DPP2TBr lacks this
capability for this cell line. Despite the availability of numerous commercially accessible
fluorescent stains, these compounds interest researchers due to their capacity for two-
photon excitation—a critical feature for tracking long-term biological processes, imaging
tissues and bodies with deep penetration, and minimal endogenous fluorescence

background.
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100 pm

Figure 7: Representative confocal laser scanning microscopy (CLSM) images depict HDFn cells following

a 1-hour incubation with DPP2T (0.5 uM), excited by two-photon (800 nm + Hoechst 33342).

4 CONCLUSION

We investigated the (non)linear absorption and emission properties of two dithienyl-
diketopyrrolopyrrole derivatives and the influence of the bromine atom on these
properties. From the 1PA spectra, three electronic bands were identified and confirmed
by TD-DFT calculations, of m — ™ nature. The bromine atom led to a bathochromic shift
in 1PA. The compounds exhibited excellent emissive properties with fluorescence
quantum yield values of 73 % and 56 % for DPP2T and DPP2TBr, respectively. In this
case, the influence of the bromine atom was negative, leading to a decrease in
fluorescence. Solvatochromism measurements revealed that the compounds exhibit a
symmetrical charge distribution due to the centrosymmetric structure. Both compounds
exhibited a 2PA band in a dark spectral region for the 1PA. The substitution of hydrogen
atom with bromine in the DPP2TBr led to 1.4 times increase in the 2PA cross-section
value. This effect was associated with a greater electronic delocalization observed in the
DPP2TBr due to the bromine atom. Furthermore, the data underscores DPP2T's efficacy
as a fluorescent stain for imaging HDFn cells, whereas DPP2TBr lacks this capability for

this specific cell line. These compounds are of interest to researchers owing to their
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capacity for two-photon excitation, a critical attribute enabling the tracking of long-term
biological processes and imaging of tissues and organisms with deep penetration and

minimal endogenous fluorescence background.

5 SUPPORT INFORMATION

Section 1 of the Supporting Information delineates the Time-Resolved Fluorescence
technique, including both the experimental results and the corresponding data fittings
derived from this methodology. Section 2 details the quantum chemical calculations
employed in the study. Section 3 provides comprehensive information on Two-Photon
Absorption measurements, describing the Z-Scan technique and presenting normalized
transmittance data for 800 nm and 840 nm (DPP2T), as well as 820 nm and 850 nm
(DPP2TBr). Section 4 is devoted to the measurements of fluorescence induced by 2PA.
Section 5 discusses the solvatochromism measurements. Section 6 elucidates the

procedures and calculations for determining the transition dipole moment.
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