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Abstract

Boron dipyrromethenes type molecules (BODIPYs) are versatile molecules which
have been used for applications ranging from photodynamic therapy to solar cells
(DSSC). However, these molecules usually do not present high two-photon
absorption cross-sections, limiting their use in nonlinear optical applications. Herein,
we study a series of BF,-napthyridine based boron-complexes with electron-
donating and withdrawing groups to increase their two-photon absorption. We have
found two-photon absorption cross-sections up to approximately 270 GM, which
corresponds to an increase of approximately five times in comparison to the

average cross-section value reported for molecules with similar conjugation length,
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pointing out such compounds as potential material for nonlinear applications in

both visible and infrared spectral regions.

1. Introduction

In last years, Borondipyrromethene (BODIPY) derivatives have been drawing
considerable interest because of their potential applications?, which includes, but
are not limited to, light-harvesting systems?, agents in photodynamic therapy?,
biomolecular labels* °, laser dyes® and sensitizer for solar cells’. This large variety
of applications are related to the BODIPYs-like inherent features, such as
photochemical and chemical stability, easy solubility, high fluorescence yields and
molar absorption coefficients, long excited-state lifetimes and sharp fluorescence
peaks ranging from the blue to the infrared region?.

Molecular systems containing the 1,8-naphthryridine derivatives have also
been used as “organic scaffolds” to construct BF, compounds in the last years due
to their good fluorescence properties and biocompatibility®>. These molecules
possess a heterocyclic moiety which is an attractive tool for identification of novel
biological potential’®. The BF,-type organoboron compounds based on 1,8-
naphthyridine heterocycles are used as fluorescent dyes due to their high
fluorescence quantum yields'"- 2 and high photochemical stabilities® 3. Their good
fluorescence properties' and large Stokes shifts’™ 16 have been extensively
reported in the literature.

Two-photon absorption (2PA) processes hold interest for several
applications, such as micromachining'’, optical power limiting'®, photodynamic
therapy' and two-photon absorption fluorescence spectroscopy?’. Disposed to
increase the range and effectiveness of such applications, several studies have
involved the synthesis of novel compounds in order to enhance the 2PA cross-
sections of molecules, each one focused on a particular use?'.

In general, BODIPYs structures do not present good 2PA cross-sections,
having an average value in the range of 50 GM?'-?4 in visible wavelengths. Since

these molecules still have other promising characteristics, especially its high

Page 2 of 24



Page 3 of 24

Physical Chemistry Chemical Physics

fluorescence quantum yield, methods have been developed to improve their 2PA
capabilities. In this direction, for instance, increasing the conjugation length?! has
brought the two-photon absorption cross-section of this class of molecules up to
150 GM, while changing the conjugation length and adding electron-donating and
electron-withdrawing groups to the BODIPYs types main structure®® 26 have led
2PA cross-sections to values of the order of 400 GM. Such approaches, however,
results in larger molecules with complex structures, composed of several electron
withdrawing and electron donating groups.

In this paper, we determined the two-photon absorption spectra of seven
BF2-naphthyridine molecules'® with either one or two electron donating or electron
withdrawing groups attached, therefore keeping a simpler molecular structure.
Two-photon absorption cross-section values as high as 270 GM were observed,
which corresponds to an increase of about five times in comparison to the average
experimentally measured cross-section value reported for molecules with similar
conjugation length. Such results point to the use of this class of materials as
potential candidates for the development of applications from photodynamic

therapy agents?® to biomolecular labels # °, for instance.

2. Experimental Section
2.1 Studied organoboron complexes

In this work, we have studied a series of seven novel 9-aryl-3-
(aryl/heteroaryl)-1,1-difluoro-7-(trifluoromethyl)-1H[1,3,5,2]oxadiazaborinino[3,4-
a][1,8]naphthyridin-11-ium-1-uide complexes. Structural representation of the BF,-
complexes are displayed in Fig. 1 with the corresponding labels. Their synthetic
methodology and structural/spectroscopic characterization, as well as fluorescence

emission and electrochemical properties, have been already reported elsewhere'®.
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Fig. 1: Representative structures of the seven studied BF2-complexes.

2.2 Two-photon absorption measurements

Samples were diluted in dichloromethane (DCM) in concentrations ranging
from 102 to 103 M for the nonlinear absorption measurements and 10+ M for linear
ones. Linear and two-photon absorption measurements were performed in 2 mm
optical path quartz cells. The linear absorption spectra were obtained by a UV-
1800 Shimatzu spectrometer.

The 2PA spectra were obtained through the open-aperture Z-Scan
technique?’. A Ti:Sapphire laser amplifier (775 nm - CPA-2001 system from Clark-
MXR Inc.), delivering pulses with a duration of 150 fs at a 1 kHz repetition rate, is
used as the excitation source for an Optical Parametric Amplifier (OPA) that
delivers 120 fs pulses in the wavelength range of 470 — 1200 nm. Spatial filtering is
performed before the Z-scan setup in order to ensure a Gaussian beam profile. In
the Z-scan technique, the sample is translated through the focal plane of a
Gaussian beam (z-direction), while its transmittance is measured in the far field.
For a sample with nonlinear absorption, its absorbance depends on the beam
intensity according to @ = ag + BI, in which «, is its linear absorption coefficient, g

is the 2PA coefficient, and / is the intensity of the beam. The transmitted power for
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a Gaussian beam can be integrated over time, for each wavelength, giving the

normalized transmittance as
1

T(2) = g0

foiooln[l + qo(z,0)e _Tz]dr (1),

in which,

qo = ,310L(1 + (Zz)) _1, (2).

I is the intensity of the laser beam, L is the length of the sample, z is the sample
position and z, is the Rayleigh length. The 2PA coefficient, B, is then obtained by
fitting the experimental transmittance curve using equation Eq. 1. Once B is

determined, it is possible to calculate the two-photon absorption cross-section

(02pa) USiNg

hwf
024 =" > (3),

in which w is the excitation wavelength, and N is the number of molecules/cm3.
The 2PA cross-section is usually expressed in Goppert-Mayer (GM) units, in which
1 GM = 10°° cm#s/photon.

3. Theoretical approach

All quantum chemistry calculations were performed using density functional
theory (DFT)?8. The molecular structure of all complexes was optimized through
the Becke’s three parameter exchange, Lee, Yang and Parr correlation (B3LYP)
hybrid functional?®-3! and the standard Pople’s 6-31G(d,p) basis set32 employing
the Gaussian 09 package?33. Solvent effects (dichloromethane) were considered
through the optimization process using the polarizable continuum model (PCM) 34
35, All the optimized structures were verified to be a real minimum through
frequency analysis.

The 2PA transition probabilities calculations were carried out using time
dependent density functional theory (TD-DFT) in DALTON 1336, Solvent effects
were considered using the polarizable continuum model (PCM)34 35, Atom-centered
cavities were used with the same radius as given by the G09 package. The cavity
radii are 1.4430 A, 2.0415 A, 1.9255 A, 1.8300 A, 1.750 A, 1.6820 A, and 2.0950 A
for H, B, C, N, O, F, and Br atoms respectively with alpha = 1.100. The Hybrid
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B3LYP functional?®-3" was employed in combination with the Pople’s 6-311G(d) 32
basis set. The 20 lowest-energy states were calculated for each molecule.

The 2PA cross sections were obtained using the 2PA transition probabilities

as follows:
8oy (w) = Lmi“&zf(hwf)zg&’?/*(wOf)g(Zw,wOf,r), (4),
805" (wop) = %(zza‘bsaasbb C+ 4%, SabSes” ) (5),
9w wol) =1 ——— 2" (6),

T(wgr — 2w)* + (Tgr/2)*

Equation 4 represents the 2PA cross section. In Eq. 4, c is the speed of the
light in vacuum, a is the fine structure constant, E=# « is the photon energy (in the
degenerate case half of the transition energy), a is the Bohr radius, and 85 (woy)
is the orientation averaged two-photon transition probability for the degenerate
case defined by Eq. 5. A Lorentzian line-shape g(2w,wofI’) was used in order to
broaden the electronic transitions (Eq. 6.), where I is the full width at half
maximum (FWHM). The obtained TPA cross-sections are represented in Gopper-
Mayer units (GM), i.e., 10-%° cm*.s.mol-'.photon-!, when atomic units are used for
807" (wop), w, and Tyr and cgs units are used for ay and ¢ ¥7.

The actual excited states used for the analysis were obtained after
removing weak oscillator strength states, as well as states that were out of the
experimental range. Since the experimental measurements were done using a ~10
nm bandwidth laser beam, we convoluted states in this range into a single excited
state. With this approach, we used the oscillator strength and predicted wavelength
to build Lorentzian curves around each band, giving rise to the predicted spectrum,

in which the FWHM of every absorption line was setto 0.2 eV.

4. Results and Discussion
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All molecules were dissolved in DCM with concentrations of 104 M for the
linear absorption measurements. For compound |, which presents the basic
structure of all molecules studied in this work (phenyl units), the linear absorption
spectrum is shown as a dashed line in Fig. 2. As it can be seen, compound |
presents a peak around 270 nm and two narrow bands around 400 nm. The band
around 270 nm can be related to the intraligand m—r* transition, while the ones
around 400 nm come from the n—n* transition (Sy;—S;)'®. The peaks around 400
nm show vibrational progression, which is associated with transitions between non-
localized conjugated states (S;), with a spacing of ~170 meV, which is in
agreement with the C=C and C=N vibrational modes of the naphthyridine in the
complex'. TD-DFT calculations at the theoretical level B3LYP/6-31G(d,p) for 20
electronic transitions are in agreement with the experimental results as shown in
Fig. 2a for compound I. The low energy band corresponds to a HOMO - LUMO
(98%) transition centered at 399 nm with negligible charge transfer exhibiting a n—
n* ftransition (Fig. 4a), while the second transition is centered at 275 nm
corresponding to the molecular orbitals HOMO-1-» LUMO+1(77%), HOMO -
LUMO+2(10%), and HOMO-6 — LUMO(5%) presenting a predominant intraligand

nm—n* electronic transition.
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Fig. 2: Experimental UV-Visible spectra (solid black line) and theoretical UV-Visible (dashed blue line) for
compounds (a) I, (b) II, (c) lll, (d) IV, (e) V, (f) VI, (g) VIL.
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Fig. 3: Experimental 2PA spectra (circles) with sum-over-states (SOS) fitting (red line) and calculated states
(dot-dashed blue line), as well as the molar absorptivity (one-photon absorption) (dashed black line) for
compound I. The values close to each peak in the theoretical 2PA spectrum indicate the magnitude of the 2PA

cross-section.

For the nonlinear measurements, solutions were prepared using DCM with
concentrations from 102 to 103 M. Open-aperture Z-scan measurements were

carried out to obtain the two-photon absorption cross-section spectrum, which was
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fitted by using a sum-over-states (SOS) model and compared to the theoretically
calculated 2PA states.

In the SOS, the 2PA is described by a dipolar contribution, related to the
two-photon transition to the first excited state, followed by contributions from higher
electronic states, which are determined from both the linear and 2PA
measurements. The resonant enhancement contribution to the nonlinear effect is
also considered in this model, and it is related to the first excited state. For the
molecules studied in this paper, we used energy diagrams with four or five energy
levels, considering the ground state (0). For a general energy level diagram, the

SOS expression is given by38-42

4(2m)° |ﬁa1|2|E01|2 |ﬁ01|2|ﬁ1n|2
S(hc)z * 2[ wZ gol(zw) +Zn( gOn(Zw) (7)’

(2) — _or
Ing (@) won — )2 + ()

in which, c is the light speed, h is the Planck’s constant, and w is the excitation

3n;,

2
laser frequency. L is the Onsager field factor, L = Zn;; +1, with n.s = 1.41 (refractive

index for DCM#3), used to take into account effects of the medium in the complexes.
won, on and up,, are the angular frequency of the light, the damping constant and
the transition dipole moment of n—>m electronic transitions, respectively. Auy; is the
difference between the permanent dipole moments of the ground state and the first
excited state, and go,(w) is the lineshape of the two-photon absorption to a final
state m, given by a Lorentzian. wg, and Iy, are obtained from fitting the peaks
seen in the linear absorption spectrum, while y,,, and Auy; are fitting parameters. In
Eq. 7, the dipolar term is the one related to gy+(2w), while the non-dipolar ones are
within the summation. The parameter uyo,; was obtained experimentally from the
linear absorption spectrum, considering the angular frequency and the molar
absorptivity of the first excited state** 45.

For the studied compounds, three different energy diagrams were
considered depending on the compound Ay, value. If the first 2PA transition was
related to the first band of the linear absorption spectrum, the dipolar term was

considered in the SOS fitting and Auy; # 0. Otherwise, the dipolar term was not
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taken into account since Auyscan be neglected and an extra term was added to the
sum, adding an energy-level to the energy-level diagram.

The open circles in Fig. 3 correspond to the 2PA cross-section spectrum for
compound |, in which two peaks can be observed, as well as the resonant
enhancement region starting at about 500 nm. The first peak is at 530 nm, with a
2PA cross-section of 47 GM, while the second one is located at 580 nm with a 2PA
cross-section of 58 GM, which is of the same order as previously measured
BODIPY-like molecules with this short conjugation length. In order to describe the
2PA spectrum of this molecule, we employed a four-energy-level diagram for the
SOS model, not considering the dipolar term since the first 2PA band is not related
to the first linear absorption band. In Table 1, the first line shows the parameters
obtained from the fitting (red line in Fig. 3) for compound I.

The 2PA spectrum is directly related to the compound high energy band in
the linear absorption. Therefore, we can assume they come from the intraligand
-1 * transition band. The dot-dashed (blue) line in Fig. 3 corresponds to the 2PA
spectrum determined through TD-DFT quadratic response calculations; the values
close to each peak indicate the magnitude of the 2PA cross-section theoretically
calculated. As it can be seen, there is a good agreement between the shape and
spectral position of the 2PA bands. However, the theoretical cross-sections are
overestimated by the B3LYP functional, which may be attributed to the lack of long-
range interaction within the functional. CAMB3LYP, which includes long and short-
range interactions, is not able to represent correctly the shape and transition
energies of the studied compound, indicating that the discrepancy not only comes
from the inclusion of long-range interactions, but from the amount of correlation
and exchange in the functional. In Fig. 4a, the low energy electronic transition
(HOMO—-LUMO) is shown for compound I. The HOMO-LUMO transition exhibits a
small charge transfer character between the extremity rings towards the center,

which is almost negligible, explaining the low observed 2PA cross-sections for it.

10
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Table 1: Fitted parameters of the SOS model for all compounds.

T T T T
Compound s (D) A(:; (::1) (1;:4 p12 (D) (:::) (1:;4 p13 (D) (:::‘) (1;:4 :;; (:::]) (1;:4
Hz) Hz) Hz) Hz)
| 5.9 - 394 0.9 6.0 294 0.9 3.3 268 0.9 2.5 227 1.0
] 5.7 - 395 0.9 5.2 294 0.8 3.4 267 0.8 2.2 234 1.0
n 5.7 - 397 0.9 5.0 318 0.8 5.0 280 0.9 3.6 231 1.0
v 6.9 - 393 0.9 7.2 294 0.6 4.0 268 0.8 3.8 231 0.8
\" 7.9 4.8 426 0.8 7.3 337 0.8 3.1 270 0.9 2.3 240 0.8
\"/| 8.6 8.7 482 0.7 7.8 385 0.9 6.5 300 0.8
VIl 10.5 13.0 492 0.8 6.1 368 0.8 3.8 303 0.8
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Fig. 4: Orbital HOMO—LUMO transitions for compounds (a) I, (b) Il, (c) lll, (d) IV, (e) V, (f) VI and (g) VII
calculated for the highest 2PA transitions through TD-DFT.

The linear absorption spectra for compounds Il, Il and IV, shown
respectively in Fig. 5a-c, present features similar to the one of compound I (Fig. 3 —
dashed line); such molecules are composed of the same core as compound | with
a different group bonded into the para position of one of its phenyl rings. Those
groups are intrinsic acceptor groups, however F and Br atoms are able to donate

electron density by resonance, which explains the difference in intensity of the n—
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n* and m—n* transition bands observed in Fig. 5a-c. The overlapping of carbon
and fluorine p-orbitals is more effective than in bromine as consequence of fluorine
being located in the second row of the periodic table, effect that is in agreement
with the difference in spectral signatures between compounds Il and Il and
explains the spectral similarity of compound IlIl with compound IV. On the other
hand, compound V linear absorption spectrum does not present the vibrational
progression on its 400 nm band, as shown in Fig. 5d; such molecule presents an
electron donating group bonded into the para position in one of its phenyl rings.
The donating electron group reduces the gap between the C=C and C=N
vibrational modes and modifies the m—r* transition band in respect to compounds
Il, Il and IV. Fig. 2b-d shows the experimental and theoretical (20 states at
B3LYP/6-31-G(d,p)) UV-Visible spectrum of compounds IlI, lll, IV and V. The
calculated theoretical spectra are in agreement with the first two experimental low-
energy electronic transition bands. Compounds II, lll, IV and V low-energy
theoretical transitions correspond to a HOMO—-LUMO transition centered at 404
nm (98%), 406 nm (98%), 404 nm (97%) and 443 nm (99 %). The HOMO—-LUMO
transition orbitals in compounds IlI, lll, and IV exhibit negligible charge transfer
behavior where the electron density localized in the phenyl rings is reduced upon
excitation into the LUMO orbital of compounds Il and Ill (donors by resonance),
while in compound IV the density increases towards the para nitrobenzene ring,
which can be explained by the resonance electron withdrawing character of the
nitro group, but non-large charge separation is observed (see Fig. 4b-d).
Compound V exhibits a similar behavior in its low-energy electronic transition
(HOMO—-LUMO), however, Fig. 4e shows a slight difference in the electron density
distribution on the HOMO orbital. The density is localized toward the Anisole ring
while the non-functionalized phenyl ring presents a negligible electron density
distribution, exhibiting an opposed behavior in respect to compound IV, where the
density is partially localized on the nitrobenzene ring. The HOMO-LUMO
transition in compound V presents a small charge transfer behavior as
consequence of the methoxy donating group that induces electron delocalization

through resonance. The latter have a stronger resonance donor behavior in

12
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comparison with Fluorine and Bromine (compounds Il and lll), causing charge
separation during the HOMO—- LUMO electronic transition. Additionally, the small
charge transfer behavior explains why the theoretical low-energy transition
presents a small red shift compared with the experimental spectrum shown in Fig.
2e (~16 nm).

80

L
@
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2PA Cross-Section (GM)

140

2PA Cross-Section (GM)
Molar Abs. (10'M'cm™)

Molar Abs. (10'M'cm™)
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-4 40
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Fig. 5: Linear absorption spectra (dashed lines) for BF,-complex derivatives Il (a), lll (b), IV (c) and V (d). The
circles correspond to the 2PA spectra with its SOS fitting (red line). The blue dot-dashed line represents the
position and amplitude of the calculated 2PA. The values close to each peak in the theoretical 2PA spectrum
indicate the magnitude of the 2PA cross-section.

The open circles in Fig. 5 show the 2PA cross-section spectra for
compounds Il, lll, IV, and V. Since the linear absorptions are similar for molecules
I, 1, and IV, it was expected that their 2PA spectra also present similar shapes, as
seen in Fig. 5. Also, such 2PA results are similar to the ones observed for
compound I (Fig. 3). Compound Il (Fig. 5a) presents two 2PA peaks with about the
same magnitude, one at 530 nm and the other one at 580 nm, both with 46 GM. Its

theoretical 2PA spectrum (dashed blue line) overestimates the cross-sections, but

13
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its peak position is in agreement with the experimental data with a small deviation
in shape that may be attributed to the lack of exchange and correlation in the
functional. The bromine derivative (compound lll) exhibits a larger 2PA cross-
section, with a value of approximately 53 GM at 560 nm, and a smaller one of 32
GM at 630 nm. The opposite behavior is observed in compound IV (nitro group),
which presents a smaller 2PA cross-section peak (~83 GM) at 540 nm and a larger
one (~156 GM) at 590 nm. The 2PA theoretical spectra of compounds lll and IV
are in agreement with the experimental findings mentioned previously. The 2PA
cross-sections are overestimated by the functional in compound Illl, however the
functional is able to estimate appropriately the cross-section of IV. In both
compounds the theoretical approach is able to reproduce adequately the
experimental shape and peaks positions, in contrast with compound Il where the
shape is not completely accurate but works for comparison purposes. For
compound V, containing a donor group (CH30) bonded to the phenyl ring, a 2PA
peak at around 850 nm (~24 GM) is observed, which corresponds to the electronic
state at 400 nm observed in the linear absorption spectrum. This feature is
probably related to the dipolar characteristic of this molecule. The same behavior
was also observed for compounds VI and VII, as will be shown later. It has a larger
peak of 120 GM at 670 nm, and a smaller one at 540 nm with 88 GM. Compounds
IV and V have a 2PA cross-section of the same order as previously measured
BODIPY molecules?*. Compound V theoretical 2PA spectrum (Fig. 5d blue-dashed
line) presents a peak position and shape equivalent to its experimental counterpart,
reproducing the low and high-energy two-photon electronic transitions. However,
the cross-sections are overestimated by a factor 2 in respect to the largest intensity
peak, which indicates that the B3LYP functional is not able to reproduce accurately
the cross-sections, but it is capable to reproduce the spectral positions as well as
the relative intensities.

Since compounds Il, lll, and IV (Fig 5. a-c) display two 2PA peaks that are
not related to their first linear absorption band, as well as a resonant enhancement
peak, a four-energy-level diagram without the dipolar term was used in the SOS

approach to model the data. For compound V (Fig. 5d), a five-energy-level diagram,

14
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considering the dipolar term, was employed. All the parameters obtained from the
SOS fitting are also summarized in Table 1.

In this context, BF,-naphthyridine derivative | presents a similar maximum
2PA cross-section to compound Il, followed by compounds lll and IV. From Fig. 4,
the charge transfer that happens in the HOMO—-LUMO transition for compounds Il
(Fig. 4b) and Il (Fig. 4c) are similarly negligible, both happening from the rings
towards the center of the compound. Compound IV (Fig. 4d), however, presents a
small charge transfer into the withdrawing electron group (nitro) from the right to
the left side of the molecule, which explains the largest 2PA cross-section
observed in it. Compound V (Fig. 4e) presents a comparable maximum 2PA cross-
section due to its push-pull like transition as compound IV, which happens between
the two extremities of the molecule. Since the electron density is pulled more
efficiently by the nitro group in compound IV than given by the methoxy in
compound V, we observe a larger 2PA cross-section in compound IV. Also, the
pull-push like behavior of compounds VI and V is the responsible in the increase of
the cross-sections relative to compound 1.

The linear absorption spectra for compounds VI and VII are shown as
dashed lines in Fig. 6 a-b. Both present small peaks from 260 to 390 nm, and a
stronger peak around 480 nm. Such molecules also present a red shift in their
linear absorption spectrum in comparison to the other ones, possibly due to an
intra-molecular charge transfer band, related to its strong push-pull structure 6,
Figure 2f-g shows the experimental and theoretical (20 states B3LYP/6-31G(d,p))
UV-Vis spectrum of compounds VI and VII. The level of theory employed is able to
reproduce with an acceptable accuracy the spectral shape and position of the first
two low-energy electronic transitions. In both molecules the lowest energy
electronic transition corresponds to a pure HOMO—-LUMO transition (VI 98%, VII
99%). The theoretical UV-Vis of compound VI (Fig. 2f) exhibits a small red shift of
~25 nm that is comparable with the one observed in compound V, which contains
the same methoxy donor group. The larger red shift can be justified by the
additional dimethylamine donor group located in the second phenyl ring in the para

position which is able to donate electron density into the t—system, making
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B3LYP not completely suitable for an exact description of compound VI. This
compound does not present a typical push-pull structure with an electron donor
and an electron attractor at the extremes of the molecule, however, its first
electronic transition exhibits a large charge transfer as can be seen in Fig. 4f, were
the HOMO presents a localized density towards the N,n-Dimethylaniline ring, while
the LUMO exhibits a larger density distribution into the Anisole ring comparable
with the one observed in the LUMO of compound V (Fig. 4e). The push-pull
character of VI can be explained in terms of p-orbital overlap as well as
electronegativity. Nitrogen presents an atomic radius and a p-orbital size
comparable with carbon, allowing a better carbon-heteroatom overlapping in
comparison with oxygen, which makes Nitrogen a better donor by resonance.
Additionally, Oxygen presents a larger electronegativity than Nitrogen, making it a
better acceptor group. The overall effect on the molecule, at least in its lower
energy electronic transition, is making it a pseudo push-pull system where the
donating electron group is Dimethylamine at the N,n-Dimethylaniline ring, while the
attracting electron group is located at the Anisole ring (methoxy group). On the
other hand, compound VII presents a pure push-pull behavior, where the donating
electron group is located at the N,n-Dimethylaniline ring (dimethylamine group)
while the accepting electron group is located at the nitrobenzene ring (nitro group).
Fig. 4g shows that the lowest energy electronic transition presents a strong charge
transfer behavior, with the HOMO orbital presenting a large localized density
towards the N,n-Dimethylaniline ring (similar to compound VI) while the LUMO
presents a localized density along the nitrobenzene ring (similar to compound IV)
showing a well-defined charge separation during its excitation. The theoretical UV-
Vis spectrum of compound VII (Fig. 2g) is in agreement with the experimental one,
exhibiting a similar shape and spectral position, indicating that B3LYP is able to
model and reproduce the properties of compound VII without the inclusion of long-
range interactions as it was mentioned for the previous analyzed molecules.

The 2PA spectra for molecules VI and VII are shown in Fig. 6a-b (open
circles). They present similar shapes, with two main 2PA peaks; for compound VI
the peaks are located at 770 and 960 nm, with magnitudes of 148 and 80 GM,

16
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while in the nonlinear spectrum for compound VII the peaks are at 730 and 990 nm,
with magnitudes of 210 and 268 GM. Such a result corresponds to an increase of
approximately five fold, as compared to the average cross-section value reported
for molecules with similar conjugation length, and are of the same order of recently
studied BODIPY compounds?® with larger conjugation length and several electron-
donating or electron-withdrawing groups.

In Table 1, we show the fitted parameters for these two molecules with the
SOS model, presented in Fig. 6a-b as a continuous red line. For these molecules a

four-level energy diagram was used for the fitting, considering the dipolar term.
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Fig. 6: Two-photon absorption spectra (circles) with SOS fitting (red line) and calculated states (blue dot-
dashed line), as well as the linear absorption (dashed black line) for compounds a) VI and b) VII. The values

close to each peak in the theoretical 2PA spectrum indicate the magnitude of the 2PA cross-section.

For both molecules the lowest energy 2PA peak observed in the spectrum
matches the band at about 480 nm of the linear absorption spectrum. Such
absorption is attributed to a n—m transition and, therefore, has a more meaningful
contribution for compound VII, which contains NO, and NMe, groups. The high
energy peak is red-shifted for compound VII, which is related to its strong ICT,
once strong donor (NMe;) and acceptor (NO;) groups are bonded to the para-
position of phenylene aromatic rings (like push-pull systems) of this compound.
The theoretical 2PA spectrum of compounds VI and VIl is shown in Fig. 6a-b (blue
dashed line). The theoretical 2PA spectrum of compound VI is in agreement with
the experimental one, with equivalent peak positions and relative intensities,
however, the cross-sections are overestimated as in the previous studied

molecules. On the other hand, compound VII theoretical 2PA spectrum exhibits a
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red shift in respect to its low-energy electronic transition of ~97 nm, and the 2PA
cross-sections are underestimated by B3LYP, though the peaks relative intensities
are comparable with the experimental results. This result can be explained by the
large intermolecular charge transfer that the compound presents, due to the
presence of a strong acceptor (Nitro) and donor group (dimethylamine) which
makes theB3LYP functional not completely suitable for the description of the 2PA
spectrum of VII. Long-range interactions were included to calculate the 2PA
spectrum of VIl (CAM-B3LYP), but the shape and peaks positions were not as
accurate as those obtained with the B3LYP functional, indicating that the amount of
exchange and correlation in the functional may place an important part in the
description of the studied molecules.

From compound VI and VII HOMO-LUMO transition, presented on Fig. 4f
and 4q, it is possible to see a difference between the moving charges pattern for
both compounds. On compound VI there is an evident charge transfer from the
dimethyl amine into the first half of the molecule during the transition, while for
compound VII there is a large charge transfer from the NMe, group to the NO,
group, creating a push-pull structure since the two ligands are located in opposite
sides of the molecule. Since the charge transfer is much larger for compound VII, it
presents a larger 2PA cross-section value than compound VI.

We also compared the 2PA states found through quadratic response
calculations with the maxima observed in the 2PA spectra. This comparison is
summarized in Table 2. The wavelength of the calculated spectra for the
compounds was shifted from 50 to 60 nm towards the blue, which is within the
usual deviation of the theory. For compounds | to VI, the calculated wavelengths
and the measured ones had differences of 35 nm at most, while compound VII had
a larger disagreement with ~97 nm. This bigger difference in the wavelength value,
as well as of the calculated 2PA cross-section, happens due to the zwitterionic
character and the charge transfer characteristics of the studied compound.
Examining the obtained data, we can conclude that the inclusion of donating or
accepting groups into the molecule increases its 2PA cross-sections considerably,

and this increment depends on the capacity of such groups to withdraw or donate
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electron density towards the m system of the molecule. Compounds Il and Ill do not
exhibit a large difference in cross-sections in respect to compound | as
consequence that their acceptor efficiency is determined mostly by induction
effects. Compounds IV and V present a single strong acceptor and donor electron
group respectively that pull or push electron density through the m system by
resonance, which explains the increment in cross-sections in both compounds. The
difference in 2PA cross-sections between compounds IV and V can be related to a
better p orbital overlapping between carbon and nitrogen than between carbon and
oxygen, as well as a large charge delocalization toward the oxygen atoms in the
nitro group. On the other hand, compounds VI and VII present two molecular
groups bonded into the main BODIPY-like core. Compound VI presents two
electron donating groups by resonance and attractors by induction (methoxy and
dimethylamine groups), both competitive effects that makes the max 2PA cross-
section smaller than in the case of compound IV, but stronger than compound V
due to the additional donating group. The combination of both donating an
acceptor groups increases considerably the 2PA cross-sections due to a large
charge separation during their electronic transition as consequence of an excellent
charge delocalization through the m-system, and can be observed in compound VI,
which presents a strong resonance attracting group (nitro group) as well as a
strong resonance donating group (dimethylamine group), exhibiting a 2PA cross-
section of almost two times larger than compounds IV and VI. Our theoretical
results exhibit a different trend in respect to the experimental cross-sections,
however, the peak position and relative intensities are in agreement with the
experimental results as it was mentioned previously. Despite of BALYP functional
not being able to reproduce appropriately the 2PA cross-sections magnitude of
these molecules due to their zwitterionic and charge transfer nature, which makes
the 2PA transition probabilities being either over or underestimated, it is still a
powerful functional for the prediction of the peak positions as well as the correct

spectral shape.
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Table 2: Comparison between the maximum 2PA cross-section calculated through DFT with the

measured ones for compounds II, lll, IV, V, VI, VII.
Compound Azpa theo. (nm) o2pa theo. (GM) Aopa €xp. (nm) O2pa €Xp. (GM)
I 529 91 530 46
mn 560 73 550 53
v 612 197 590 156
Vv 670 227 670 120
Vi 796 319 770 148
vil 1065 168 990 268

To verify our measured data further, the dipole moments for each compound

were also calculated through DFT, and their values are compared to the ones

measured experimentally in Table 3.

Table 3: Dipole moments measured and calculated for all compounds.

Compound

Measured

Theoretical

Measured

Theoretical

Measured

Theoretical

Measu

red  Theoretical

Ho1 (D) Mo1 (D) H12(D) u12(D) 13 (D) 13 (D) 14 (D) 14 (D)

| 5.9 6.7 6.0 4.0 3.3 1.9 25 1.7
I} 5.7 5.2 3.4 2.2

11l 5.7 4.0 5.0 4.0 5.0 2.3 3.6 1.0
|\ 6.9 8.6 7.2 10.15 4.0 1.9 3.8 24
v 7.9 6.8 7.3 12.2 3.1 3.6 2.3 23
\'/] 8.6 17 7.8 12.6 6.5 2.0
Vil 10.5 30.9 6.1 5.9 3.8 1.3

Compounds | to V present good agreement between theoretically and

experimentally obtained dipole moments, all of them being of the same order of

magnitude and with differences smaller than 5 D. However, for compounds VI and

VII the differences are much larger, particularly for the first dipole moment (jo1).

This was caused by the previously mentioned issues with the large amount of

charge transfer present in these compounds, which led to an overestimation of

their two-photon absorption cross-sections as well as their dipole moments.

5. Conclusion

We studied the two-photon absorption cross-section spectra of a series of

seven new BF,-naphthyridine molecules, developed to have a larger 2PA cross-

section than previous ones. The compounds with largest 2PA cross-section were
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compound VII, with a 2PA cross-section of 268 GM at 990 nm, and compound IV,
with a 2PA cross-section of 156 GM at 590 nm, while the molecule with the
smallest 2PA cross-section was compound Il, with 46 GM at 580 nm. Considering
previous studies of BODIPYs compounds, most of them present intricate structures
to increase their conjugation length and internal charge transfer to obtain 2PA
cross-sections of up to 350 GM in the visible region. In the present paper the
studied molecules revealed cross-sections of the same order with a simpler
structure, demonstrating that these compounds have a good potential for nonlinear

applications in both visible and near infrared spectral regions.
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High two-photon absorption cross-sections of BODIPY-like compounds were obtained for
simple structures.



