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Herein is reported the synthesis and characterization of eight borinates (2a—h) prepared from the reaction
of the corresponding bidentate imine ligands (1a—h) and diphenylborinic acid. All compounds were
characterized by MS, IR and NMR spectroscopies whereas the molecular structures of derivatives 2¢ and 2e
were also studied by X-ray diffraction analysis that corroborated the presence of a tetra-coordinated
boron atom. In addition, the linear and nonlinear optical (NLO) characterization of these molecules
having D—t—C=N"*—7n—D and D—w—C=N"—n—A electronic systems was performed, i.e., the third-order

gf;{ :ﬁggj nonlinear optical responses were measured by using the two-photon excited fluorescence and the third-
Schiff bases harmonic generation (X3 determination) techniques. The borinates showed two-photon absorption (2PA)
NLO properties effect in solution under femtosecond excitation: 2g and 2h having D—wt—C=N"—n—A architecture showed
TPA or 2PA the largest 2PA cross-sections (g2pa) values at 760 nm: 124 and 174 GM (1 GM = 10729 cm* s), respectively,

while the values for 2e and 2f that possess D—t—C=N*—mn—D structure were 12 and 37 GM. The x> values,

with nanosecond excitation, were of the order of 102 esu at 1200 nm.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In the last two decades there has been an increasing interest in
the study of materials possessing 2PA properties. In particular, great
efforts have been devoted to develop organic chromophores with
large 2PA cross-sections (o2pa) for a wide range of applications,
which include up-converted lasing [1], data storage and micro-
fabrication [2,3], two photon photodynamic therapy [4], labels to
track the migration of non-fluorescent drugs inside the cells and for
the localized release of bio-active species [5]. The research groups
of Marder [6—8], Prasad [9], and Blanchard-Desce [10,11], are
leading pioneers in this field.

For the design of 2PA chromophores, three essential compo-
nents are required: a strong m-electron donor (D), a polarizable
m-bridge, and a strong m-electron acceptor (A). Appropriate
combinations and numbers of these components have resulted in
molecular systems of three general classes: (i) dipolar, A—mt—D
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(asymmetric); (ii) quadrupolar (symmetric), A—w—A, D—m—D, A—
w—D—n—A, D—t—A—=n—D; and (iii) octupolar; 3-branched, As—
(D-core) and D3—(A-core) [9]. For these systems the non-linear
optical response is a non-trivial function of the donor and
acceptor strengths, m-conjugated bridge length and type, nature
of the conjugated core, torsional disorder, symmetry and topol-
ogy [12]. Additionally, the opto-electronic properties can be
tuned by the introduction into the m-plane of elements such as
silicon [13], nitrogen [14], sulfur [15], phosphorus [16], and boron
[17].

In the case of boron compounds their accessible structural
design and facile synthesis [18] makes of them interesting mate-
rials for several photonic and opto-electronic devices [19], such as
organic light-emitting diodes (OLEDs) [20,21], organic photovoltaic
cells (OPVs) [22] and charge transport [23]. For these applications,
the three coordinated boron species have received considerable
attention since the vacant p-orbital is a strong 7-electron acceptor,
which promotes delocalization with adjacent organic conjugated
systems and also these boron derivatives can function as sigma
donor due to their electronegativity.

As for the four-coordinated systems, studies of the second-order
NLO character have shown that this property is enhanced with
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respect to the boron-free counterparts [24], as demonstrated in the
case of theoretical [25—27] and experimental [24] studies of stil-
bazoles and pyridines. similarly, zwitterionic borates show much
larger second-order NLO properties and higher transparency than
the uncharged push—pull species [28,29]. Our research group has
previously synthesized and optically characterized different boron
complexes [30—33], studying the second- and the third-order op-
tical nonlinearities in four-coordinated boron systems prepared
from tridentate ligands. In this kind of compounds the appropriate
combination of donor—acceptor groups and the formation of the
N — B coordinative bond optimize the nonlinear optical effects.
Among the advantages of tetra-coordinated compounds are an
intrinsic high electron affinity, a large capacity to perturb the
electronic structure by decreasing the LUMO level as well as the
possibility to obtain very stable compounds with high
transparency.

More recently, boron-containing two-photon absorbing fluo-
rophores based on a pyrazabole [34] core have shown gpa values of
325 GM around 800 nm; in particular, for the ferrocenyl substituted
pyrazaboles, the two-photon absorption cross-section values were
enhanced by increasing the conjugation giving values as high as
1016 GM [35]. Other boron-containing 2PA fluorophores are based
on a one-dimensional conjugated system containing a terminal p-
carborane unit and various donor groups at the other end. These
systems exhibited 2PA cross-sections of 470 GM at 810 nm for the
diphenylamino-substituted chromophore and 200—300 GM at
700 nm for the chromophores containing oxygen donor groups
[36].

Investigations on the 2PA effect involving Schiff bases are scarce,
in spite of their facile synthesis and design [37—42]. In general it has
been shown that the cross section is highly increased upon
complexation to metals. In particular, for boron derivatives of Schiff
bases the studied systems include cyclodiborazane and pyrazabole
moieties as central cores [43]. Following our research on boron
complexes containing the coordinative N — B bond in electronic
push—pull systems, and on the search for new fluorescent chro-
mophores that could exhibit 2PA properties, we report herein the
facile synthesis and characterization of eight strong fluorescent
diphenylboron complexes (2a—h) with a strong electron donor
group (—NEt,) at the salicylidene derived fragment and different
substituents at the aniline fragment. The aim of this study was to
investigate the effect of the incorporation of different substituents
as well as the influence of the boron atom on the fluorescent and
NLO properties. Results show that while the Schiff bases exhibit
poor fluorescence emission, after boron complexation, an intense
green emission is observed when excited at 370 nm. Moreover,
incorporation of electron withdrawing substituents at the aniline
fragment of boron derived Schiff bases resulted in the enhance-
ment of the third-order nonlinearities, i.e., 2PA effect and third-
harmonic generation.

2. Experimental
2.1. Starting materials and equipment

Starting materials were commercially available and used
without further purification. 4-Diethylaminobenzoate and 4-
dimethylaminobenzoate were synthesized from 4-aminobenzoic
acid using the method reported by Zheng [44] and compound 2b
was prepared as described in the literature [18]. Melting points
were determined on a Fisher-Johns melting point apparatus and are
uncorrected. Infrared spectra were obtained using a FT-IR (ATR)
spectrophotometer. The 'H, !B and >C NMR spectra were recorded
on Jeol ECA 500, Varian Unity 300 and 400 MHz. Chemical shifts
(ppm) are relative to (CH3)4Si for 'H and 3C and BF3.Et,0 for ''B,

coupling constants are given in Hertz. Elemental analyses were
obtained on an EA 1108 FISONS Instruments analyzer. MS spectra
were obtained on a Thermo-Electron DFS (Double Focus Sector)
with a double sector mass analyzer of inverse geometry. The high
resolution mass spectra (HRMS) were determined with an Agilent
spectro-photometer.

2.2. Crystal structure determination

Crystals of compounds 2¢ and 2e suitable for X-ray diffraction
analysis were obtained by slow evaporation of solutions of chlor-
oform:ethyl acetate at room temperature. Data collection was
performed at 293 K on a Kappa CCD diffractometer with Ayo-
ke = 0.71073 A radiation. The molecular structures of the com-
pounds were solved by direct methods using SIR2004 [45] and
were refined with SHELXL-97 [46], using full matrix least squares.
All non-hydrogen atoms were refined anisotropically, the H atoms
were refined using a riding model.

2.3. General procedure for the synthesis

The Schiff bases 1a—h were obtained by reaction of equimolar
amounts of 4-diethylamino-2-hydroxybenzaldehyde and the
appropriate aniline under reflux of ethanol for 12 h. Solvent excess
was eliminated with a Dean—Stark trap, the solid precipitated was
collected by filtration and the products were purified by recrys-
tallization technique from ethanol [47,48].

The series of borinates 2a—h were prepared by reaction of the
corresponding Schiff base and diphenylborinic acid obtained from
the ethanol amine ester complex under reflux of ethyl acetate for
2 h. The borinates 2a—h were obtained in good yields as yellow
solids, which are soluble in common organic solvents.

2.3.1. N,N-Diethyl-2,2,3-triphenyl-2H-benzo[e][1,3,2 Joxazaborinin-
7-amine (2a)

The title compound was prepared from 1a (0.50 g, 1.80 mmol)
and 0.46 g (2.00 mmol) of diphenylborinic acid to give 0.44 g of 2a
in 55% yield. M.P: 165—167 °C. IR vmax: 3069, 3040, 2974, 1612, 1585,
1507, 1352, 1267, 1237, 1205, 1188, 1137, 695 cm™ . 'H NMR (CDCls,
500 MHz) ¢: 1.17 (6H, t, J = 7.1 Hz, N(CH,CH3)>), 3.36 (4H, q,
J=71Hz, N(CH,CH3),), 6.15 (1H, s, H-2), 6.17 (1H, d, ] = 2.2, Hz, H-
4), 701718 (12H, m, H-5, H-9, H-11, H-10, H-m, H-p), 7.44 (4H, d,
J = 6.8 Hz, H-0), 8.08 (1H, s, H-7) ppm. 13C NMR (CDCl3, 75 MHz) §:
12.8 (CH3), 44.9 (CH;), 98.7 (C-2),105.2 (C-4), 109.5 (C-6), 124.5 (C-
11), 126.0 (C-10), 126.9 (Cm), 126.8 (Cp), 128.6 (C-9), 134.0 (Co),
134.3 (C-5), 146.5 (C-8), 148.6 (C-i-B), 156.1 (C-3), 158.6 (C-7), 164.2
(C-1). MS (70 eV) m/z (%): 355 (M — 77, 100%), 311(30), 253(20),
432(2). HRMS calcd. m/z Ca9H30BN2O[M™ + H]*': 433.2445 found:
433.2459. "B NMR (CDCl3, 87 MHz) 6: 5.0 ppm. Anal. Calcd. C 80.56,
H 6.76, N 6.48%. Found: C 80.50, N 6.93, H 6.49%.

2.3.2. N,N-Diethyl-2,2-diphenyl-3(4-fluoro)-2H-benzo[e][1,3,2]
oxazaborinin-7-amine (2b)

N,N-Diethyl-2,2-diphenyl-3(4-fluoro)-2H-benzole][1,3,2|oxaza-
borinin-7-amine (2b) was prepared as described in the literature
[18].

2.3.3. N,N-Diethyl-2,2-diphenyl-3(4-chlorophenyl)-2H-benzo[e]
[1,3,2]oxazaborinin-7-amine (2c)

The title compound was prepared from 1c (0.56 g, 1.86 mmol)
and 0.50 g, (2.20 mmol) of diphenylborinic acid to give 0.63 g of 2c
in 81% yield. M.P: 168—170 °C. IR vmax: 3068, 3043, 2926, 2971,
1614, 1602, 1577, 1501, 1486, 1437, 1343, 1205, 1135, 1010, 882, 742,
698 cm~'. '"H NMR (CDCl3, 300 MHz) d: 118 (6H, t, ] = 6.0 Hz,
N(CHzc_H3)2), 3.37 (4H, q, ] = 6.0 Hz, N(C_HzCH3)2), 6.14 (1H, d,
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J=3.0Hz,H-2),6.18 (1H, dd,J = 3.0, 9.0 Hz, H-4), 7.07—7.23 (11H, m,
H-5, H9, H-10, H-m, H-p), 7.44 (4H, dd, ] = 3.0, 9.0 Hz, H-0), 8.04 (1H,
s, H-7) ppm. 13C NMR (CDCls, 75 MHz) 6: 12.7 (CH3 NEt,), 44.9 (CH,
NEt), 98.6 (C-2), 105.3 (C-4), 109.3 (C-6), 125.5 (C-9), 126.0 (C-10),
126.9 (C-m), 128.5 (C-p), 132.3 (C-11), 133.7 (C-0), 134.2 (C-5), 144.9
(C-8),148.4 (C-i), 156.3 (C-3),158.2 (C-7),164.2 (C-1), MS (70 eV) m/
z(%): [M* + H]*: 467 (3), 389 (M — 77,100), 345 (35), HRMS calcd.
m/z Ca9H29BN,OCI [M* + H]*: 467.2055, found: 467.2067. "B NMR
(CDCls, 96 MHz) 6: 5.5 ppm. Anal. Calcd. C 74.62, H 6.05, N, 6.00%.
Found. C 74.15, H 5.59, N, 6.30%.

2.3.4. N,N-Diethyl-2,2-diphenyl-3(4-iodophenyl)-2H-benzo[e]
[1,3,2]oxazaborinin-7-amine (2d)

The title compound was prepared from 1d (0.73 g, 1.86 mmol)
and 0.50 g (2.20 mmol) of diphenylborinic acid to give 0.31 g of 2d
in 44% yield. M.P: 192—193 °C. IR vpax3042, 3007, 2927, 2967, 1596,
1569, 1500, 1481, 1434, 1415, 1375, 1235, 1202, 1188, 1136, 975, 918,
794, 743, 701 cm~ L 'H NMR (CDClz, 400 MHz) é: 1.16 (6H, t,
J= 8.0 Hz, N(CHzc_Hg)z), 335 (4H, q]= 8.0 Hz, N(C_HzCH3)2), 6.12
(1H,d,J=3.0Hz, H-2),6.15(1H, dd,] = 9.0, 3.0 Hz, H-4), 6.76 (2H, d,
J=5.0Hz, H-9), 7.05 (1H, d, ] = 9.0 Hz, H-5), 7.10—7.19 (6H, m, H-m
H-p), 7.41-7.42 (6H, m, H-10, H-0), 8.01 (1H, s, H-7), ppm. >C NMR
(CDCl3, 75 MHz) é: 12.7 (CH3), 44.9 (CHy), 91.5 (C-11), 98.5 (C-2),
105.4 (C-4), 109.4 (C-6), 126.0 (C-9), 126.1 (C-p), 126.8 (C-m), 133.7
(C-0), 134.2 (C-5), 1374 (C-10), 146.0 (C-8), 148.0 (C-i), 156.3 (C-3),
158.0 (C-7), 164.0 (C-1), MS (70 eV) m/z (%): 558 (3) M*, 482
(Mt — 76, 24), 481 (100), 480 (24), 437 (15), 354 (17), 310 (15).
HRMS calcd. m/z CygH9BNOI[M™ + HJ': 559.1411, found:
559.1405. "B NMR (CDCl3, 87 MHz) 6: 5.5 ppm Anal. Calcd. C 62.39,
N 5.02, H 5.06%. Found: C 62.16, N 5.22, H5.28%.

2.3.5. N,N-Diethyl-2,2-diphenyl-3(4-methoxyphenyl)-2H-benzo[e]
[1,3,2]oxazaborinin-7-amine (2e)

The title compound was prepared from 1e (0.55 g, 1.86 mmol)
and 0.50 g (2.20 mmol) of diphenylborinic acid to give 0.26 g, 33%
yield of 2e. M.P: 214—215 °C. IR vmax: 3039, 2931, 2976, 1618, 1592,
1506, 1440, 1350, 1249, 1187, 1141, 1074, 1031, 835, 707 cm™ . 'H
NMR (CDCl3, 500 MHz) é: 1.16 (6H, t, J = 7.0 Hz, N(CH,CHs),), 3.38
(4H, q, ] = 7.0 Hz, N(CH,CHs),), 3.68 (3H, s, OCH3), 6.17 (1H, dd,
J = 9.0, 2.0 Hz, H-4), 6.19 (1H, d, ] = 2.0 Hz, H-2), 6.66 (2H, d,
J=19.0Hz, H-10), 6.97 (2H, d,J = 9.0 Hz, H-9), 7.07 (1H, d, ] = 9.0 Hz,
H-5),7.17 (2H, td, ] = 7.0, 2.0 Hz, H-p), 7.23 (4H, td, ] = 7.0, 2.0 Hz, H-
m), 7.51 (4H, dd, ] = 7.0, 2.0 Hz, H-0), 8.03 (1H, s, H-7) ppm. >*C NMR
(CDCls, 75 MHz) é: 12.9 (CHs), 45.0 (CH,), 55.4 (OCH3), 98.7 (C-2),
105.0 (C-4), 109.3 (C-6), 113.7 (C-10), 125.5 (C-9), 126.0 (C-p), 126.9
(C-m), 133.0 (C-0), 134.1 (C-5), 139.8 (C-8), 148.9 (C-3), 155.9 (C-11),
158.2 (C-7), 163.9 (C-1). MS (70 eV) m/z (%): 462 (4) M, 386 (30),
385 (M — 77,100), 434 (30), 341 (42), 297 (25), 283 (18), 185 (42),
171 (22), 77 (18). HRMS calcd. m/z C3oH32BN20, [MT + HJ*:
463.2551, found: 463.2563. "B NMR (CDCl3 87 MHz) é: 4.8 ppm.
Anal. Calcd. C77.93, H 6.76, N 6.06%. Found. C 78.19, H 6.90, N 6.15%.

2.3.6. N,N-Diethyl-2,2-diphenyl-3(4-diethylaminophenyl)-2H-
benzo[e][1,3,2Joxazaborinin-7-amine (2f)

The title compound was prepared from 1f (0.63 g, 1.86 mmol)
and 0.50 g (2.20 mmol) of diphenylborinic acid to give 0.31 g, 42%
yield of 2f. M.P: 183—184 °C. IR vmax: 3067, 3045, 3002, 2867, 2973,
1608 (C=N), 1584, 1504, 1431, 1408, 1376, 1349, 1268, 1250, 1189,
1136, 1074, 1013, 971, 919, 898, 884, 744, 702 cm™ . 'H NMR (CDCls,
300 MHz) 6: 1.08 (6H, t, J] = 7.0 Hz, N(CH,CHs)), 1.16 (6H, t,
J = 7.0 Hz, N(CH,CH3)>), 3.25 (4H, q, ] = 7.0 Hz, N(CH,CH3),), 3.35
(4H, q, ] = 7.0 Hz, N(CH,CHs),), 6.13 (1H, dd, J = 8.0, 2.0 Hz, H-4),
6.16 ( 1H, d, J = 2.0 Hz, H-2), 6.38 (2H, d, ] = 9.0 Hz, H-10), 6.86 (2H,
d,J = 9.0 Hz, H-9), 7.04 (1H, d, ] = 8.0 Hz, H-5), 7.09—7.21 (6H, m, H-
m, H-p), 7.47 (4H, dd, ] = 8.0, 2.0 Hz, H-0), 8.02 (1H, s, H-7) ppm. °C

NMR (CDClz, 75 MHz) 6: 12.5 (CH3), 12.7 (CH3), 44.3 (CHy), 44.8
(CH,), 98.7 (C-2), 104.5 (C-4), 109.3 (C-6), 110.9 (C-10), 125.1 (C-9),
125.7 (C-p), 126.8 (C-m), 133.5 (C-5), 133.8 (C-0), 135.1 (C-11), 146.5
(C-8),155.3 (C-3),156.9 (C-7),163.4 (C-1) ppm. MS (70 eV) m/z (%):
503(M™, 2), 426 (M* — 77, 100), 382 (17), 338 (8), 206 (11). HRMS
calcd. m/z Ca9H29BN2OCI [M™ + H]™: 504.3180, found: 504.3185.1'B
NMR (CDCl3, 87 MHz) 6: 4.8 ppm. Anal. Calcd. C 78.72, H 7.61, N
8.35%. Found: C 78.87, H 7.54, N 8.52%.

2.3.7. N,N-Diethyl-2,2-diphenyl-3(4-methoxycarbonylphenyl)-2H-
benzo[e][1,3,2]oxazaborinin-7-amine (2g)

The title compound was prepared from 1g (0.60 g, 1.86 mmol)
and 0.50 g (2.20 mmol) of diphenylborinic acid to give 0.28 g of 2g
in 58% yield. M.P: 221—222 °C. IR vmax: 3067, 3043, 3002, 2950,
2975, 1720 (C=0), 1619 (C=N), 1580, 1501, 1438, 1347, 1274, 1207,
1189, 1141, 1111, 1077, 972, 927, 742, 703 cm~". '"H NMR (CDCls,
400 MHz) 6: 118 (6H, t, J = 8.0 Hz, N(CH,CH3);), 3.37 (4H, q,
J=8.0 Hz, N(CH2CHs),), 3.84 (3H, s, OCH3),6.13 (1H, d, ] = 4.0 Hz, H-
2),6.18 (1H, dd, ] = 8.0, 2.0 Hz, H-4),7.08—7.19 (9H, m, H-m, H-p, H-
9, H-5),7.42 (4H, dd, J = 8.0, 2.0 Hz, H-0),7.79 (2H, d, ] = 9.0 Hz, H-
10), 8.10 (1H, s, NH) ppm. 3C NMR (CDCls, 75 MHz) é: 12.7 (CH3),
45.0 (CH>), 52.1 (OCH3), 98.6 (C-2), 105.6 (C-4), 109.7 (C-6), 124.1 (C-
9), 126.0 (C-p), 126.9 (C-m), 127.9 (C-11), 130.0 (C-10), 133.8 (C-0),
134.4 (C-5), 150.0 (C-8), 156.5 (C-3), 158.2 (C-7), 164.5 (C-1), 166.3
(CO) ppm. MS (70 eV) m/z (%): 490 (5) M*, 489 (Mt — 1, 10), 414
(26), 413 (M — 77, 100), 412 (20), 369 (25), 326 (20), 311 (45), 182
(20), 78 (42), 77 (15). HRMS calcd. m/z C31H32BN205 [M* + H|*:
491.2500. Found: 491.2505. ''B NMR (CDCl3, 87 MHz) ¢: 5.6 ppm.
Anal. Calcd. C 75.92, H 6.37, N 5.71%. Found: C 76.56, H 6.42, N
5.79%.

2.3.8. N,N-Diethyl-2,2-diphenyl-3(4-ethoxycarbonylphenyl)-2H-
benzo[e][1,3,2] oxazaborinin-7-amine (2h)

The title compound was prepared from 1h (0.63 g, 1.86 mmol)
and 0.50 g (2.20 mmol) of diphenylborinic acid to give 0.43 g, 58%
yield of 2h. M.P: 214—215 °C. IR ymax: 3066, 3037, 3004, 2970, 1708
(C=0), 1616, (C=N), 1576, 1498, 1437, 1409, 1376, 1346, 1271, 1206,
1187,1136, 1103, 1077, 971, 924, 884, 742, 702 cm~ L. 'H NMR (CDCl3,
500 MHz) 6: 1.18(6H, t, ] = 7.1 Hz, N(CH,CH3),), 1.33 (3H, t,) = 7.1 Hz,
OCH,CH3), 3.36 (4H, q, ] = 7.1 Hz, N(CH2CH3)), 4.29 (2H, q,
J =7.1Hz, OCHy), 6.13 (1H, d, ] = 2.3 Hz, H-2), 6.18 (1H, dd, ] = 2.4,
9.0 Hz, H-4), 71-7.17 (9H, m, H-9, H-5, H-m, H-p), 7.44 (4H, dd,
J = 2.0, 8.0 Hz, H-0), 7.80 (2H, d, ] = 8.0 Hz H-10), 8.1 (1H, s, H-7)
ppm. 3C NMR (CDCl375 MHz) 6: 12.7 (N—CH,CH3), 14.3 (OCH,CH3),
45,0 (CH3N), 61.0 (OCH3), 98.5 (C-2), 105.6 (C-4), 109.7 (C-6), 124.0
(C-p), 126.0 (C-9), 126.9 (C-m), 128.3 (C-11), 129.9 (C-10), 133.8 (C-
0),134.5 (C-5),148.2 (C-i), 150.0 (C-8),156.5 (C-3),158.2 (C-7),164.5
(C-1),165.8 (CO). MS (70 eV) m/z (%): 504 (2), 427 (M — 77,100), 399
(15), 355 (17), 325 (14), 206 (7), 78 (12). HRMS calcd. m/z
C32H34BN,03 [M* + H]*: 505.2657 Found: 505.2661. ''B NMR
(CDCl3, 87 MHz) ¢: 5.2 ppm. Anal. Calcd. C 76.19, H 6.59, N 5.55%.
Found: C 76.24, H 6.18, N 5.79%.

2.4. NLO measurements

2.4.1. Third-harmonic generation (THG) experiments

Third-order NLO properties of borinates 2a—h were first eval-
uated through the generation of visible optical frequencies in thin
solid films when pumped with infrared optical frequencies. Thin
films of each borinate were prepared in a guest:host approach us-
ing polystyrene as a host matrix doped with 30% of the guest. The
films were deposited over glass substrates from chloroform solu-
tions using the spin-coating method obtaining thicknesses in the
range 250—265 nm. For optical setup information see previous
work [31].
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Briefly, the method consists in focusing infrared laser irra-
diation (1200 nm, pulses of 8 ns at a repetition rate of 10 Hz)
into each tested film. The third-harmonic beam that emerges
from films was selected by using a color filter and detected
with a PMT and a lock-in amplifier. The THG measurements
were performed for incident angles in the range from 40
to —40° with steps of 0.27° so that the nonlinear susceptibility
Y}(-3w, v, v, w) was calculated using the THG Maker-Fringes
formalism [49—53].

2.4.2. Determination of quantum yields

Fluorescence quantum yield (&®) for borinates 2a—h were
measured through the integration sphere method using Rhoda-
mine 6G (Prep = 0.95) in methanol as a reference [54] and using a
diode-laser (370 nm) as excitation source. The concentration of
samples in THF solutions was 10~4 M. The Fluorescence quantum
yield was estimated according to Eq. (1).

Atref) 1
A iref)

P = @(ref) (1)

where A and A(rep are the absorption of sample and reference at the
excitation wavelength, respectively, while I and I are the corre-
sponding emission intensities.

2.4.3. Determination of 2PA cross-sections (o2pa)

Two-photon excitation spectra for borinates 2a—h in THF solu-
tion (1 x 1074 M) were measured using the Two-Photon Excited
Fluorescence technique (TPEF) [55,56] with a Ti:Sapphire laser
(Spectra-Physics) as excitation source. The laser provided pulses of
100 fs with a repetition frequency of 80 MHz and was tunable in the
wavelength range 740—830 nm. The laser radiation was focused
inside a quartz cell (1 cm) by a focal lens (5 cm); to avoid absorption
effects, the beam was focused close to the lateral cell wall. Then the
fluorescent emission of the borinate solution was focused and
recorded on a USB 4000, Ocean Optics spectrophotometer. The
measurements were performed in an intensity regime where the
fluorescence signal showed a quadratic dependence on the in-
tensity of the excitation beam. A methanol solution of Rhodamine
6G (1 x 10~* M), whose cross-sections values have been completely
characterized in the literature [57,58], was employed as 2PA
reference.

The 2PA cross-section of borinates was calculated at each
wavelength according to Eq. (2), where C and n are the concen-
tration and refraction index of the borinates and Rhodamine 6G
solutions, while F is the integral of the TPEF spectrum.

_ Pref) Cref) Nire)  F
02PA = O2PA(ref) ) C " n Fu

(2)

In this equation the subindex ref stands for the solution
Rhodamine 6G used as reference.

3. Results and discussion

The borinates 2a—h were prepared from bidentate type Schiff
bases. These borinates contain an electronic r-bridge that connects
a strong donor group (—NEt;) in one terminal of the molecular
structure with a variety of substituents R; located at the other end
(see Scheme 1). The Ry substituents were selected to have different
donating or accepting capabilities in order to form D—w—C=N"—
m—D and D—t—C=N"—n—A systems.

:j\ R
B-OH s nd - :
10 6 -
R, 4 N
B
~NT3 2 O/f \©

2a Ry=H
2b R =F

2¢ R;=Cl

2d Ry =1

2e¢ R;=0CH;

2f R,=NEp,

2g R, =COOCH;

2 R, = COOCH,CH;

Scheme 1.

3.1. Spectroscopic characterization of the boron complexes 2a—h

The formation of borinates 2a—h was evidenced by the shift of
the C=N band (1596—1619 cm™') in the IR spectrum. In the 'H
NMR solution spectra, H-7 resonates from 8.01 to 8.44 ppm, this
signal is shifted to low frequency with respect to the corresponding
Schiff base. The imine carbon appears from 156.9 to 159.9 ppm in
the 1>C NMR spectra, in agreement with previous reports [32,33].
The presence of four-coordinated boron atoms in 2a—h was
confirmed by the "B NMR signal from 4.8 to 5.6 ppm.

3.2. Crystal structure of borinates

Suitable crystals for compounds 2c and 2e were obtained from
saturated solutions by slow evaporation of the solvent at room
temperature. The most relevant crystallographic parameters are
given in Table 1. Compound 2c crystallized into the monoclinic
system with space group P21/c containing two borinate molecules
and a molecule of ethyl acetate (solvent) per asymmetric unit and
four molecules per unit cell Fig. 1. While compound 2e crystallized
in the triclinic system with space group P—1 containing two bori-
nate molecules per unit cell Fig. 2.

The X-ray diffraction data from compounds 2¢ and 2e corrob-
orate the presence of a tetra-coordinated boron atom, the angles
around this atom (from 105.3(3) to 109.3(3)° for 2c and from

Table 1
Selected crystal and refinement data for compounds 2¢ and 2e.
2c 2e

Formula 2(C29HngC1N20)-C4H302 C30H31BN202
MW/g mol ! 1021.69 462.38
Crystal system Monoclinic Triclinic
Space group P24/c P-1
alA 11.5250 (1) 10.5920 (2)
b/A 41.8790 (5) 112214 (2)
c/A 12.1040 (2) 12.7019 (3)
a(°) 90.0 70.0883 (8)
6() 105.340 (1) 87.8000 (8)
v (°) 90.0 63.2112 (9)
VIA? 5633.93 (12) 1255.14 (5)
V4 4 2
pclg cm 3 1.20 1.22
Collected Refl. 22,957 17,993
Ind. Ref. (Rint) 11,357(0.046) 5663(0.034)
Observed Ref 4665 4168
R[F? > 20(F?)] 0.062 0.051
Ry, (all data) 0.235 0.174
Apmaxfe A3 0.46 0.273
Apminfe A3 —0.48 —0.325
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Fig. 1. Molecular structure of compound 2c¢ with displacement ellipsoids drawn at the
35% probability level.

Fig. 2. Molecular structure of compounds 2e with displacement ellipsoids drawn at
the 35% probability level.

103.60(12) to 114.37(12)° in 2e) are closed to tetrahedral angle
values. The N — B bond lengths for compounds 2c and 2e are: 1.630
(5) Aand 1.631 (2) A, respectively, these data are in agreement with
values previously reported for analogous compounds where these
bond distances are between 1.602(3) A and 1.646(3) A [32—34]. A
summary of bond length distances and angles around de boron
atom are shown in Table 2 and Table 3. A non-planar conformation
on the main w-backbone of the borinates is observed from the
torsion angles values for the fragment C(7)—N(1)—C(8)—C(9),

Table 2
Selected bond lengths [A].
2c 2e

C21-B1 1.605 (5) 1.622 (2)
C15-B1 1.608 (6) 1.622 (2)
B1-01 1.516 (4) 1.5061 (19)
B1-N1 1.630 (5) 1.631 (2)
C7-N1 1.310 (4) 1.3115 (18)
C21A-B1A 1.615 (5)
C15A-B1A 1.616 (5)
B1A—-01A 1.517 (4)
B1A—-N1A 1.613 (5)

Table 3
Selected angles [°] around the boron atom.
2c 2e

01-B1-Cpp 109.1 (3) 110.45 (13)
01-B1-Cyp, 107.3 (3) 103.60 (12)
C15-B1-C21 117.2 (3) 114.37 (12)
0O1-B1—-N1 105.3 (3) 106.88 (11)
Con—B1-N1 109.3 (3) 107.93 (12)
Con—B1-N1 107.9 (3) 113.32 (12)
C9—C8—N1-C7 —48.0 (4) 39.93 (19)
O1A—-B1A—C15A 107.4 (3)
01A—-B1A—-C21A 110.6 (3)
C15A-B1A—C21A 115.1 (3)
01A—B1A-N1A 1044 (3)
C15A—-B1A—N1A 109.5 (3)
C21A-B1A-N1A 109.2 (3)
C9A—C8A—N1A—C7A —60.1 (5)

Table 4

Photophysical properties of borinates 2a—h.
Molecule Ay (nM) & x 10*(Lem™ ' mol™!)  Jem (Nnm) &7 aarn oMY
2a 402 42 502 0.11 53
2b 402 39 494 0.11 49
2c 409 48 500 0.16 85
2d 417 38 503 0.17 100
2e 403 37 513 003 37
2f 425 38 547 0.04 12
2g 418 55 503 0.10 124
2h 425 46 504 026 174

2 Using Rhodamine 6G as reference, @ = 0.95 in methanol, Aex = 370 nm.
b Using excitation at 760 nm.

resulting in —48.0(4)° for 2c¢ and 39.93(19)° for 2e, which are
similar to those previously reported [18,31].

A detailed examination of the supramolecular structure for
compounds 2c¢ and 2e shows that the crystalline arrangement is
governed by CH—m interactions due to the absence of co-planarity
between the phenyl rings, where the CH groups act as donors. For
compound 2c, this interaction is described by the C2—H2---centroid
1 (C15—C20) with a distance of 3.675 A and the angle is 151° with
symmetry code [2575] = —x, 2 — y, —z. The crystal structure has an
intramolecular hydrogen bond formed by the interactions of
C(20)—H(20)---0(1) [do1...c20 = 2.878(3) A]. See Supplementary
material.

The supramolecular structure of compound 2e shows several
CH—m interactions (see Supplementary material), one of these in-
volves the C12—H12---centroid 7 (C15A—C20A) with a distance of
3.720(4) A, an angle of 140° and symmetry code [1555] = X, y, z.
Another intramolecular interaction is that of C17A—
H17A---centroid 3 (C15—C20) with a distance of 3.805(5) A, an angle
of 152° and with symmetry code [1555] = x, ¥, z. Additionally, the
crystal structure of compound 2c¢ shows an intermolecular
hydrogen bond between the C7—H7---O3 interaction)
[dos...c7 = 3.423(6) A] with symmetry code [3556] = —x, —y, 1 — z.
Other important intramolecular hydrogen bonds are formed by the
interaction of C(16)—H(16)---N1 [do1...c20 = 2.878(3) A], C(16A)—
H(16A)---O(1A) [do1a--ci6a = 2.865(4) A], and C(16A)—H(16A)---
O(1A) [do1a---c16a = 2.865(4) A.

3.3. Optical characterization

3.3.1. Lineal absorption and light emission

The photophysical properties of borinates 2a—h are summa-
rized in Table 4. The linear absorption and emission spectra for the
boron complexes in THF solution are shown in Fig. 3. These boron
complexes have an intense absorption band from 402 to 425 nm,
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which is assigned to typical n — w* electronic transition. In
particular, compounds 2g and 2h possessing both the strong donor
(—NEty) but different acceptor groups (—COOEt and —COOMe),
showed a red shift A% of 16 and 23 nm, respectively, compared with
the absorption band of the borinate 2a (having a —H end group).
Similarly, a shift of 23 nm was observed in the case of compound 2f
containing the —NEt, donor group in a quadrupolar architecture
D—n—C=N"—7—D. In the case of borinate 2e, possessing a quad-
rupolar architecture with an —OMe group, the absorption band is
similar to 2a. It is also observed an increment of molar absorption
(&) in compounds with architecture D-C=N"—A and surprisingly a
reduction in compounds with D—C=N*—D design.

It is important to note that, after boron complexation, com-
pounds 2a—h give intense green emission (band around 500 nm)
when excited at 370 nm. Compound 2f, possessing a D—t—C=N"—
7—D architecture (with —NEt; as donor groups) showed the largest
Stoke shift (81,967 cm™!) of this series of borinates, while com-
pound 2e containing the combination of —NEt, and —OMe groups
connected to the main w—backbone, has also a considerable Stoke
shift (90,909 cm™!). However, compounds 2h and 2g with D—7—
C=N"—7n—A architectures with —COOEt and —COOMe acceptor
groups showed larger Stoke shifts of 117,647 cm™! and
126,582 cm™ !, respectively. Quantum yields @ for all borinates were
measured in THF solutions, giving values from 0.03 to 0.26 (see
Table 4), which are in agreement with those values obtained from
similar boron compounds (0.01-0.6) reported by other authors
[18]. But lower that those reported in the range 0.31—0.65 for boron
compounds derivates from benzoxazole [59]. A possible explana-
tion of the low @ values is the non-planar conformation observed in
the m-backbone of 2¢ and 2e (see X-ray diffraction analysis section)
in comparison to the -system of benzoxazole derivatives that have
flat conformation. In general, the experimental ¢ values obtained
from 2a—h showed a dramatic decrement for compounds with D—
C=N"-D architecture, in which there is an increase of electronic
density in the m-skeleton.

3.3.2. Non-linear optical characterization

The third-order nonlinear susceptibility (x°) for the series 1a—h
and 2a—h was first evaluated at the telecommunication wavelength
of 1200 nm by THG Maker-fringes technique. THG signal (400 nm)
was measured for the polymeric film doped with ligands 1a—h or
borinates 2a—h. The level of THG signal from ligands 1a—h and
borinates 2b and 2d—g was very weak and below the sensibility of
our experimental setup. However, polymeric films doped with
borinates 2a, 2c and 2h generated significant THG signals. The plots
of THG as a function of the angle of incidence for the fundamental
beam were used to apply THG-Marker formalism. The so obtained
values of x> were 1.82, 1.48 and 2.28 x 10~!2 esu for 2a, 2¢ and 2h,
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Fig. 4. 2PA cross section spectra of borinates 2a—h in THF solution.

respectively. These values are slightly larger than those recorded for
borinates (1.1—-1.5 x 107'2 esu) containing D—m—A architecture,
with strong acceptor —NO, groups reported previously [31].

Note that these values of x> were obtained at 1200 nm, which is
exactly 3 times the wavelength where the maximum linear ab-
sorption of the boron compounds is located. Despite the possible
presence of resonant effects, the THG technique was employed
since it is a quick screening method to evaluate the nonlinearities,
and in our case permitted to determine easily that 2h (with the
architecture D—m—C=N"—n—A) exhibited the most efficient
nonlinear response in the molecular series studied herein. This was
also proved through a different nonlinear optical effect, i.e., 2PA
performed in another region of wavelengths (see discussion
below).

3.3.3. Two-photon absorption properties of borinates 2a—h

To obtain information of the efficiency of the 2PA process in this
series of compounds, the cross section (o2pa) of borinates 2a—h
were calculated from data of TPEF experiments. This technique is
based on a comparison of the two-photon excited fluorescence
spectra from the sample (borinate) with a standard (Rhodamine
6G). Fig. 4 displays the values measured for a1pa at the wavelength
range 740—830 nm. From this figure we observe that at such
wavelength range the molecules exhibit only small variations in
their o,pa values. For shorter wavelengths (corresponding to en-
ergies higher than the one-photon transitions that define the peaks
shown in Fig. 3a), it is expected that some 2PA resonances might
occur. In our case, however, the two-photon absorption spectra
were not extended to shorter wavelengths due to the limited
tunability of our laser system. Nevertheless, the g1pa values shown

oo =]
.E 0.8 —— 20 |
2
=
5 0.6
]
Q
= 0.4
<
E
S 0.24
Z
0.0ﬁ

400 500
Wavelength (nm)

Fig. 3. Linear absorption a) and emission b) spectra for borinates 2a—h in THE.



C.C. Jiménez et al. / Journal of Organometallic Chemistry 755 (2014) 33—40 39

in Fig. 4 allowed comparison of the effect of the molecular structure
on the nonlinear optical properties.

The studied borinates can be grouped in two categories, those
comprising a D—w—C=N"—n—D architecture with strong electron
donor groups at the end of the molecule, i.e., 2e (—OCH3) and 2f (—
NEt,), and compounds containing a D—t—C=N"—n—A architecture,
2b (—F), 2¢ (—Cl), 2d (-I), 2g (—COOCH3) and 2h (—COOCH,CHj3).
Surprisingly, the architecture D—m—C=N"—n—D produced the
lowest values of o,pa and the smallest fluorescence quantum yields.
Larger values of gopa were obtained for the D—t—C=N"—7—A ar-
chitecture, and for the particular case of 2b, 2¢, and 2d the cross
section values are inversely related to the electronegativity. For the
same architecture, the highest cross section was found for the ester
groups 2g and 2h where the acceptor provides stabilization. Notice
that there is an agreement between the 2PA and THG experiments, in
both cases the most significant optical nonlinearities were observed
for 2h. This molecular system also exhibited the largest fluorescence
quantum yield among all set of studied molecules.

The values of @ and g,pa observed around 800 nm for 2h are very
similar to those observed in pyrazabole based fluorescent bioprobes
[34], although somewhat smaller (about half the value) compared
with boron-containing two-photon-absorbing fluorophores based
on the p-carborane entity [36], however, it must be recognized that
in the latter case a more complex synthetic procedure is required.
Indeed, our borinates derived from Schiff bases comprise a simple
synthesis process. The system 2h with architecture D—mt—C=N*—
7—A has larger two-photon activity (light emission induced by 2PA)
than ferrocenyl substituted pyrazaboles with architecture D—w—A—
m—D [35]. The substituted pyrazaboles exhibit g,ps values of the
order of 10> GM, but it was not reported if they can emit light
induced by 2PA. Furthermore, their relatively large opa was
measured by Z-scan technique with nanosecond pulses at 532 nm,
but such long temporal pulses induce multi-step nonlinear absorp-
tion, while in the case of our borinates the o.pa values is due
exclusively to simultaneous absorption of two photons.

4. Conclusions

Novel borinates were conveniently synthesized from the reac-
tion of diphenylborinic acid and bidentate ligands. After complex-
ation of these ligands, all of the borinates exhibit fluorescence
induced by absorption of one- or two-photons at the wavelengths
about 400 and 800 nm, respectively. Likewise, the third-order
nonlinearities of such borinates were notoriously enhanced in
comparison with their corresponding ligands. The highest two-
photon absorption cross-section (otps = 174 GM) of the series of
studied compounds corresponds to 2h with a D—-t—C=N"—7—A
(D = NEty and A = COOCH,CH3) architecture. The borinate 2f, with
a D—t—C=N"—n—D architecture (D = NEt,), has the lowest value
(12 GM). In the case of borinates 2b, 2c and 2d, the cross section is
inversely related to the electronegativity of the halogenated com-
pounds, decreasing in the following order 2b (F) < 2¢ (Cl) < 2d (I).
The low cross-sections values for borinates 2¢ (85 GM) and 2e
(37 GM) could be attributed to the structural deformation after
boron complexation on the main mw-backbone, confirmed by the X-
ray diffraction analysis. Compounds 2a—h are derivatives of Schiff
bases that comprise facile design and synthesis at low cost.
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crystallographic data for this paper. These data can be obtained free
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www.ccdc.cam.ac.uk/data_request/cif.
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