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Abstract The coumarin molecules with 7-(N,N-
diethylamino) substitution and aryl azo (Ar—N=N-) at 3-
position were synthesized, by reacting diazonium salt of
substituted amines and 7-(N, N-diethylamino)-4-hydroxy
coumarin under basic conditions. They were found to be fluo-
rescent despite the presence of azo group. The azo group ro-
tation was blocked by complexing with -BF,, so as to get a red
shift in absorption. The azo molecules show charge transfer,
whereas BF,-complexes do not. The dipole moment ratios
between the ground and excited states calculated suggest
highly polar excited state and an intra-molecular charge trans-
fer at the excited state in the case of azo dyes. The NLO
properties were calculated by solvatochromic method and
computationally. Second order hyperpolarizability was found
to be 46 to 1083 times more than urea. DFT and TDTDF
calculations were performed to understand the electronic
properties of the molecules at the ground as well as excited
states.
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Introduction

Many of the known coumarins are fluorescent molecules
and they are known to have good quantum yield [1, 2]
and high photostability [3, 4]. Most of the them are color-
less but substitutions at various positions bring about a red
shift in absorption and emission, and are used in the appli-
cations such as laser dyes [5], textile dyes [6] and sensors
[7]. Coumarins have also been used as optical brighteners
[8], non-linear optical (NLO) materials [9] and in biological
labelling [10, 11]. The compounds with azo functionality
are less fluorescent to non-fluorescent in nature. Azo func-
tional group at the 3-position of 4-hydroxy coumarin mol-
ecule was first reported by Yazdanbaksh et al. [12]. In the
later studies on these molecules UV—vis absorption, fluo-
rescence and acid dissociation constants were reported [12,
13]. The substituent at 7-position plays an important role in
the photophysical properties of coumarins [14, 15] and im-
parts a red shift in absorption if the 7-substituent happens to
be electron releasing. Here we report the synthesis of four
7-(N,N-diethylamino)-3-azo coumarin dyes with different
substitutions at the 4-position of the phenylazo core
(Fig. 2). The properties like absorption, emission and quan-
tum yield are studied. The dominant tautomer among the
azo and hydrazine (Fig. 2) form is established by DFT. The
effect of rigidization of azo functional with BF,-complex-
ation is also studied in comparison with the parent mole-
cules. The rigidization of the azo group is known with N-B-
N=N kind of bridge [16, 17] and no much information is
given on O-B-N=N type of bridge particularly in an azo
coumarin system. This happens to be the first study of this
kind. The N-B-N=N bridge has introduced the red shifts in
the absorption characteristics of the molecules [17] (Fig. 1).
The red shift in the molecule was attributed to the azo
rigidization and the resulting 7t-resonance effect (Fig. 2).
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The photophysical behavior of these molecules was probed
for sensitivity towards solvent polarity. DFT calculations were
used to get insights into the photophysical properties.

Experimental
Materials and Equipments

All the commercial reagents were procured from SD Fine
Chemicals (Mumbai) and were used without further purifica-
tion. Laboratory reagent grade solvents were purchased from
Rankem, Mumbai. The reactions were monitored by TLC
using 0.25 mm E-Merck silica gel 60 Fs4 precoated plates,
which were visualized with UV light (254 and 344 nm).
Melting points were measured on standard melting point ap-
paratus from Sunder Industrial products Mumbai and are un-
corrected. "HNMR spectra were recorded on Bruker 400 MHz
and Agilent 500 MHz instruments using TMS as an internal

Fig. 2 7-(N,N-diethylamino) 3-
azo coumarin dyes (azo and
hydrazone form) and their BF,-
Complexes
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standard. Mass spectra were recorded on FINNIGAN LCQ
ADVANTAGE MAX instrument from Thermo Electron
Corporation (USA). The absorption spectra of the compounds
were recorded on a Perkin Elmer Lambda 25 UV-Visible spec-
trophotometer; Emission spectra were recorded on Varian Inc.
Cary Eclipse spectrofluorometer.

The ground state (Sy) geometries of the tautomers of
the compounds 3a-3d were optimized in the gas phase
using Density Functional Theory (DFT) [18]. The popular
hybrid functional B3LYP was used, which combines
Becke’s three parameter exchange functional (B3) [19]
with the nonlocal correlation functional by Lee, Yang,
and Parr (LYP) [20]. All the atoms were treated with 6—
31 G(d) basis set, which deems to be sufficient for the
type of molecules involved [21-23]. The validity of the
structures as local minima on potential energy surface was
verified with vibrational analysis and confirmed that they
are with no imaginary frequencies. Time Dependent
Density Functional Theory (TD-DFT) with the same hy-
brid functional and basis set was used to estimate vertical
excitations and oscillator strengths . The lowest singlet
excited state (S;) was relaxed using TD-DFT to get
optimised geometry of the excited state. The vertical
emissions were computed by using the optimized relaxed
singlet first excited state (S;). Frequency computations
were carried out on the optimized geometry of the low-
lying vibronically relaxed first excited state of the con-
formers. All the computations in solvents were carried
out using the Polarizable Continuum Model (PCM) [24].

oy’
O HN
/)u 00
3a R=H
3b R=NO,

3¢ R=COOH
3d R=0OCH,4

Hydrazone

4a R=H

4b R=NO,
4c R=COOH
4d R=0OCH,
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Gaussian 09 program [25] was used for all the DFT and
TDDEFT computations and the results were visualized with
Gauss View 5.0 [26].

Synthesis and Characterization

The compound 1 was synthesized by the method reported [27]
from bis(2,4-dichlorophenyl) malonate and
3-(diethylamino)phenol. The product obtained was sufficient-
ly pure to be used for the further steps.

General Procedure for Diazotization and Coupling

Substituted aniline (2.5 mmol) was dissolved in 11 N hy-
drochloric acid (3 mL) and was cooled externally to =5 °C
in ice-salt mixture. A solution of sodium nitrite (0.22 g,
3.1 mmol) in 1 ml water was added to the above dropwise
with stirring. The solution thus formed was then stirred
for 1 h at the same temperature. Excess nitrous acid was
quenched with the addition of urea (1.5 mmol) to this
solution. In an another flask 7-(diethylamino)-4-hydroxy-
2H-chromen-2-one (0.5 g, 2.1 mmol) was dissolved in
pre-cooled 5 % NaOH solution (5 mL) which was then
placed in an ice-salt bath, and the diazonium salt prepared
in the first flask was slowly added maintaining the pH 8-9
with the addition of solid sodium carbonate. After com-
plete addition the reaction mixture was stirred for a period
of 1 h and then neutralized with dilute hydrochloric acid.
The yellow to brick red precipitate formed was then fil-
tered, washed with water and dried under vacuum to give
the product in good yield (Fig. 3).

7-(Diethylamino)-4-hydroxy-3-(phenyldiazenyl)-2H-
chromen-2-one (3a)

Yield: 80 %

M.P.: 190 °C

"HNMR (CDCls, 400 MHz) :6 1.24 (t, J=7.2Hz, 6H),
3.45 (q, J=7.2Hz, 4H), 6.35 (s, 1H), 6.57 (m, 1H), 7.23 (s,
1H), 7.42 (t, J=8Hz, 2H), 7.59 (d, /J=8Hz, 2H), 7.85 (d,
J=8Hz, 2H).

Fig. 3 Synthesis of 7-(N,N-
diethylamino)-4-hydroxy 3-azo

coumarin dyes OH

HRMS : 338.1480 (M+1) (Calculated for C;9H,(N3Os:
338.1426)

3CNMR (DMSO-dg, 125 MHz): 5 12.9, 44.7,97.3,109.4,
114.18, 118.3, 125.81, 128.36, 144.5, 156.3, 158.5, 162.21,
164.3.

7-(Diethylamino)-4-hydroxy-3-((4-
nitrophenyl)diazenyl)-2H-chromen-2-one (3b)

Yield: 85 %

M.P.: 260 °C

'THNMR (CDCl;, 400 MHz) :8 1.26 (t, J=7.2Hz, 6H),
3.48 (q, J=7.2Hz, 4H), 6.36 (d, /=2.4Hz, 1H), 6.60 (dd,
J=6.4 & 2.4Hz, 1H), 7.67 (d, J=9.2Hz, 2H), 7.86 (d,
J=6.4 Hz, 1H), 8.31 (d, /=9.2Hz, 2H)

HRMS: 383.1319 (M+1) (Calculated for C;oH;9N4Os:
383.1355)

13CNMR (DMSO-d;, 125 MHz): 12.9, 51.6, 96.9, 109.5,
117.4,122.5,126.3, 128.7, 130.1, 154.0, 156.7, 159.1.

4-((7-(Diethylamino)-4-hydroxy-2-oxo-2H-chromen-3-
yl)diazenyl)benzoic acid (3c).

After acidifying the solution remained clear and was satu-
rated with sodium chloride to give brick red coloured
precipitate.

Yield: 68 %

M.P.: >300 °C

"HNMR (CDCls, 400 MHz) :8 1.25 (t, J=7.2Hz, 6H),
3.45(q, 6H), 6.34(s, 1H), 6.58(d, J=6Hz, 1H), 7.63(d,
J=8.6Hz, 2H), 7.88 (d, J/=6Hz, 1H), 8.14 (d, J=8.6Hz, 2H).

HRMS : 382.1375 (M +1) (Calculated for C,oH,oN3Os:
382.1403)

3CNMR (DMSO-dy;, 125 MHz): 5 12.7,44.4,97.3,109.7,
116.906, 123.9, 128.4, 131.2, 154.0, 156.3, 158.8, 167.1,
176.8.

7-(Diethylamino)-4-hydroxy-3-((4-
methoxyphenyl)diazenyl)-2H-chromen-2-one (3d)

Yield: 82 %

M.P.: 205 °C

"HNMR (CDCls, 400 MHz) : & 1.24(t, 6H), 3.45(q, 4H),
3.89(s, 3H), 6.37(d, /=2.4Hz, 1H), 6.58(dd, J=6.4&2.4Hz,
1H), 6.96(d, J=8.8Hz, 2H), 7.56(d, /J=8.8Hz, 2H), 7.85(d,

J=6.4Hz, 1H)
oy’
OH N

N oo i) NaOH, Water SN oo

N SR

2a R=H 3a R=H

2b R=NO, 3b R=NO,
2¢c R=COOH 3¢ R=COOH
2d R=OCHj, 3d R=0CH,
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HRMS: 368.1590 (M+1) (Calculated for C,oH»,N304:
368.1610)

3CNMR (DMSO-dg, 125 MHz): § 11.9, 44.4, 54.5, 96.9,
108.0, 114.9, 119.0, 121.8, 123.2, 129.1, 134.6, 153.9, 156.3,
159.467, 176.1

General Procedure for BF,-complexation

The azo compound (3a-3d) (1 mmol) was dissolved in 20 mL
of dry acetonitrile. To this solution, BF3-Et,O solution (45—
50 % solution, 2 mL) was added dropwise. The resultant so-
lution was stirred and refluxed under nitrogen environment.
After completion of the reaction, the mixture was cooled and
the dark colored precipitate formed was filtered, washed with
diethyl ether (20 mL) and dried under vacuum (Fig. 4).

8-(Diethylamino)-2,2-difluoro-5-o0x0-3-phenyl-2,5-
dihydrochromeno|[3,4-¢][1,3,4,2]oxadiaza borinin-3-ium-
2-uide (4a)

Yield: 70 %

M.P.: 272 °C

"HNMR (CDCls, 500 MHz) : & 1.30(t, 3H), 3.54(q, 4H),
6.46(s, 1H), 6.71(d, J=10Hz, 1H), 7.45(m, 3H), 7.96(t,
J=8.5Hz, 3H).

HRMS: 386.1464 (M+1) (Calculated for
C]gH]gBF2N303: 3861488)

I3CNMR (DMSO-d,, 125 MHz): & 12.5, 45.7, 97.35,
110.93, 122.0, 129.2, 129.5, 129.7, 155.9, 157.7, 159.8.

8-(Diethylamino)-2,2-difluoro-3-(4-nitrophenyl)-5-oxo-
2,5-dihydrochromeno|3,4-¢][1,3,4,2] oxadiazaborinin-3-
ium-2-uide (4b)

Yield: 82 %

M.P.: 270 (dec.)°C

"HNMR (CDCly, 500 MHz): & 1.33(t, J=7.5Hz, 6H),
3.59(q, J=7.5Hz, 4H), 6.47(d, J=2.5Hz, 1H), 6.74(d,d,
J=2.5,5.5Hz, 1H), 7.98(d, /J=10Hz, 1H), 8.12(d,J=10Hz,
2H), 8.31(d, J=9.5Hz, 2H).

HRMS: 431.1318 (M+1) (Calculated for
C19H18BF2N405:431.1338)

3CNMR (DMSO-dg, 125 MHz): § 12.6,46.1,97.7, 111.6,
122.0, 124.8, 125.7, 130.3, 156.7, 159.24.

Fig. 4 BF,-Complexation of 7-
(N,N-diethylamino)-4-hydroxy 3-
azo coumarin dyes

3a R=H
3b R=NO,

3¢ R=COCOH

3d R=OCH,

@ Springer

3-(4-Carboxyphenyl)-8-(diethylamino)-2,2-difluoro-5-
0x0-2,5-dihydrochromeno|[3,4-¢][1,3,4,2] oxadiaza
borinin-3-ium-2-uide (4c)

Yield: 50 %

M.P.: 200 °C

'THNMR (CDCl;, 500 MHz) : & 0.90(t, J=7.5Hz, 6H),
3.24(q, J=7.5Hz, 4H), 6.16(d, J=2.5Hz, 1H), 6.44(q,
J=4Hz, 1H), 7.48(d, J=4Hz, 1H), 7.59(q, J=3.5Hz),
7.74(d,d, J=5Hz,3.5Hz, 2H).

HRMS: 430.1355 (M+1) (Calculated for
C,oH;9BF,;N;305: 430.1386)

BCNMR (DMSO-d,, 125 MHz): 5 176.1, 167.1, 158.5,
156.3, 153.9, 144.3, 130.1, 129.7, 128.3, 127.65, 123.6,
120.8, 117.0, 109.7, 108.3, 101.4, 97.6, 96.6, 44.4, 12.9.

8-(Diethylamino)-2,2-difluoro-3-(4-methoxyphenyl)-5-
0x0-2,5-dihydrochromeno[3,4-¢][1,3,4,2]
oxadiazaborinin-3-ium-2-uide (4d)

Yield: 85 %

M.P.: 205 °C

"HNMR (CDCls, 500 MHz) : & 1.30(t, J=7.5Hz, 6H),
3.53(q, J=7.5Hz, 4H), 3.88(s, 3H), 6.45(d, J=10Hz, 1H),
6.69(q, J=5Hz, 1H), 6.97(q, J=10Hz, 1H), 7.93(d, J=5Hz,
1H), 7.96(m, 3H).

HRMS: 416.1585 (M+1) (Calculated for
C20H21BF2N304: 4161593)

13CNMR (DMSO-d, 125 MHz): b 12.5, 45.6, 55.6, 97.3,
110.7, 110.7, 114.4, 114.9, 123.6, 128.3, 129.12, 155.5,
158.4, 161.1.

Result and Discussion
Structural Properties of Compound 3a-3d and 4a-4d

The geometries of the compounds 3a-3d were optimised
in solvent environments using DFT. These kind of dyes
are known to exhibit azo-hydrazone tautomerism [28-30].
Therefore both the forms i.e. azo and hydrazone tautomers
(Fig. 2) were optimised with DFT-B3LYP/6-31 g(d). The
comparison of the energy values of azo (enol form) and
hydrazone (keto form) has revealed that the latter is more

o

zZ+TM

Fig
O,B\

Acetonitrile, BF3 Et,O m
> A
reflux, 30 min
/)\l o)

4a R=H

4b R=NO,
4c R=COOH
4d R=0OCHj
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stable in terms of total energy of the optimised structures
(Supporting information). The hydrazone structure is used
for further optimizations and calculation of the electronic
properties. The energy values also has revealed that the
substituent effect is also important to the stabilisation en-
ergy as the —-NO, substituted compound 3b is the most
stable and the unsubstituted one i.e. compound 3a is the
least stabilised. The stabilities of the compounds 3¢ and
3d is intermediate. Among these the electron withdrawing
group —COOH in the compound 3¢ has enhanced the mo-
lecular stability as compared the -OCHj3 of the compound
3d. The bond length and dihedral angle analysis suggests

that, O-atom of keto functional group in hydrazone form
in the compounds 3a-3d shows H-bonding with the hy-
drogen on the =N-N-H. This suggests that the molecules
may be in tautomeric equilibrium in solutions.

Linear Optical Properties

The compounds were studied for their photophysical proper-
ties in solvents of various polarity and nature. The absorption
properties of the compounds 3a-3d are summarised in Table 1.

The absorption properties in terms of absorption wave-
length are not much sensitive towards solvent polarity. The

Table 1 Photophysical

properties of compound 3a-3d Solvent  Experimental Theoretical®
and comparison with theoretical
values Aabs f Aem Stokes P Vertical f Emission
(nm) (nm) shift excitation (nm)
(em™) (nm)
3a  ACN 460 0512 622 5662 0.0028 459 0.740 557
DCM 453 0.243 588 5068 0.0131 456 0.783 557
DMF 461 0.736  ol1 5325 0.0024 461 0.766 581
DMSO 460 0478 - - - 461 0.761 -
EtOAc 457 0427 582 4700 0.0157 453 0.779 555
EtOH 463 0.221 605 5069 0.0030 459 0.749 557
MeOH 463 0.243 613 5285 0.0011 459 0.736 556
Tol 456 0354 539 3377 0.0094 446 0.857 552
3b ACN 482 0.481 648 5315 0.0007 522 0.605 639
DCM 485 0.492 623 4567 0.0039 516 0.645 637
DMF 476 0.454 635 5260 0.0005 524 0.628 642
DMSO 470 0343 - - - 525 0.623 -
EtOAc 475 0.468 617 4845 0.0032 511 0.643 634
EtOH 480 0.447 606 4332 0.0007 521 0.613 639
MeOH 478 0.492 646 5441 0.0003 522 0.602 639
Tol 479 0.487 580 3635 0.0180 496 0.723 631
3c ACN 471 0272 634 5459 0.0013 482 0.733 592
DCM 480 0.145 610 4440 0.021 479 0774 593
DMF 470 0.614 635 5529 0.0013 484 0.757 619
DMSO 4717 0480 - - - 484 0752 -
EtOAc 466 0370 602 4848 0.0079 475 0.771 591
EtOH 475 0.393 606 4551 0.0014 482 0.741 593
MeOH 473 0.145 613 4828 0.0013 482 0.729 592
Tol 468 0.258 559 3478 0.0140 466 0.850 593
3d ACN 474 0.644 604 4541 0.0039 466 1.039 535
DCM 480 0.701 570 3289 0.0071 464 1.081 534
DMF 4717 0.600 608 4517 0.0037 468 1.065 538
DMSO 471 0289 - - - 468 1.060 -
EtOAc 469 0.582 559 3433 0.0042 461 1.074 531
EtOH 477 0.468 581 3753 0.0028 466 1.047 535
MeOH 474 0.701 603 4513 0.0011 465 1.034 534
Tol 472 0.549 534 2460 0.0023 456 1.133 537

“TD-B3LYP/6-31G(d)
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FWHM (Full width at half maximum) values for all the dyes
3a-3d are higher in polar aprotic solvents like N,N-
dimethylformamide (DMF) and dimethylsulphoxide
(DMSO) indicating broadening of the spectra in dipolar apro-
tic solvents. For the compound 3b the values are higher in
polar protic solvents also. The other molecules 3a, 3c-3d
show lower FWHM values for the protic solvents. The polar
aprotic solvents also shows higher integrated absorption coef-
ficients (IAC) in all the dyes except in 3b. The values for the
IAC falls in the range of 0.3357—1.7028 x 10®. The molar
extinction co-efficient at A™** is the highest for the chlorinated
non polar solvent dichloromethane (DCM). The observation
is consistent with all the substituents. The absorption cross-
section is also the highest in DCM, and has reached up to
2.01x107" ¢cm™ for the compound 3d.

In an analogous manner the compounds 4a-4d are less
sensitive to the polarity but has different features in various
solvents (Supporting Information). An increase of the FWHM
is observed here for the polar protic solvents i.e. methanol and
ethanol. Also there is two-fold increase in the molar absorp-
tivity (¢™™) of the compounds 4a-4d when compared with
their counterparts in the compounds 3a-3d. This is due to
the lowering of HOMO-LUMO gap (longer wavelength ab-
sorption) and apparent increase in the concentration of the
absorbing species. The IAC values are also higher than the
values of the compounds 3a-3d. Amongst all the BF,-

Fig. 5 Absorption spectra of 3a
compound 3a-3d in various 0.14
solvents 012

0.1
0.08
0.06

0.04

Absorbance

0.02

Wavelength (nm)

3c

0.12
0.1

0.08

0.06 7

Absorbance

405 455 505 555 605 655 705

- 5/\\
N S

complexes 3a and 3d show an increase in absorption cross
section. The oscillator strengths (/) are not sensitive to the
polarities of the solvents and shows no clear correlation.

The compounds 4a-4d are red shifted as against their
parent azo compounds 3a-3d. The FWHM values are also
higher and a broader absorption is indicated. The molar
extinction co-efficients of the azo-BF2 complexes are im-
proved over the azo compounds. Absorption cross section
values are in the range of 0.93-2.91x10' ecm™? in all
the solvents.

Absorption and Solvatochromism

The compounds 3a-3d were studied for their solvatochromic
properties in various solvents of different polarities. The ab-
sorption wavelengths were insensitive to solvent polarity
(Table 1). The dyes 3a-3d show the highest molar extinction
coefficient in the solvent dichloromethane (DCM) (Table 1).
However there is no clear correlation between the solvent
polarities and the molar extinction coefficients, in general po-
lar solvents show lower values. As expected, the compound
3a has blue shifted absorption at 468 nm in DCM as compared
to 3b at 490 nm in DCM (Fig. 5). The dye 3b has -NO, group
which is electron withdrawing and exhibits a red shifted ab-
sorption as it assists the azo group in pulling electrons and
eventually shifts the absorption to the red region, whereas

CHICN 0.1 3b ——CH3CN
——DMF OME
——EtOAc 0.08
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the compound 3¢ with a -COOH group at para-position
shows a red shift of 17 nm which is lower compared to the
dye 3a. Though the dye 3d possesses an electron donating
group (-OCHs), it also has exhibited a red shift of 14 nm in
absorption. The presence of electron withdrawing or donating
group has induced a red shift in these compounds. The azo
group (-N=N-), being an electron withdrawing can be in-
volved in the charge transfer from both sides and hence en-
hances the red shifted absorption. This is also evident from
FMO diagrams given in Table 5. The electron density at
LUMO is mostly present on the azo group.

Though the absorption wavelengths of the dyes 3a-3d
are not solvent dependent, their fluorescence shows a
greater impact of solvents. The emissions of all the dyes
3a-3d ranges between 538 and 646 nm. The Stokes shift
values are higher and are in the range of 24605662 cm '
(68 to 166 nm) across the compounds in various solvents.
The Stokes shifts are higher in polar solvents. The quan-
tum yield values are on the lower side which are in the
range of 0.0005 to 0.0210 (Table 1). The quantum yields
are not uniform and are higher in non-polar solvents like
toluene, dichloromethane and ethyl acetate (EtOAc) due
to the lesser interaction with fluorophores as compared to
the polar solvents. The order of the emission wavelength
is dichloromethane>ethyl acetate>toluene amongst the

non-polar solvents. The compounds have shown an un-
usual high Stokes shift, and may be attributed to the flex-
ibility of the -N=N-Ar group at the 3-position which may
be involved in vibrational relaxation at in the excited state
lowering the energy of the emissive state (Fig. 6).

The dyes 4a-4d, which are the BF,-complex deriva-
tives of the dyes 3a-3d absorb at a longer wavelength
(~50-60 nm). The differences between the two kind chro-
mophores are the rigidization of azo group and the pres-
ence of an electron deficient BF,-core which has formed a
more efficient acceptor in the case of dyes 4a-4d. Though
there is no significant effect of polarity on absorption
wavelength but still has a marginal red shift in polar sol-
vents (~15-20 nm). Among all, the dye 4b is the most red
shifted by ~20-40 nm as the nitro group is a strong
withdrawer. The order of the substituents exhibiting lon-
ger wavelength is -H < —OCH3 < —COOH < —NO,. The
fluorescence emission of 4a-4d exceeds 600 nm in all the
solvents tested except for toluene in which their emission
maxima is slightly lower than 600 nm. The fluorescence
quantum yield has drastically improved in azo-BF2-
complexes over the azo compounds, the order of the in-
crease in quantum yield is about 10-100 folds. The quan-
tum yields are the lowest in the -NO, substituted deriva-
tives (3b and 4b) in their respective series (Figs. 7 and 8).

Fig. 6 Fluorescence emission 600 a = CH3CN 500 b
spectra of compound 3a-3d in 3 e DMF 3 ga?:CN
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Fig. 7 Absorption spectra of
compound 4a-4d in various
solvents

Fig. 8 Fluorescence emission
spectra of compound 4a-4d in
various solvents
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Table 2 Photophysical
properties of compounds 4a-4d Solvent  Experimental Theoretical
and comparison with theoretical
values Aabs S Aem Stokes P Vertical f Emission
(nm) (nm)  shift excitation (nm)
(ecm™) (nm)
4a  ACN 527 0.759 607 2501 0.0342 477 1.127 582
DCM 528 0.487 592 2048 0.1902 478 1.132 608
DMF 536 0.480 616 2423 0.0437 480 1.150 565
DMSO 536 0.767 625 2657 0.0301 479 1.148 600
EtOAc 521 0.782 586 2129 0.1106 475 1.106 566
EtOH 520 0.535 600 2564 0.0311 477 1.130 562
MeOH 517 0.487 605 2813 0.0258 476 1.122 583
Tol 524 0.753 580 1843 0.0995 477 1.077 582
4 ACN 546 0378 633 2517 0.0126 500 1.255 569
DCM 570 0477 616 1310 0.1164 498 1.303 568
DMF 557 0.438 650 2569 0.0081 504 1.284 574
DMSO 554 0271 650 2666 0.0086 503 1.279 618
EtOAc 539 0322 615 2293 0.0597 493 1.297 562
EtOH 540 0351 629 2620 0.0210 500 1.265 569
MeOH 533 0.417 630 2889 0.0101 499 1.250 568
Tol 559 0417 597 1139 04175 487 1363 557
4c  ACN 530 0.766 620 2739 0.071 480 1315 550
DCM 523 0.771 606 2619 0.8184 480 1.345 550
DMF 541 0.647 627 2535 0.0943 483 1.340 554
DMSO 535 0.602 631 2844 0.1162 483 1336 554
EtOAc 519 0.632 602 2657 03880 477 1336 544
EtOH 524 0.571 609 2664 0.2064 480 1322 550
MeOH 525 0.529 613 2734 0.1236 479 1.311 549
Tol 518 0.529 595 2498 0.8845 476 1.374 540
4d ACN 532 1.011 617 2590 0.0772 499 1.283 574
DCM 534 0.670 608 2279 0.1407 501 1.297 576
DMF 546 0.783 625 2315 0.1080 503 1.304 579
DMSO 546 0.892 629 2417 0.1023 502 1.302 579
EtOAc 525 0.636 600 2381 0.1141 498 1281 572
EtOH 505 0.948 609 3382 0.0543 500 1.287 574
MeOH 519 0.801 613 2955 0.0448 499 1.278 573
Tol 535 0.801 593 1828 0.1339 499 1289 573

A comparison of the computed and experimental ab-
sorption and emission wavelengths for the dyes 3a-3d
and 4a-4d are given in Tables 1 and 2 respectively. The
deviations are higher for the compounds 4a-4d with de-
viations ranging between 1.0 and 13.6 % in absorption,
compared to 0.2 to 11.6 % deviation shown by the com-
pounds 3a-3d in absorption. A similar trend is followed in
the emission calculations. The compounds 4a-4b, which
have a strong acceptor in the form of —BF, complex,
makes the system different in its charge separation. The
trends in solvatochromism exhibited by the molecules in
the present study has been clearly demonstrated by the
chosen computational method (Tables 1 and 2).

Solvent Polarity Function Plots

The solvatochromic behaviour of the dyes 3a-3d and 4a-4d
was studied with the help of Lippert [31], Weller [32] and
Rettig [32] plots. A complete account of the Lippert Mataga,
Weller and Rettig equations are given in the supporting
information.

The azo dye series 3a-3d showed linear relation of Stokes
shift with respect to the orientation polarizability function
fi(e,n) given by Lippert (Supporting information) plot and
the correlation factors range between 0.43 and 0.86. while
the corresponding boron complexes do not show any appre-
ciable correlation (Supporting info). The linearity in the
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photophysical behaviour of the dyes 3a-3d suggest that the
local excitation of the molecules is affected by the solvent
polarity and the trend is more linear in polar aprotic and
non-polar solvents. The molecules in polar protic solvents
have shown more randomness in their photophysical proper-
ties, and is backed by the fact that H-bonding interactions of
the protic solvents is not considered in this polarity function.
The Weller’s plot for the azo dyes (3a-3d) is linear leading to
the inference that there is intra molecular charge transfer (ICT)
affected by the solvent polarity. The flexibility around the azo
group makes the ICT possible, and the molecule relaxes to a
lower emissive state. This has been reflected in the higher
stokes shifts of these molecules (Table 1)

On the other hand, the BF,-complexes of the azo dyes i.e.
4a-4d do not show any correlation with the solvent polarity.
The plots of Stokes shift in cm ' versus solvent polarity pa-
rameter f;(e, n) (Lippert plot), emission in cm ' versus solvent
polarity parameter f>(e, n) (Weller plot) and emission in cm
versus solvent polarity parameter f3(e,n) (Rettig plot) were
with very low regression coefficients. This implies that in
the boron complexes due to rigidity the emissive state is not
an ICT state but a local relaxed excited state. The lower (as
compared to compound 3a-3d) Stokes shift exhibited by the
dyes in all the solvents adds to the justification. (Plots are
given in supporting information.)

Dipole moment Ratio

The dyes 3a-3d responds well to the solvent polarity functions
fle,n), the similar equations are introduced by Bilot-Kawski
[33], Bakhshiev [34] and Liptay [35] for the estimation of the
ratio of the excited state dipole moment and ground state di-
pole moment i.e. Z—g The equations are given in supporting
information.

The dipole moments calculated with the above equations is
tabulated in Table 3.

All the compounds show higher

/’f < ratio suggesting a
g

highly polar excited state. This leads to a positive
solvatochromism. This observation is also supported by
the red shifted absorption and emission spectrum in polar
solvents. The Bilot-Kawski equation has consistently es-
timated lower Z—g ratio as compared to the Bakhshiev and

Liptay Equations.

Table 3  Dipole moment ratio of compound 3a-3d by various methods

Method 3a 3b 3¢ 3d

Bilot-Kawski 4.297 4372 5317 4519
Bakhshiev 4.629 4.871 6.267 5.026
Liptay 4.633 5.034 6.583 5.284

@ Springer

Transition Dipole Moment

In addition to the difference in dipole moments between the
excited and ground states, the charge transfer character of the
fluorophore can be understood from the oscillator strength ( /)
(Given in Tables 1 and 2 and transition dipole moment of the
dyes (ieg). The effective number of electrons transition from
the ground to excited state is usually described by the oscilla-
tor strength, which provides the absorption area in the elec-
tronic spectrum. The oscillator strength (/) can be calculated
using the literature method [36]. Transition dipole moments
for absorption (f4.,) Which is a measure of the probability of
radiative transitions have been calculated for the dyes in dif-
ferent solvent environments [37]. The values of transition di-
pole moment (f,) for the dyes in each solvent is given in
Table 4.

The transition dipole moments calculated for all the dyes
shows that higher transition dipole moment is observed for the
BF,-complexed azo dyes as compared to their azo anologues.
The trend in solvent environment is not clear but broadly a
higher transition dipole moment is observed in the polar
solvents.

Frontier Molecular Orbitals

The FMO (Frontier Molecular Orbitals) involved in the elec-
tronic transition from Sy—S; are HOMO—LUMO in the dyes
3a-3d. The electron density on the HOMO is located on the
donor 7-N,N-diethylamino group and moves towards —N-NH-
Ar group in the LUMO, and thus sets up a clear acceptor and
donor relationship. The —nitro group in 3b possess electron
density in LUMO, and shows a higher degree of charge trans-
fer resulting in a red shift in absorption.

The compounds 4a-4d have similar donor (i.e. N, N-
diethylamino group), but the LUMO shows electron density
located on the BF,-complexed core.

Table 4  Transition dipole moments (fi.,) obtained from absorption
properties of compound 3a-3d and 4a-4d in various solvents

Solvent 3a 3b 3¢ 3d 4a 4b 4c 4d

ACN 7.1 7.0 52 8.0 9.2 6.6 93 10.7
DCM 4.8 7.1 3.8 8.4 7.4 7.6 9.2 8.7
DMF 8.5 6.8 7.8 7.8 7.4 72 8.6 9.5
DMSO 6.8 5.8 7.0 54 9.3 5.6 83 10.2
EtOAc 6.4 6.9 6.0 7.6 9.3 6.1 8.3 8.4
EtOH 4.7 6.7 6.3 6.9 7.7 6.3 8.0 10.1
MeOH 49 7.1 6.8 8.4 73 6.9 7.7 9.4
Tol 5.8 7.0 5.1 74 9.1 7.0 7.6 9.5

Values expressed in Debye
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NLO Properties

There are quite a few reports on the hyperpolarizability esti-
mation of the coumarin molecules as they can be a good can-
didate for such applications [38—40]. The higher ratio of the
excited state dipole moment and ground state dipole moment
also suggests a higher charge transfer.

Calculation of acr from the Solvatochromic Data

The linear polarizability cccr was evaluated experimentally
for synthesized extended styryls. These values are obtained
by two-level model using UV—vis absorption/emission spec-
troscopy. The solvatochromic method can also be utilized in
the determination of dipole moment of the lowest lying charge
transfer excited state [41]. All a7 values are calculated for
azo coumarins, which are compared with theoretically obtain-
ed acror oy, (Supporting information).

The dyes are expected to show good non-linear properties.
There are various experimental and theoretical methods report-
ed to evaluate (3 value. Theoretical methods to evaluate (3 value
are based on the time-dependent perturbation theory [42, 43].
The common experimental methods used to obtain 3 values are
the electric field induced second harmonic generation (EFISH)
[44] and the hyper Rayleigh scattering (HRS) [45].

The methods described above lack the cost effectiveness
and it demands a more elaborate experimental set up. The
solvatochromic method is simple and cost effective and serves
as an effective a priori approach in understanding the nonlin-
ear optical behaviour of dyes.

The two level microscopic model to determine solvent de-
pendent hyperpolarizability is based on Oudar equation [46,
47] which in modified form can be presented as,

3 Vag Hag Dt
25
W (2,3 ) (2,47 )

where x is the is the direction of charge transfer, / is Planck’s
constant (in erg x s), ¢ is speed of light in vacuum (in cm s '),
Heg 18 the transition dipole moment, v; is the frequency of the
reference incident radiation to which the 3 value would be
referred, v, is the transition frequency and Apcris the differ-
ence between excited state and ground state dipole moment, the
hyperpolarizability obtained by this equitation is the dominant
component of the hyperpolarizability tensor 3, [48] and as the
formula refers to charge transfer transition the
hyperpolarizability obtained often indicated as S¢r (charge
transfer). The Apucris obtained on the basis of McRae’s theory
[49, 50]

ﬁxxx :6CT = (1)

- = A e—1 n*—1
ﬂa s _'ﬂemn = 5{1 s 5emn LT - 2
> (Oats + )+ hea’ (5 +2 n? + 2) 2)

where Ugps—Uemn is the Stokes shift (in cm™"), 8, and
demn are the differences in the vibrational energy (in
cm ') of the molecule in the excited and ground state
for absorption and emission, respectively, a is the cavity
radius within Onsager’s model (in cm), ¢ is the relative
dielectric constant and n? the static refractive index of the
solvent. a was calculated by integration of the solvent
accessible surface using density functional theory opti-
mized geometry Eq. 2 can be written as,

- = 2A12 e—1 n’—1
ﬁa r_ﬁemn = o - 5:1 s 5emn 3
bs Ve hea? (5—1—2 n? 42 + as + ) @)

Treating this Eq. 3 as,
y=mx+c 4)

9 .3 24u -1 _ -1
where,y = Vups ~Vemn, m =m = hcang X = (6 -

e+2  n? 42
and c= (6abs + 6emn)
Using the value of slope m, Aprwas then derived, and the
transition dipole moment ,ugg is related to the oscillator
strength /' (Equation given in supporting information).

where, m is mass of electron, f'is oscillator strength, ﬁeg is
the absorption frequency in cm ', e is charge on electron. The
oscillator strength can be obtained by integrated absorption
coefficient of the absorption band.

The value of first hyperpolarizability obtained using the
solvatochromic method is based on several assumptions and
thus allow only approximate estimate of dominant tensor of
total hyperpolarizability along the direction of charge transfer
which is the major contributor to the total hyperpolarizability.
Though the values are approximate it is possible to understand
the trend in the hyperpolarizability values in a series of mol-
ecules (Table 5).

The BF,-complexed molecules do not show prominent
solvatochromism while the azo dyes (3a-3d) show. The ex-
perimental and calculated values of 3 4, for compounds 3a-
3d are given in Table 6.

The experimental and computed values of ., for the dyes
3a and 3d are in good agreement. The compounds 3b and 3¢
having stronger electron withdrawing groups show apprecia-
ble difference between the experimental computational values
of ﬂx)cx-

The value of 3, or total first order hyperpolarizability of the
molecule gives an estimate of the NLO properties of the or-
ganic molecules. The computed values were compared with
the values obtained for urea. The comparison of the values is
given below in Table 7.

The total hyperpolarizability calculated is 46 to 1083 times
greater than that of urea. The electron donating group (i.e.—
OCH;) in the dye 3d contributes to the least total
hyperpolarizability of the molecule. On the other hand the
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Table 5 FMO (Frontier molecular orbital) for compound 3a-3d and 4a-4d

HOMO LUMO

HOMO LUMO

3d

dye 3b with electron withdrawing group shows 1083 times
more value of hyperpolarizability than urea.

The second order hyperpolarizability (y)SD at molecular
level originating from the electronic polarization in the non-
resonant region can be treated by a three-level model [51-55].
The quasi-two-level model in place of three level model using
the density matrix formalism leads to a simpler Eq. 5 [56, 57].

1
<y>« Efuﬁg (Auz—Auﬁg) (5)
eg

@ Springer

The value E% ,ugg (AMZ—A ugg) is indicative of the value of

second order hyperpolarizability and can be considered to be
the “solvatochromic descriptor of second order
hyperpolarizability” and the values calculated are given in
supporting information.

The solvatochromic descriptor <~> of the second order
hyperpolarizability of the compounds show higher values in
the case of the dye 3d with a strong donor i.e. -OCH3. The
value for the dye 3b remains to be the second highest. The
electron flow enhancement in the azo core seems to be
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Table 8  Total first order hyperpolarizability calculated with B3LYP/6-
31G (d) for compound 3a-3d

Table 6 Linear polarizability acy calculated by solvatochromic
method and computed a7 for compound 3a-3d

3a 3b 3c 3d

Ea, Coayn Ea, Can Ean, Coan Ean Coy

ACN 1.73 407 178 229 096 227 231 443
DCM 074 388 1.72 218 050 216 239 423
DMF 234 407 154 229 203 227 204 443
DMSO 146 408 1.10 230 158 228 095 445
EA 139 377 165 212 125 211 200 4.12
EtOH 0.75 4.04 1.62 227 140 225 1.68 439
MeOH 0.84 4.06 1.82 228 052 227 254 442
Tol 1.05 342 160 194 081 194 175 3.73

E a, = Experimental C «,, = Computational

Values are in the order of x 107 esu

enhancing the third order hyperpolarizability descriptor <~>.
The solvent effect is also evident on this parameter. Higher the
polarity of the solvent, higher is the second order
hyperpolarizability.

Computational ~ Value (Second Order Static
Hyperpolarizability)

The individual components of the second order static
hyperpolarizability v were obtained computationally. The
values are considered to be proportional to the solvatochromic
descriptor <+> of the second order hyperpolarizability. The
values obtained are given in supporting information (Tables 8
and 9).

The values has a trend where higher polarity solvents show
higher values of 7, but the similar trend is not followed by the
solvatochromically obtained values.

Table 7 Expermental and computed 3 . values for compound 3a-3d
in various solvents

Solvent 3a 3b 3¢ 3d

E ﬁxx,\’ c ﬂxxx E ﬁx)c\’ Cﬁxxx E /BXXX Cﬁxxx E /Bxxx C/BA)O(

ACN 369 456 528 041 221 047 313 201
DCM 158 383 514 035 1.13 040 342 203
DMF 507 457 421 041 442 047 282 201
DMSO 3.14 463 3.04 041 367 047 135 201
EA 288 345 479 032 288 036 274 201
EtOH 162 444 468 040 310 045 238 202
MeOH 182 453 517 040 1.18 046 356 201
Tol 225 231 471 023 1.84 026 243 1.76

E (.« =Experimental C 3, = Computed
Values are in the order of x 107°° esu

3a 3b 3c 3d

B, (x 10-%)
ACN 134.88  447.01 254.14 20.12
DCM 11527 384.05 22090 14.03
DMF 135.19 44799 254.65 20.22
DMSO 136.68 45270 257.13 20.73
EA 104.83  350.05 202.86 11.34
EtOH 131.70 436.86 248.79 19.05
MecOH 134.18 44478 252.97 19.88
Tol 72.02 240.86 144.05 11.12
Average 120.59  400.54 229.44 17.06

Ratio with urea (Urea: Compound) 326 1083 620 46

Conclusion

In conclusion, we have reported the fluorescent 3-azo couma-
rin compounds (3a-3d) with solvatochromism. The molecules
were confirmed by spectral analysis like 'HNMR, '*CNMR,
and mass spectra. A careful analysis of solvent polarity func-
tion and photophysical properties shows that there is presence
of intra molecular charge transfer state (ICT) involved in the
photo-excitation and emission of the molecules. There is a
good linearity observed for dielectric constant and refractive
index based solvent polarity functions like Lippert, Weller and
Rettig functions. The dipole moment ratio calculated with
different equations have revealed that there is a highly polar
excited state involved in photoexcitations. The positive
solvatochromism shown is attributed to this. On the other
hand, the respective BF,-complexes (4a-4d) which are the
rigidized versions of the azocoumarins (3a-3d) do not show
any linear relations with the solvent polarity parameters based
on dielectric constant and refractive index. The locking of the
flexible azo-group has restricted the ICT process and stokes
shift is lowered, however there is a red shift observed in ab-
sorption as compared to the compound 3a-3d. The overall
hyperpolarizability compared with urea has 46 to 1083 times

Table 9 Second order
static hyperpolarizability
obtained
computationally using
B3LYP/6-31G(d) for 3a-
3d

Solvent  3a 3b 3¢ 3d

ACN 818 2339 1331 1082
DCM 690 1905 1126 920
DMF 820 2346 1334 1085
DMSO 830 2379 1350 1097
EA 622 1683 1018 834
EtOH 797 2267 1298 1056
MeOH 813 2323 1324 1077
Tol 414 1030 681 551
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greater hyperpolarizability, and can be very good candidates
as NLO materials. The second order static hyperpolarizability
was found to be solvent dependent and reiterates the utility of
these molecules as NLO materials.
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