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ABSTRACT

In this study, the solvatochromic effect on the photophysical properties of Alexa Fluor 514
(AF514) and Alexa Fluor 532 (AF532) fluorescent dyes is examined experimentally and
computationally. To explore the solvatochromism and dipole moments, the steady-state
absorption and fluorescence spectra of the dyes were measured in a series of organic
solvents. Various solvent correlation models, like Bilot-Kawski, Lippert-Mataga, Bakhshiev,
Kawski-Chamma-Viallet, and Reichardt microscopic solvent polarity parameters, were
adapted to determine the dipole moments in their ground and excited states. For the
computational investigation, the ground and excited-state geometries are optimized using
density functional theory (DFT) and time-dependent density functional theory (TD-DFT),
respectively, in vacuum. Furthermore, semiempirical ZINDO with the IEF-PCM model is used
to evaluate the absorption transition energies of these dyes, which are comparatively
studied in various solvent polarity along with experimental data. Additionally, the highest
occupied molecular orbital energies (HOMO) and lowest unoccupied molecular orbital
energies (LUMO), chemical softness, chemical hardness, energy gap, chemical potential,
electronegativity, and molecular electrostatic potential (MEP) were estimated using DFT
calculations at the CAM-B3LYP/6-311G(d,p) level, in gas phase. The experimental and
computational results reveal that the singlet excited state dipole moment is greater than that
of the ground state for the molecules considered. The angle between ground- and singlet
excited-state dipole moments are found to be 0.50 and 0.49° making them almost parallel to
each other. The natural bond orbital analysis (NBO) has been employed to investigate the
stability of the molecule, inter- and intra-hyper-conjugative interactions and charge
delocalization within the molecule.

Cite this: Eur. J. Chem. 2022, 13(1), 8-19 Journal website: www.eurjchem.com

1. Introduction

(such as ion-dipole, dipole-induced dipole, and hydrogen
bonding, etc.). The intermolecular force between the solute

In the last few years, Alexa Fluor dyes and their bio-
conjugates have generated remarkable interest in the field of
surface energy transfer (SET), fluorescence resonance energy
transfer (FRET), fluorescence bioimaging, and biosensing [1-4]
due to their strong absorption spectra spanning the entire
visible region, bright and photostable fluorescence, high
quantum yields, long fluorescence lifetime, good water
solubility and insensitivity of their absorption and fluorescence
spectra over a broad range of pH values. Alexa Fluor 514
(AF514) and Alexa Fluor 532 (AF532) (Figure 1), respectively,
are green and yellow fluorescent dyes that have been used
successfully for analyzing/detecting analytes [5], detecting
chromosomal aberrations [6,7], imaging cells [8,9], labeling
amines/amino groups [10], labeling/detecting nucleic acids
[11,12], probing the charge-transfer dynamics in DNA [11], and
quantifying proteins etc. [13]

The spectral behavior of the solute molecule strongly
depends on physical intermolecular solute-solvent interactions

solvent depends on the physical properties of the solvent
molecule, such as polarity, polarizability, dielectric constant,
etc. There are important environmental factors that influence
the position, intensities, and shape of the electronic spectra of
the fluorophore. The ground and excited-state dipole moments
of the fluorophore disclose information on its electronic and
geometrical structure and the sharing of electrons in the
relevant states. Therefore, studying the effect of solvents on the
spectral behavior and dipole moments helps in extracting
information about the excited state activities of the molecule.
For the estimation of singlet excited-state dipole moment,
various techniques are available such as electronic polarization
of fluorescence [14], electronic dichroism [15], microwave
conductivity [16], and stark splitting [17,18], but their use is
restricted to comparatively simple molecules. Solvatochro-
mism is one of the most widely used approaches to understand
the effect of solvent and charge distributions in both ground
and excited states [19-21].
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Figure 1. Molecular structures of Alexa Fluor 514 (a) and Alexa Fluor 532 dyes (b).

The dipole moment of fluorophore gives insight into the
distribution of charge around the probe, the electron density,
and the structure of the dye in solution. Hence, solvatochro-
mism is an experimental endorsement of variations in the
spectral behavior during electronic transitions and acts as
important evidence for intramolecular charge transfer (ICT) in
an excited state, and it plays an extensive role in research. In
our previous studies, we have reported the computational and
experimental investigations of solvent effect on Alexa Fluor 350
dye in a variety of solvent environments [22].

The effect of solvent polarity on the spectral behavior of the
solute results in the shifting of the spectra depending on the
fluorophore and the nature of the transition (6 = o*, n - o*, nt
- m* and n = 1*). The solvatochromic shift method is helpful
to assign electronic transitions, in particular, T = ™* or n - m*
The transitions corresponding to m — 1* or n = o* are named
positive and negative solvatochromism corresponding to
bathochromic (red) and hypsochromic (blue) shift with
increasing polarity of the solvents, respectively. The mixing of
m - 1 or n - T* transitions, leads to variations in the
magnitude of dipole moments [23,24]. To explore various
solvent properties, dielectric constant, refractive index, induced
dipole moment, and relative permittivity, we have employed
numerous methods through qualitative solvatochromism.
Dimroth and Reichardt reported a simple approach to
discriminate solvatochromism effectively in terms of an
empirical solvent polarity parameter, Et(30), which is based on
the negative solvatochromism of pyridinium N-phenolate-
betaine dye [25]. To understand the solvatochromic shift
through a single parameter, Et(30) values are calculated for all
studied solvents [19].

To the best of our knowledge, investigations of the ground-
state and excited-state dipole moments of AF514 and AF532
fluorescent dyes employing solvatochromism have not been
reported in the literature. The previous reports deal with the
use of these fluorophores in biological applications like
identification of proteins, FRET, SET, and imaging cells, etc.
Thus, it would be important and interesting to obtain
information about the geometry and excited state activities of
the molecule. In this framework, the present article aims to
explore the influence of the solvent medium of varying polarity
on the ground and excited state dipole moments. The
investigation concerns the influence of alcohols and general
solvents on electronic spectra of AF514 and AF532 dyes and the
determination of ground and excited state dipole moments.
Various solvent correlation techniques such as Bilot-Kawski
[26], Lippert-Mataga [27,28], Bakshiev [29], Kawski-Chamma-
Viallet [30,31] and microscopic solvent polarity parameter
E¥were also used to examine the experimental results. Also,
the value of ground-state dipole moments is computed by using
density functional theory, while singlet excited state by time-
dependent density functional theory formalism. Computational

solvatochromic analysis was carried out according to AM1/IEF-
PCM and ZINDO/IEF-PCM for ground and excited states,
respectively. Furthermore, natural bond orbital analysis was
carried out to investigate the stabilization energy, hyper-
conjugative interaction and charge delocalization within the
studied molecules. The theoretically calculated dipole moments
follow a similar trend with those estimated experimentally for
both Alexa Fluor dyes.

2. Experimental

Alexa Fluor 514 and Alexa Fluor 532 were purchased from
Thermo Fisher Scientific (Life Technologies, USA) and used
without any further purification. All solvents used for the study
are of the highest spectroscopic grade, purchased from Sigma-
Aldrich (HPLC grade).

The absorption spectrum was measured using a UV-VIS-
NIR spectrophotometer (JASCO, Model V-670) in the range of
300-700 nm. The PL spectra were recorded using a spectro-
fluorometer (JY Horiba, Model Fluoromax4). A quartz cuvette
with a path length of 1 cm was used with both the excitation and
emission slit widths fixed at 1 nm with integration time 0.1
s/nm. Data analysis was performed using OriginPro 8.0
software. Ground state optimization and exited state studies
were carried out by adopting DFT and TD-DFT at the level of
CAM-B3LYP/6-311G(d,p) basis set and solvent effects were
simulated by implementing AM1-IEFPCM/ZINDO-IEFPCM
using the Gaussian16 package.

3. Theoretical background

The ground and excited-state dipole moments of the solute
provide information about the change in charge distribution
and excited-state activities upon excitation. Several solvato-
chromic correlation methods have been used for AF514 and
AF532.

3.1. Bilot-Kawski method

Bilot and Kawski [26] obtained a quantum mechanical
relation using absorption (0a) and fluorescence (0y) band shifts
measured in different solvents of varying permittivity (&) and
refractive index (n). Accordingly, the absorption (0a.) and
fluorescence (Uf) maxima (in cm?) can be expressed by
solvatochromism equations.

;af;f :mB_K(l)f(g,n) + constant (D

;a+;f =—mB_K(2)[f(5,n)+2g(n)] + constant (2)
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where c is the velocity of light in vacuum, ‘a’ the Onsager cavity
radius of the solute, and h is the Planck’s constant. Considering
that symmetry of the solute molecule remains unchanged upon
electronic transition, then ground state () and excited state
(ue) dipole moments are parallel [14]. In such cases pg and pe
are given by

1
g - Mg k2) Mp-k()| ke |? -
2 ZmeK(l)
1
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Mp_k(2) " ™B-K(1)

Generally, the dipole moments () and (i) are not parallel
to each other and make an angle ¢ between them, which can be
estimated using Equation (8) [32]

1 2., 2y My 2 2
(Ul + ) =2 (4l — pg) ©)
Zﬂgﬂe Mg k()

cos¢=

3.2. Lippert-Mataga, Bakhshiev, and Kawski-Chamma-
Viallet method

Experimental ground and singlet excited state dipole
moments can also be determined by the solvatochromic
methods given by Lippert-Mataga Equation (9) [27,28],
Bakhshiev Equation (10) [29] and Kawski-Chamma-Viallet
Equation (11) [30,31],

va-vf = mL_MFL_M(s,n) + Constant 9)
va-vf = mBFB(g,n) + Constant (10)
va+vf
5 My~ Fy_c_y(&,n)+ Constant (11)
where,

2
Z(ﬂe_ﬂg)
my n,=———%"— (12)
L-M hca3
2
2pte — g)
mp =———9— (13)
hca
2 2
2pe —1g)
Mg ¢y = Thedd (14)

m.-m, mg, mk-cv are slopes produced from plots (0a -0r) vs FL-
M, FB and (0a + 0f)/2 vs Fkcv and Fiw, Fs, Fkcv are solvent
polarity functions given by Equations (15)-(17).

2

e-1 n“-1
F &,nN)=——--— 15
M T (1)
2 _ 2
FB(g,n)=2n2 +1| & 1_r12 1 (16)
(n“+2)| €+2 n“+2

2 2 4
F[(-(;-V(‘g'"): 2n2+1 &-1- n2 1 N 3(; 1)2 17)
2ne+2)\ €+2 n“+2) 2(n°+2)

3.3. Empirical microscopic solvent polarity parameter

The empirical microscopic solvent polarity parameter scale
[E.IIY ] proposed by Reichardt [19] correlates better with the

spectral shift of molecule than the traditionally used technique
based on bulk solvent polarity functions. The correlation

between the microscopic solvent polarity parameter (ETN)

with spectral shifts is given by

va-vf :mE71y + constant (18)
2 3
a
with m=11307.6| 2~ | | 2B (19)
A,uB a

where ag= 6.2 A and Aps = 9 D are radius of Onsager cavity and
change in ground and excited state dipole moment of Betaine
dye on excitation ‘@’ and Au correspond to Alexa Fluor

molecules; ETIY, the normalized solvent polarity function

proposed by Reichardt [33] is a dimensionless solvatochromic
parameter defined based on the absorption wave number 0q of
a standard Betaine dye in the solvent.

N _ ET[SoIvent)—ET(TMS) ~ ET(SoIvent)—30.7

= 20
T Ep(Water)-E(TMS) 32.4 (20)

where TMS represents tetramethylsilane, Et (solvent) empirical
solvent polarity parameter ranges from 0 for TMS, to 1.000 for
water extreme polar. Using these values, the change in dipole
moments can be determined by Equation (21)

12
mx81 } 21)

A=ty = g =| ——
¢ "9 (62/a)311307.6
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Table 1. Spectral and photophysical parameters of AF514 and AF532 in various solvent polarity.
Solvents Aabs (nm) Aemi (Nm) Vg, cmt Vg, cmt Vo — Vg, em? Vo + Vg, emt (Vo +V)/2, cm?

AF514 AF532

Exp. Theo.* Exp. Theor.* AF514 AF532 AF514 AF532 AF514 AF532 AF514 AF532 AF514 AF532 AF514 AF532
Methanol 514 486 527 491 546 555 19455 18975 18315 18018 1140 957 37770 36993 18885 18496
Ethanol 517 488 528 493 553 552 19342 18939 18083 18115 1259 823 37425 37055 18712 18527
Butanol 518 492 531 492 541 561 19305 18832 18484 17825 820 1007 37789 36657 18894 18328
Hexanol 520 494 532 499 538 557 19230 18796 18587 17953 643 843 37818 36750 18909 18375
Decanol 521 499 532 503 539 558 19193 18796 18552 17921 640 875 37746 36718 18873 18359
Acetone 525 489 531 494 550 576 19047 18832 18181 17361 865 1471 37229 36193 18614 18096
Acetonitrile 519 487 526 503 542 558 19267 19011 18450 17921 817 1090 37718 36932 18859 18466
DMF 526 491 535 496 550 563 19011 18691 18181 17761 829 929 37193 36453 18596 18226
DMSO 529 490 539 495 551 568 18903 18552 18148 17605 754 947 37052 36158 18526 18079
Chloroform 528 504 531 508 550 549 18939 18832 18181 18214 757 617 37121 37047 18560 18523

*Theoretical values are estimated by Gaussian 16 With ZINDO/IEFPCM model.

where m is the slope of the linear plot ofE71y vs. Stokes shift.

3.4. Onsager cavity radius

The value of the Onsager cavity radius ‘a’ of AF514 and
AF532 was determined by using Equation (22) [34,35]

1

v P
a=
47pN 2

where Na the Avogadro’s number, p is the density and M
molecular weight of the molecule. For studied molecules,
arsia)= 5.034 A and agrssz) = 5.142 A, respectively.

(22)

3.5. Computational studies

The ground and excited state geometries of Alexa Fluor
(AF514 and AF532) dyes were optimized using density
functional theory and time-dependent density functional
theory at the DFT/CAM-B3LYP/6-311G(d,p) and TD-DFT/CAM-
B3LYP/6-311G(d,p) level in vacuum using Gaussian 16
software [36]. To explore the solvatochromism, the ground-
state geometry of the fluorophores is optimized in all the
solvents using semi-empirical method at the level AM1/IEF-
PCM. ZINDO/IEF-PCM was used to obtain the transition
energies and electronic absorption spectra in the solvent
system. The ground and excited-state dipole moment vectors,
HOMO, LUMO, and MEP maps are computed using DFT and TD-
DFT, respectively.

4. Results and discussion

4.1. Solvent effect on the absorption and fluorescence
spectra of AF514 and AF532 dyes

Steady-state absorption and fluorescence spectra of Alexa
Fluor dyes were obtained in various solvents with different
solvent polarities. Figure 2 shows the typical absorption and
fluorescence spectra of AF514 and AF532 in alcohol and
general solvents, respectively. The effects of solvent can bring
major changes in the intensity, shape and position of the
absorption and fluorescence bands, which signify whether
excited or ground state is more stabilized with the solvent
[37,38]. Hence, these changes are the result of a specific
interaction between the solute-solvent molecules. The
absorption and PL maxima in nanometers, wavenumber in cm-
1, and shift in spectra of AF514 and AF532 in different solvents
are listed in Table 1. All the calculated parameters f{g,n), g(n),
and f{(en)+2g(n), and some physical constants, Reichardt

parameter E71y are listed in Table 2.

Table 1 discloses the spectral position of the AF514 and
AF532 dyes in various solvents. It is noticed that the absorption
maxima of both dyes lie between (514-529) nm and (526-539)
nm and exhibit a small magnitude of shift (15 nm for AF514 and
13 nm for AF532, respectively) between the selected solvents.
In polar solvents (Methanol to decanol), the absorption
maximum shifts from 514 to 521 nm and 527 to 532 nm for
AF514 and AF532, respectively, leading to a red-shift or
bathochromic shift. However, the fluorescence maxima of these
dyes lie between (538-553) nm and (549-576) nm and show a
slightly higher shift (15 and 27 nm for AF514 and AF532,
respectively) in AF532 as compared to its excitation spectra.
This suggests that both the AF514 and AF532 dyes are more
stabilized in the singlet excited state (S1) relative to the ground
state (S2). Its means that the polarity of solvents has affected
the ground-state energy of the molecule less as compared to the
excited state. Consequently, the value for the ground-state
dipole moment would be smaller compared to that of the
excited state. The observed value of the Stokes shift varies from
1259 to 957 cm! (for AF514) and 957 to 617 cm! (for AF532)
with the change in polarity of the solvents (Table 1). Varying
Stokes shift with changing solvent polarity implies that solute
solvent interactions are different in excited and ground states;
indicating significant change in the ground state geometry of
the dyes.

4.2. Estimation of dipole moments using solvatochromism
of dyes

In solvatochromism, the dielectric constant (¢) and the
refractive index (n) of solvents play a vital role in the spectral
shift (Stokes shift). It means that the spectral shift is due to the
specific interactions between solute-solvent molecules. It might
be influenced by solvent parameters like hydrogen bond donor
(HBD), hydrogen bond acceptor (HBA) and solvent polarity. To
determine the dipole moments of these dyes various
solvatochromism shift methods are used. The ground state
dipole moment (u,.) of AF514 and AF532 dyes were determined
by Bilot-Kawski correlation (Equation (1)). The value of singlet
excited state dipole moments of these dyes was determined by
the correlation between shift in the spectra and solvent polarity
as given by Bilot-Kawski (Equation (2)), Lippert-Mataga
Equation (9), Bakhshiev Equation (10), Kawski-Chamma-
Viallet Equation (11) and Reichardt correlation Equation (18).
For both dyes, linear regression was carried out and the
resulting data were fit into a straight line, whose slopes (ms-x(),
mp-k(2), ML-m, M, Mk-cv and mg), intercepts and correlation
coefficients are listed in Table 3. It is noticed that some solvents
deviated from the linear fit, possibly due to short range solute-
solvent interactions. It was observed that the correlation
coefficients (R?) of AF514 and AF532 are found to be in the
range 0.811 to 0.979 and 0.798 to 0.991, respectively, which are
achieved by using more solvents to obtain good linearity.
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12 Patil et al. / European Journal of Chemistry 13 (1) (2022) 8-19

Table 2. Solvent parameters and calculated values for solvent polarity functions.

Solvent n € a m* B EM Er(30) flem) g(n) flen)+2g(n) fim(en)  fes(en)  ficv(en)
Methanol 1.329 33.70 0.98 0.60 0.66 0.762 55.4 0.857 0.224 1.305 0.3090 0.8574 0.6528
Ethanol 1.369 24.30 0.86 0.54 0.75 0.654 519 0.812 0.245 1.303 0.2856 0.8092 0.6557
Butanol 1.399 17.40 0.84 0.84 0.47 0.586 49.7 0.749 0.271 1.291 0.2633 0.7494 0.6458
Hexanol 1.418 13.00 0.80 0.40 0.80 0.559 48.8 0.686 0.284 1.254 0.2431 0.6860 0.6269
Decanol 1.437 8.00 0.70 0.45 0.70 0.525 47.7 0.553 0.297 1.146 0.2041 0.5527 0.5727
DMSO 1.359 47.24 0.08 0.71 0.76 0.355 42.2 0.928 0.222 1.372 0.3038 0.8771 0.6830
DMF 1.430 38.25 0.00 0.88 0.69 0.386 43.2 0.792 0.245 1.281 0.2753 0.8394 0.7114
Acetonitrile 1.344 36.64 0.19 0.75 0.40 0.460 45.6 0.861 0.235 1.330 0.3049 0.8610 0.6648
Acetone 1.479 21.01 0.00 0.71 0.43 0.444 45.1 0.839 0.292 1.423 0.2442 0.7522 0.6999
Chloroform 1.446 4.89 0.44 0.00 0.58 0.259 39.1 0.370 0.302 0.975 0.1482 0.3708 0.4876

Table 3. Linear plot data of AF514 and AF532 obtained from different correlation methods.

Methods Slope Intercept Correlation coefficient (R?) No. of data point
AF514 AF532 AF514 AF532 AF514 AF532 AF514 AF532
Bilot-Kawski Ma-k(1) 145.39 803.25 705.29 321.69 0.862 0.826 04:10 07:10
Bilot-Kawski Ma-k(2) 6385.27 2053.55 46101.35 39059.38 0924 0.991 05:10 05:10
Lippert-Mataga mi.m 2772.75 2713.0 77.40 249.26 0.979 0.835 04:10 07:10
Bakhshiev mgp 631.35 884.41 300.86 311.42 0.863 0.869 06:10 06:10
Kawski-Chamma-Viallet mg-c.v 5795.56 1218.50 22586.11 19104.12  0.842 0.887 06:10 05:10
Reichard mg 753.89 617.83 537.13 482.62 0.811 0.798 06:10 05:10
10 AF532 104 AFS14
Methanol Methanol
——Ethanol — Ethanol
Butanol Butanol
Hexanol Hexanol
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Figure 2. Normalized absorption and emission spectra of AF514 and AF532 in alcohols and general solvents.

To determine the dipole moments experimentally, solvents
correlation methods are used. The ground and excited state

dipole moments (,u; and ,us] were calculated by using the

slopes ms-k(1) and msk(z) of the Bilot-Kawski correlations using
Equations (5) and (6). The values of the singlet excited state
dipole moment were also determined from the slopes (mv-v, ms,
mk-cv and mg) of Lippert-Mataga, Bakshiv, Kawski-Chamma-
Viallet and Reichardt correlations using Equations (15)-(17)
and (21). The Onsager cavity radii of AF514 and AF532 are
calculated using Edwards’ atomic increment method [35], and
are tabulated in Table 4.

Using Gaussian 16 software, the theoretical values of
ground and singlet excited state dipole moments of AF514 and
AF532 dyes were determined in vacuum. From Table 4, it is
observed that the ground state dipole moments are found to be
16.15 D and 18.57 D while singlet excited state dipole moments
are 16.61 D and 23.47 D, respectively. Also, it is noticed that for

both molecules singlet excited state dipole moments (i) are
higher relative to ground state dipole moments as obtained
from DFT and TDDFT computations as well as from Bilot-
Kawski correlation method. This might be due to the significant
redistribution of charge density between the electronic states,
intramolecular bonding with solvents, charge transfer, and the
nature of geometrical changes between the electronic states.
This designates that both AF514 and AF532 dyes are
significantly more polar in their excited state relative to the
ground state. Therefore, both the studied molecules are more
reactive in an excited state when interacting with the solvent.
We have observed a comparatively good agreement
between the excited state dipole moments determined by Bilot-
Kawski, Lippert-Mataga, Bakhshiev, Kawski-Chamma-Viallet
and Reichardt correlation methods. From Table 4, it can be seen
that for both AF514 and AF532 dyes the excited state dipole
moments obtained from the Lippert-Mataga method are higher
as compared with the values obtained by other methods, since
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Table 4. Ground and excited state dipole moments (‘y’ in Debye), Onsager radius (‘a’ in A) and angle between dipole moments (‘¢’ in degree) of AF514 and AF532
dyes.

Compound uy ul al u e ul e ul u ut e /lg ot
AF514 16.15 16.61 5034 29.13 3049 35.05 31.95 30.36 30.83 1.70 135 0.50
AF532 1857 2347 5142 256 5.86 8.62 6.02 4.80 4.15 1.59 3.29 0.49

aComputed at the DFT/CAM-B3LYP/6-311G(d,p) level using G16 software.
bComputed at the TD-DFT/ CAM-B3LYP/6-311G(d,p) level using G16 software.
c¢Calculated using the Bilot-Kawski method (Equations (1) and (2)).

dObtained using the Lippert Mataga method (Equation (9)).

e Calculated using the Bakhshiev method (Equation (10)).

fObtained using the Kawski-Chamma-Viallet method (Equation (11)).
gObtained using the Reichardt method.

h Difference in dipole moment.

i Angle between dipole moments obtained using Equation (9).

jOnsager radius obtained using Edward's atomic increment method.

Table 5. List of experimental and computational results (solvent polarity scale Et(30) (in kcal/mol), transition energies (in eV), dipole moments (in D)).

Solvents Er(30) Egxp. Etheor. Ky y”f Ap He/ly Oscillator
strength
AF514 AF532 AF514 AF532 AF514 AF532 AF514 AF532 AF514 AF532 AF514 AF532 AF514 AF532
Methanol 55.4 2412 2353 2549 2,529  20.585 23985 30.670 32.622 10.085 8.637 1490 1360 0.8935 0.8817
Ethanol 51.9 2398 2348 2536 2,511  20.514 23910 30.561 32.515 10.047 8.605 1490 1360  0.8989 0.8874
Butanol 50.1 2394 2335 2519 2495  20.389 23777 30369 28818 9980 5.041 1489 1.212  0.9060 0.9068
Hexanol 48.8 2385 2331 2506 2483  20.234 23.614 30.136 32.093 9902 8479 1489 1359 09112 0.9025
Decanol 47.7 2380 2331 2483 2462 19.898 23.249 29.625 31576 9.727 8327 1489 1358  0.9205 0.9160
Acetone 422 2362 2335 2532 2508  20.452 23.845 30466 32422 10.014 8.577 1489 1360  0.9003 0.8895
Acetonitrile  45.6 2389 2357 2546 2462  20.604 24.093 30.700 33.084 10.096 8.991 1490 1373  0.8947 0.8467
DMF 43.2 2357 2318 2524 2499  20.613 24.015 30.714 32.665 10.101 8.650 1.490 1360  0.9032 0.8898
DMSO 45.1 2.344 2301 2530 2504  20.655 22.092 30.779 32.727 10.124 10.635 1.490. 1.481  0.9008 0.8870
Chloroform  39.1 2348 2335 2458 2429  19.444 22751 28948 30.874 9.504 8123 1587 1357  0.9296 0.9317
aQObtained employing AM1/IEF-PCM.
bQObtained using ZINDO/IEF-PCM from G16 package.
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Figure 3. Optimized ground and excited state molecular geometries of AF514 and AF532 at the DFT/CAM-B3LYP/6-311G(d,p) and TD-DFT/CAM-B3LYP/6-
311G(d,p) level of theory in a vacuum.

polarizabilities are not considered in the effect of the solute
[39]. Using the Reichardt correlation method, the difference
between p, and p.were obtained by using Equation (21) and
tabulated in Table 4. The ratio of singlet excited state and

states to be parallel with each other. The parallelism of dipole
moment vectors of the ground and excited states indicates a
large charge movement through the molecule in both states.

ground state dipole moments (u./ug) were determined to be
1.35 and 3.29 for AF514 and AF532, respectively. The differ-
ence in the dipole moment of the two electronic states is found
to be positive and the ratio is also higher than unity for both
dyes. The estimated value from AM1/IEF-PCM and ZINDO/IEF-
PCM computations is analogous to the trend (Table 5) in all the
solvents studied. The angle(¢) between the dipole moment
vectors of two electronic states is calculated by using msg-k(1), ms-
K(2), Hg, and p, obtained from the Bilot-Kawski correlation and
were found to be 0.50 and 0.49° for AF514 and AF532,
respectively, indicating dipole moments of the two electronic

4.3. Computational studies

Quantum mechanical calculations were implemented to
investigate the electronic properties and to gain enhanced
insight information into the molecular structure of AF514 and
AF532 dyes. The ground and excited state geometries are
optimized using DFT and TD-DFT at the CAM-B3LYP/6-
311G(d,p) basis set, in a vacuum as shown in Figure 3. The
arrowhead indicates the orientation of the dipole moment of
the molecules. Further, the experimental transition energies of
AF514 and AF532 are compared with the calculated ones used
by ZINDO/IEF-PCM in different solvents (Figure 4).
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Figure 4. Comparison of experimental transition energies (eV) of AF514 and AF532 with computed by ZINDO-IEFPCM in different polarity of solvents.
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Figure 5. Molecular electrostatic potential (MEP) maps of AF514 and AF532 in gas phase.

4.3.1. Solvatochromism via ZINDO/IEF-PCM method

The integral equation formalism polarizable continuum
model (IEF-PCM) has been combined with the ZINDO
semiempirical method to explain the effect of solvent on the
geometry and electronic transitions of the molecule theore-
tically. The solvatochromic effect on electronic absorption
maxima, transition energy, and oscillating strength of AF514
and AF532 has been computed and analyzed by ZINDO/IEF-
PCM in all the solvents studied. The ZINDO/IEF-PCM method is
one of the most popular tools for the calculation of excitation
energies compared with other semiempirical methods, as seen
in the earlier reports [40,41]. In this paper, the ZINDO/IEF-PCM
calculations of these fluorescent dyes are gathered in Table 5. It
is noticed that the experimentally obtained data (shift 18 and
17 nm) of the absorption maxima of both dyes replicate the
same trend as compared with the ZINDO/IEF-PCM data (shift
15 and 13 nm) in all kinds of solvents. The dependence of
molecules on solvent polarity and solute-solvent interaction
energy are studied along with experimental data. Figure 4 gives
the typical plot of E (eV) vs. solvents polarities for AF514 and
AF532; resulting data are collected in Table 5. In addition, the
table discloses the maximum and minimum difference in the
electronic transition energy of AF514 and AF532 in all solvents
studied both experimentally and computationally. From
experimental interpretation, the maximum and minimum
energy differences of AF514 and AF532 are found to be 0.137-
0.103 eV and 0.176-0.131 eV in alcohols (methanol-decanol)
and for general solvents (Acetone-Chloroform) and the
computational study reveals them to be 0.186-0.110 eV and
0.203-0.094 eV, respectively. It can be noticed that the
experimental and computed values are very close to each other.
ZINDO/IEF-PCM examined electronic transition energies are
well correlated with the experimental results with the minute
differences of 0.137eV for AF514 and 0.176 eV for AF532 dyes.
Conversely, the experimentally obtained results for the same

are well-replicated for all the solvents. Oscillator strengths of
AF514 and AF532 vary from 0.9205-0.8935 and 0.9160-0.8817
for alcohols and for other general solvents 0.9296-0.8947 and
0.9317-0.8467 as tabulated in Table 5.

4.3.2. Molecular electrostatic potential

The molecular electrostatic potential (MEP) is a widely
used tool to explain the reactive behavior of a variety of
chemical systems in various environments, helpful for the study
of biological recognition processes and hydrogen bonding
interactions [42]. The MEP of AF514 and AF532 were calculated
using DFT at CAM-B3LYP/6-311G (d.p) basis set as shown in
Figure 5. The red (negative) region of the MEP map was
associated with electrophilic reactivity and blue (positive) is
associated with nucleophilic reactivity. The MEP maps are
found to be in the region of -0.08407 (red) and 0.08407 (blue)
for AF514 and -0.08376 (red) and 0.08376 (blue) for AF532.
Note that the electron density map of AF514 has a much larger
range than that of AF532. The mapped MEP surface (Figure 5)
confirms that the red region on the oxygen atoms of the sulfonic
groups is an electron rich (more electronegative) region for
both molecules studied. Oxygen atoms attached with pyro-
lidinyl are less electronegative (yellow) relative to sulfonic
group atoms. Therefore, oxygen is relatively electron rich and
hydrogen is relatively electron deficient for AF514 and AF532
molecules, respectively.

4.3.3 Frontier molecular orbitals

The Frontier molecular orbital (FMO) analysis provides
more useful information about the chemical reactivity and
kinetic stability of the molecule. The forntier molecular orbitals
called HOMO and LUMO of both studied molecules were
investigated using DFT at the CAM-B3LYP/6-311G(d,p) basis
set, in vacuum.
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Figure 6. Frontier molecular orbitals of AF514 and AF532 in gas phase at CAM-B3LYP/6-311G (d,p) level.

As observed in AF514, in HOMO electrons are restricted to
benzopyran, quinoline, amine and sulfonic groups attached
with quinolin, whereas in LUMO electrons are localized on all
the groups except dioxopyrrolidinyl, 2-methyl groups and
sulfonic acid groups. As is seen from HOMO-LUMO, electrons
are delocalized on the oxygen atom of the benzopyran group
and a phenyl group. In AF532, in HOMO electrons are restricted
to pyran, indol, and sulfonic groups, whereas in LUMO electrons
are localized in pyran, indol, and phenyl groups. In addition,
electrons are delocalized in the oxygen atom of the pyran group
and phyenyl group. For both the studied molecules electron
density on the oxygen atom of benzopyran/pyran increases, at
the same time electron density on oxygen atoms of sulfonic
groups decreases during LUMO.

The energies of the HOMO and LUMO can be directly related
to ionization potential and electron affinity, respectively [43].
The HOMO-LUMO energy values were computationally deter-
mined and revealed in Figure 6. For the dyes AF514 and AF532,
HOMO-LUMO energy gap values were found to be 5.01 eV and
4.96 eV, respectively. The energy gap of AF532 is smaller than
energy gap of AF514. This indicates that, the AF532 dye is
highly reactive and has low kinetic stability as compared with
AF514 dye. HOMO-LUMO energies are also used to find the
softness (6), chemical hardness (1), electron negativity (x) and
chemical potential (1) of these molecules. For AF514 and
AF532, the calculated values §, 1, x, and p are 0.399 eV-1, 2.505
eV, -4.985 eV, 4.985 eV and 0.403 eV, 2.480 eV, -4.850 eV,
4.850 eV, respectively. These values designate high excitation
energy, high chemical activity, and good stability for the
molecules studied.

4.3.4. Natural bond orbital (NBO) analysis

The NBO analysis is an effective tool to study intra- and
inter-molecular bonding and interactions. It also provides
important features of the molecular structure and a basis for the
investigation of charge transfer or conjugative interactions in
molecular systems. This in turn offers insight into the
intramolecular, intermolecular bonding, and interaction among
bonds [44,45]. Another useful chemical aspect of the natural
bond orbital method is that it gives a favorable interaction of
both filled/partially filled orbitals with nearby empty/virtual
orbitals, which explains certain chemical phenomena in terms
of donor-to-acceptor orbital interactions [46].

The NBO analysis is carried out to understand various
second-order interactions between the ‘filled’ (donor) Lewis

type and ‘vacant’ (acceptor) non-Lewis type orbitals. NBO
calculations were performed by using the NBO program as
executed in the Gaussian 16 package at DFT/CAM-B3LYP/6-
311G(d,p) basis set. The second-order Fock matrix was carried
out to determine the donor-acceptor interactions in the NBO
analysis [47]. Second order perturbation theory is used for the
filled donor NBOs (i) and vacant acceptor NBOs (j), the
stabilization energy E(2) associated with i(donor) —j
(acceptor) delocalization can be obtained as given by,

(Fij)?
(Ej=E{)

E(2) = AE;; = q; (23)

where Fj is the off-diagonal NBO Fock matrix element between
i and j, Ei and Ej are the energies of donor and acceptor orbitals
of diagonal elements and qi is the occupancy of the donor
orbital, AE;jis the difference in energy between the filled
(donor) and the new lower energy orbital (formed by mixing of
the donor and acceptor orbitals). In this NBO investigation, the
higher E(2) value, the interaction between electron donors and
acceptors is more intensive and the extent of conjugation is
greater.

The possible intensive perturbation energies of donor-
acceptor interactions for AF514 and AF532 dyes are presented
in Table 6. In AF532, the interactions between 1*(Ce-C7) and the
antibonding acceptor m*(Cs-C10) have a strong interaction with
the highest intramolecular charge transfer energy E(2) value
284.13 kcal/mol. The lone pair electron donating n — m* and
n— o*n1 transitions are observed between niNig to
antibonding acceptor m*(C4-Cs), n1Nsz to m*(030-C33), n2012 to
m*(Ce-C7) and m*(Co-C12), n1028 to 0*(C26-C27), n2029 to m*(Cz27-
028), and n2030 to 0*(N32-C33) and 0*(Cs3-Css) transitions are
responsible for resonance in the molecule with intramolecular
charge transfer interaction energy E(2) value 86.27, 54.59,
40.95, 40.61, 20.44, 43.50, 37.86, and 24.64 kcal/mol,
respectively. Although in AF514, the lone pair n— * transitions
between niCs to m*(Cs-Co) and m*(Ce-C7), n1C11 to m*(Cs-C1o),
m*(C12-C13) and m*(C15-C16), N1N19 to m*(036-038) and m*(037-
039) transitions are significant interactions responsible for the
resonance in the molecule with stabilization energies of 41.14,
57.54, 103.82, 92.36, 62.53, 54.31, 51.92, and 43.91 kcal/mol,
respectively. Hence, the stabilization energies of AF532 is larger
than stabilization energy of AF514. This indicates the more
intramolecular charge transfers in AF532 as compared with
AF514. i.e, AF532 is more stabilized relative to AF514.
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Table 6. Analysis of Fock matrix using second order perturbation theory for the compounds AF514 and AF532 dyes.

Compound Donor Type ED/e Acceptor Type ED/e E(2)2 E(j)-E(i)® F(i,j)ec
AF514 C4-C9 T 1.79133 C8-C10 * 0.35249 16.92 0.38 0.074
C6-C7 b 1.73596 C8-C10 ™ 0.35249 12.47 0.39 0.063
C8-C10 b 1.60720 C4-C9 ™ 0.19437 25.19 0.40 0.095
C8-C10 b 1.60720 C6-C7 ™ 0.37639 41.19 0.36 0.109
C27-C29 T 1.63579 C28-C30 * 0.30184 25.83 0.37 0.089
- T - C31-C32 * 0.35309 34.46 0.37 0.101
- b - C68-070 ™ 0.20239 14.50 0.41 0.072
C31-C32 b 1.63990 C27-C29 ™ 0.38236 28.81 0.37 0.092
b - C28-C30 ™ 0.30184 31.02 0.37 0.098
T - C33-035 * 0.14640 13.00 0.45 0.073
C5 n* 0.86568 C4-C9 * 0.19437 41.14 0.21 0.113
C5 ni* - C6-C7 ™ 0.37639 57.54 0.16 0.108
C11 ni 1.10598 C8-C10 ™ 0.35249 103.82 0.19 0.149
C11 ni - C12-C13 ™ 0.36417 92.36 0.19 0.138
C11 ni - C15-C16 * 0.20914 62.53 0.21 0.127
C14 ny 0.86526 C12-C13 * 0.36417 58.66 0.16 0.112
C14 ni - C15-C16 ™ 0.20914 45.61 0.19 0.112
N19 ni 1.65778 036-C38 ™ 0.20780 54.31 0.41 0.138
N19 ni - 037-C39 ™ 0.20272 51.92 0.42 0.136
020 nz 1.72369 C6-C7 * 0.37639 4391 0.45 0.129
020 nz - C12-C13 * 0.36417 40.82 0.46 0.125
AF532 C6-C7 ™ 0.37639 C8-C10 ™ 0.35249 284.13 0.01 0.088
C3-C8 b 1.79416 C4-C5 ™ 0.43630 25.65 0.37 0.093
- C6-C7 ™ 0.47384 16.58 0.36 0.074
C4-C5 T 1.63755 C6-C7 * 0.47384 48.25 0.35 0.119
- C3-C8 * 0.20085 13.31 0.40 0.068
C6-C7 b 1.54132 C10-C11 ™ 0.33650 40.33 0.36 0.112
- C3-C8 ™ 0.20085 21.08 0.40 0.088
- C4-C5 ™ 0.43630 15.21 0.35 0.066
C9-C12 T 1.70818 C10-C11 * 0.33650 13.44 0.38 0.064
C10-C11 T 1.62847 C9-C12 * 0.35870 36.73 0.37 0.105
- C14-C15 ™ 0.18950 22.79 0.41 0.091
- C6-C7 ™ 0.47384 15.63 0.35 0.068
C14-C15 b 1.80240 C10-C11 ™ 0.33650 17.22 0.38 0.075
C21-C22 T 1.65230 C24-C26 * 0.36271 33.80 0.37 0.100
- C23-C25 * 0.28849 25.70 0.38 0.089
C23-C25 T 1.63839 C21-C22 * 0.34730 35.16 0.36 0.101
- C24-C26 ™ 0.36271 29.34 0.36 0.092
C24-C26 b 1.63839 C21-C22 ™ 0.34730 28.15 0.36 0.091
- C23-C25 * 0.28849 30.50 0.37 0.097
- C27-028 * 0.20068 23.94 0.37 0.087
C13 n* 0.85834 C14-C15 * 0.18958 44.47 0.20 0.116
- C9-C12 ™ 0.35870 61.87 0.16 0.114
012 nz 1.71637 C6-C7 ™ 0.47384 40.95 0.44 0.126
- C9-C12 * 0.47384 40.61 0.47 0.125
N19 ny 1.65100 C4-C5 * 0.43630 86.27 0.34 0.157
028 nz 1.83241 C26-C27 o* 0.06309 20.44 0.82 0.119
029 nz 1.84634 C27-028 ™ 0.20068 43.50 0.48 0.130
030 nz 1.84677 N32-C33 g* 0.10535 37.86 0.78 0.156
030 nz - C33-C35 g* 0.06515 24.64 0.75 0.124
N32 ny 1.66192 030-C33 * 0.20182 54.59 0.41 0.138
aE(2) is the stabilization energy in k] /mol.
bDifference in energy (a.u.) between donor (i) and acceptor (j) NBO orbitals.
¢F(i,j) is the Fock matrix element (a.u.) of the NBO orbitals.
Table 7. NBO results showing the formation of Lewis and non-Lewis orbital for Alexa Fluor 514 dye.
Compound Bond (A-B) ED/energy (a.u.) EDA% EDB% NBO s % P %
AF514 m C4-C9 1.79133 52.59 47.41 0.7252(sp9999)C+ 0.01 99.92
m C6-C7 1.73596 61.25 38.75 0.7826(sp9299)C+ 0.08 99.89
m C8-C10 1.60720 59.18 40.82 0.7693(sp100)C+ 0.01 99.97
mC12-C13 1.71092 40.70 59.30 0.6380(sp1-00)C+ 0.00 99.93
m C15-C16 1.80796 53.19 46.81 0.7293(sp100)C+ 0.00 99.94
m C27-C29 1.63579 47.70 52.30 0.6907 (sp1-00)C+ 0.01 99.96
m C28-C30 1.62290 51.41 48.59 0.7170(sp100)C+ 0.00 99.95
mC31-C32 1.63990 46.13 53.87 0.6792(sp100)C+ 0.00 99.95
m C33-035 1.98408 33.04 66.90 0.5748(sp?714)C+ 3.54 96.00
m036-C38 1.99033 68.90 31.10 0.8300(sp9299)0+ 0.04 99.83
m037-C39 1.98959 68.59 31.47 0.8278(sp9299)0+ 0.22 99.65
ni*C5 0.86568 - - spt.o0 0.00 99.99
niC5 1.10598 - - spt.o0 0.00 99.99
ni*C14 0.86526 - - spto0 0.00 100.00
niN17 1.60446 - - sp99-99 0.17 99.81
niN18 1.66606 - - sp99-99 0.04 99.94
niN19 1.65776 - - Sp99-99 0.68 99.93
n2020 1.72369 - - sploo 0.01 99.93

Note: The symbols and labels appeared in the NBO analysis (Tables 6-8) were assigned according to the optimized structure as shown in Figure 4.

2022 - European Journal of Chemistry - CC BY NC - DOI: 10.5155/eurjchem.13.1.8-19.2123



Table 8. NBO results showing the formation of Lewis and non-Lewis orbital for Alexa Fluor 532 dye.

Patil et al. / European Journal of Chemistry 13 (1) (2022) 8-19

17

Compound Bond (A-B) ED/energy (a.u.) EDA% EDB% NBO s % P %

AF532 nC3-C8 1.79416 52.03 47.97 0.7213(sp%99)C+ 0.02 99.93
mC4-C5 1.63755 3591 64.09 0.5993(sp00)C+ 0.00 99.93
nC6-C7 1.54132 40.49 59.51 0.6363(sp1-00)C+ 0.00 99.96
mC9-C12 1.70818 41.24 58.76 0.6422(sp00)C+ 0.00 99.93
mC10-C11 1.62847 58.58 41.42 0.7654(sp00)C+ 0.00 99.97
nC14-C15 1.80240 51.40 48.60 0.7170(sp9999)C+ 0.03 99.91
nC21-C22 1.65230 50.41 49.59 0.7100(sp-00)C+ 0.00 99.96
mC23-C25 1.63787 52.19 47.81 0.7224(sp00)C+ 0.00 99.95
nC24-C26 1.63839 45.29 54.71 0.6730(sp00)C+ 0.00 99.95
nC27-028 1.98544 30.94 69.06 0.5562(sp1-00)C+ 0.00 99.46
m030-C33 1.99107 68.67 31.33 0.8286(sp-00)0+ 0.00 99.86
m031-C34 1.99106 68.66 31.66 0.8286(sp00)0+ 0.00 99.86
n1*C13 0.85834 - - Sp99-99 0.02 99.98
n2018 1.71637 - - Sp99-99 0.05 99.89
niN19 1.65100 - - Sp63.07 1.56 98.41
niN20 1.62467 - - Sp3s595 2.71 97.26
n2028 1.83241 - - sp1.00 0.00 99.91
n2029 1.84634 - - sp1.00 0.00 99.94
n2030 1.84677 - - spl.00 0.00 99.92
niN32 1.66192 - - Sp99-99 0.37 99.62
n2045 1.79558 - - sp1.00 0.00 99.91
n2046 1.82894 - - Sp99-99 0.11 99.81
n2047 1.90071 - - Sp99-99 0.15 99.80
n2049 1.84079 - - sp1.00 0.01 99.92
n2050 1.80945 - - spl00 0.00 99.91

aED/ein a.u.

Tables 7 and 8 gives the occupancy of electrons and p- Acknowledgment

character in the significant NBOs of the studied molecules [44].
In AF514, the 100% p-character was observed in the lone pair
n1* Ci4. Except mw bonding of (C33-O3s) all the intense NBOs have
the p-character very closer to 100%. Also, in AF532 except for
lone pairs Ni9 and Nzo all the significant NBOs have the p-
character very closer to 100%.

5. Conclusion

Herein we report, the effect of solvents on steady-state
absorption and fluorescence spectra of AF514 and AF532 dyes
in various solvents of differing polarities. These data are used
to understand the solvatochromic effect on spectral shift;
estimate the ground and singlet excited state dipole moments
by using various correlation methods and to compare with
computational studies. The ground state dipole moment is
estimated by Bilot-Kawski's method and singlet excited state
dipole moments by employing Bilot-Kawski, Lippert-Mataga,
Bakhshiev, Kawski-Chamma-Viallet and Reichardt’s methods.
The dipole moments determined by using these correlation
methods follow the same trend exhibited by theoretically
calculated values using G16 software. Both experimental and
computational results show that for these dyes singlet excited
state dipole moment values are larger than those of ground
state. This suggests that AF514 and AF532 are significantly
more polar in the excited state than in their ground state. The
ZINDO was adapted with integral equation formalism for the
polarizable continuum model (IEF-PCM) to study the solvation
potential and absorption transition energies. The experimental
values of transition energy follow a similar trend exhibited by
ZINDO/IEF-PCM model. The differences noticed in the
transition energies are below 0.186 eV and 0.203 eV,
respectively, in all the solvents. The small value of the HOMO-
LUMO energy gap reveals the easy charge transfer interaction
and softness of molecule. The intermolecular charge transfer
between the bonding and antibonding orbitals and
hybridization in the molecules under study has been
understood by NBO analysis. It is observed that stabilization
energies of AF532 are larger as compared with AF514 and it is
more stable.
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