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Three rhodol derivatives, namely spirolactamized phenanthrene-imidazole, diphenyl-imidazole and
benzothiazole substituted N, N-diethylamine rhodols were designed, synthesized and characterized. Their
photophysical properties were studied in spirocyclic and open form from non-polar to polar solvents. The
spirocyclic form exhibited larger Stokes shifts (50-260 nm) due to presence of ESIPT process whereas, open
form showed small Stokes shift (10-40 nm) due to the lack of protons. Positive solvatochromism was observed
for both the spirocyclic and open forms which is well supported by the linear (Lippert-Mataga and Mac-Rae) and
ESIPT-rhodols multi-linear (Kamlet-Taft and Catalan parameters) analysis. Solvent polarizability (dsp) is the major factor re-
Positive solvatochromism sponsible for red shift in absorption/emission and larger Stokes shift for spirocyclic form. Polarity graphs and
TICT charge transfer descriptors are in good relation with Generalized Mulliken-Hush (GMH) parameters. From the
Viscosity sensitivity solvatochromic data we observed that open forms show good TICT characteristics as compared to their respective
Density Functional Theory (DFT) spirocyclic forms. Open form is highly sensitive to viscosity as compared to spirocyclic form in a mixture of polar-
protic solvents (EtOH:PEG 400). The experimental results are well correlated theoretically using Density Func-
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tional Theory (DFT) computations.
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1. Introduction

Xanthene dyes such as rhodamine, fluorescein with reactive linker
functionalities are extensively used in various applications as they are
biocompatible, excite with low energy and emit with high fluorescence
quantum yield [1-7]. The conformational changes in xanthenes (from
spiro-lacton to open form) are useful in sensing the heavy metal ions
[8-19]. The photophysical properties of xanthene derivatives can be al-
tered by structural modifications using different synthetic strategies
[20]. In addition, a new strategy to obtain red shifted absorption is re-
ported where the xanthene oxygen is substituted by other atoms such
as silicon and carbon [21,22].

Though xanthene derivatives are widely applied in numerous fields,
they suffer a major drawback of small Stokes shift leading to self-
quenching and errors in fluorescence detection [23,24]. Hence, a num-
ber of researchers in the past few years contributed to overcome the
above drawbacks by synthesizing hybrid dyes such as ESIPT-BODIPY
[25,26], ESIPT-coumarin [27,28], BODIPY-coumarin [29,30], BODIPY-
rhodamine [31,32], and coumarin-rhodamine [33,34] with unique
photophysical properties.
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In the past few years, excited-state intramolecular proton transfer
(ESIPT) in the molecules has emerged as a useful tool for sensing appli-
cations [35-40]. The ESIPT-active molecules give large Stokes shifts and
change in fluorescence from excited enol and keto tautomers [41].
These properties of ESIPT molecules assist in designing numerous mo-
lecular probes for detection of targeted species [42-48]. 2-(2'-
Hydroxyphenyl)-benzoxazole undergoes ESIPT process on photo-
excitation in which rapid photo-induced proton transfer leads to
tautomerization [49-51]. The blockage of ESIPT process in 2-(2’-
hydroxyphenyl)-benzothiazole (HBT) mainly results in enol-like emis-
sion and is used as ratiometric sensing for the variety of analytes [52].
In the absence of analyte, the keto-form exhibits stronger fluorescence
at longer wavelength on photo-excitation [53-62]. This unusual red
shift in emission obtained with ESIPT molecules is useful for their appli-
cations in photochromic dyes [63], laser dyes [64], photo-stabilizers [65]
and fluorescence recording techniques [66,67].

Rhodol is a hybrid form of fluorescein and rhodamine which shows
excellent photophysical properties such as good solubility, photo- sta-
bility and high fluorescence quantum yield [68-71]. Rhodol has an
acidic phenol moiety in their spirocyclic form that could be readily ion-
ized to the more nucleophilic phenoxide ion in open form. This molecu-
lar configuration is the basis for the ESIPT process between the phenolic
hydroxyl group and N-atom of the benzothiazole ring which exhibits
similar emission properties like HBT [72,73]. This ESIPT process
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Fig. 1. Structures of the ESIPT-rhodol derivatives 10, 11 and 12 (spirocyclic and open form) with their photographs under UV light in chloroform.

generates photo induced structural transformation of rhodols from phe-
nol (enol) to keto form [74].

Herein, we report three rhodol derivatives 10, 11, and 12 (Fig. 1). In
these compounds, benzimidazole and benzothiazole units were strategi-
cally introduced adjacent to oxygen atom of phenolic group of rhodol
dyes. It is expected that the “phenol-quinone” transmission in these
rhodol dyes switch the ESIPT process existing between the phenolic OH
group and N atom of benzimidazole/benzothiazole ring in spirocyclic
form. The ESIPT-rhodol derivatives were reported by Yang et al. as
ratiometric probes for Cu>* [75], Goswami et al. reported rhodol-based
chemodosimeter for both Hg>* and OCI™ [76], Zhang et al. reported
rhodol-based far-red fluorescent probe for the detection of cysteine, ho-
mocysteine and glutathione [77] and the Strongin et al. rhodol-thioester
fluorescent probe for the detection of glutathione and cysteine/homocys-
teine [78]. However, their photophysical properties in closed and open
form, detailed solvatochromic properties, intramolecular-charge transfer
(ICT) and twisted-intramolecular charge transfer (TICT), viscosity sensi-
tivity and computational studies are not yet reported. Accordingly, herein
we wish to report the solvatochromism of synthesized rhodols 10, 11 and
12, their relation with linear (i.e., Lippert-Mataga, Mac-Rae, Rettig's, and
Generalized Mulliken-Hush polarity functions) and multilinear (i.e.
Kamlet-Taft and Catalan equations) polarity functions, viscosity sensitiv-
ity in mixtures of polar-protic (EtOH:PEG 400) media. The observed ex-
perimental results correlated theoretically using Density Functional
Theory (DFT) and Time Dependant-Density Functional Theory (TD-DFT).

2. Experimental
2.1. Materials and instruments

The required chemicals were purchased from the regional distributor,
S. D Fine chemical limited, Mumbai, India. The samples were purified by

using silica of 100-200 mesh size. "H and >C NMR spectra were recorded
on 500 MHz and 100 MHz respectively on Agilent Technologies instru-
ment (TMS as an internal standard). Perkin Elmer UV-visible spectropho-
tometer (Lambda 25) was used for absorption studies. Varian Cary Eclipse
fluorescence spectrophotometer was used for emission studies. Melting
points were recorded on melting point equipment from Sunder Industrial
Products, Mumbai. Fluorescence quantum yield were calculated by using
coumarin 6 (¢ = 0.94 in chloroform) and rhodamine 101 (¢ = 0.94in
ethanol) as reference standards for spirocyclic and open form respectively.

2.2. Computational methods

DFT [79] computations of the synthesized rhodols were carried on
Gaussian 09 [80] program using B3LYP hybrid functional. The B3LYP is
combination of Becke's three exchange functional parameter (B3) [81]
and the functional by Lee, Yang and Parr [82]. B3LYP/6-31 G
(d) method was used for DFT and TD-DFT studies. Vertical excitation en-
ergies and oscillator strengths were obtained for lowest 10 singlet-
singlet transitions at the optimized ground state equilibrium geometries
by using TD-B3LYP/6-31 G (d) [83].

2.3. Synthesis and characterization

2-(4-(Diethyl amino)-2-hydroxybenzoyl) benzoic acid 2 was syn-
thesized by using reported protocol [33]. 2,4-Dihydroxybenzaldehyde
4 was synthesized from resorcinol following the reported method
[84]. Intermediate 4 was reacted with 9,10 phenanthrene-dione and
benzil in a mixture of ammonium acetate and acetic acid to afford hy-
droxyl imidazole derivatives 5 and 7 respectively. Similarly, 4 was
treated with 2-aminobenzenethiol 8 in sodium metabisulfite and DMF
as solvent to afford 4-(benzo[d]thiazol-2-yl) benzene-1, 3-diol 9 in
good yields (Scheme 1). All these intermediates 5, 7 and 9 were reacted
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Scheme 1. Synthesis of phenanthrene-imidazole (5), diphenyl-imidazole (7) and thiazole-benzene (9) intermediates.

with N, N-diethyl meta amino phenol keto acid 2 in methane sulfonic
acid to isolate respective ESIPT-rhodol derivatives 10, 11 and 12 in
their spirocyclic form and purified by column chromatography. The
spirocyclic form of 10, 11 and 12 were converted into their open form
by the treatment of methanolic HCI (Scheme 2). The newly synthesized
ESIPT-rhodol derivatives were fully characterized by 'H, >*C NMR, ele-
mental and mass analysis.

2.3.1. Synthesis of 4-(1H-phenanthro [9, 10-d] imidazol-2-yl) (5)

The compound 5 was synthesized according to the reported method
[85]. 2, 4-Dihydroxy benzaldehyde (0.12 g, 0.72 mmol) was reacted
with phenanthre-9, 10-dione (0.13 g, 0.624 mmol) and ammonium ace-
tate (0.86 g, 11.20 mmol) in acetic acid (10 ml). The reaction mixture
was refluxed for 4-5 h. On completion of the reaction, the reaction
mass was cooled to room temperature and quenched with water. The
reaction mixture was then neutralized with ag. ammonia solution. Dur-
ing the neutralization process the solid precipitated out, which was fil-
tered and washed with water and dried under vacuum. The
purification of crude product was done by column chromatography (el-
uent system; ethyl acetate in hexane 10-30%) to obtain white colored
pure product (0.170 g, 85%) (Scheme 1).

2.3.2. Synthesis of 4-(4, 5-diphenyl-1H-imidazolyl)-benzene-1, 3-diol (7)
Compound 7 was synthesized according to the reported method

[86]. 2, 4-Dihydroxy benzaldehyde 4 (0.1 g, 0.724 mmol) was reacted

with ammonium acetate (0.88 g, 11.4 mmol) and benzil 6 (0.13 g,

0.618 mmol) in acetic acid (10 ml). The reaction mixture was refluxed
for 4-5 h. On completion of the reaction, the reaction mass was cooled
to room temperature and quenched with water. The reaction mixture
was then neutralized with aq. ammonia. During the neutralization pro-
cess the solid precipitated out, which was filtered and washed with
water. The crude product obtained was purified by column chromatog-
raphy using 10-30% ethyl acetate in hexane to obtain the pure product
as white solid (0.160 g, 80%) (Scheme 1).

2.3.3. Synthesis of 4-(benzo[d] thiazole-2-yl)-benzene-1, 3-diol (9) [87]

2-Amino thiophenol 8 (0.33 ml, 3.12 mmol), sodium metabisulfite
(NayS,0s, 0.610 g) and 2, 4-dihydroxy benzaldehyde 4 (0.446 g,
3.18 mmol) were refluxed in dry DMF (20 ml) for 2 h. The reaction mix-
ture was cooled to room temperature and water (200 ml) was added
slowly to the reaction mixture. After completion of the addition, the
solid precipitated out which was filtered, washed with water (60 ml)
and dried to yield crude product. The crude product was purified by re-
crystallization from methanol to obtain light yellow solid product
(0.634 g, 85%) (Scheme 1).

24. Synthesis of rhodol derivatives (10, 11 and 12)

Compound 10 was obtained by refluxing 5 (0.101 g, 0.307 mmol)
with 2 (0.128 g, 0.41 mmol) in methanesulfonic acid (5 ml). Compound
11 was obtained by refluxing 7 (0.101 g, 0.305 mmol) with 2 (0.128 g,
0.41 mmol) in methanesulfonic acid (5 ml). Compound 12 was obtained
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Scheme 2. Synthesis of ESIPT-rhodol derivatives (10, 11 and 12).

on refluxing 9 (0.100 g, 0.41 mmol) with 2 (0.128 g, 0.41 mmol) in
methanesulfonic acid (5 ml). The temperature of the reaction mixture
was maintained at 90-95 °C for 24 h (Scheme 2). Then, reaction mass
was cooled to room temperature and poured in ice-water (30 ml).
After sometime the precipitated product was washed three times with
brine water solution (3 x 5 ml) and then dried under vacuum to give
the crude product. The purification was done by column chromatogra-
phy using 1-2% methanol in chloroform as an eluent system to afford
solid product.

24.1. Characterization (10, 11 and 12)

24.1.1. 6'-(Diethyl amino)-3’-hydroxy-2'-(1H-phenanthro [9, 10-d]
imidazol-2-yl)-3H-spiro [isobenzofuran-1, 9'-xanthen]-3-one (10). Yield:
77%, melting point: 289 °C, 'H NMR (400 MHz, DMSO) 6 13.75 (s, 1H),
8.80 (d, ] = 6.7 Hz, 2H), 8.36 (s, 3H), 8.09 (d, J = 7.1 Hz, 1H),
7.81-7.67 (m, 5H), 7.62 (d, ] = 7.4 Hz, 2H), 7.30 (d, ] = 6.6 Hz, 1H),
6.97 (s, 1H), 6.45 (d, J = 12.5 Hz, 3H), 1.06 (t, ] = 6.5 Hz, 6H). '3C
NMR (101 MHz, DMSO) 6 169.62, 159.98, 153.28, 152.10, 149.65,
148.74, 136.11, 136.10, 130.51, 128.78, 126.45, 125.44, 125.43, 124.45,
122.80, 122.07, 111.42, 111.04, 109.29, 109.27, 105.37, 104.35, 97.37,
44.22,12.74. Mass analysis: Calculated for (C39H,9N304): 603.2, found:
604.1 (M+1). Elemental analysis (C3gH9N304): Calculated: C - 77.60,
H - 4.84,N - 6.96. Found: C - 77.63, H - 4.84, N - 6.97.

2.4.1.2. 6'-(Diethyl amino)-2’'-(4, 5-diphenyl-1H-imidazol-2-yl)-3'-hy-
droxy-3H-spiro [isobenzofuran-1, 9’-xanthen]-3-one (11). Yield: 75%,
melting point: 272 °C, "H NMR (400 MHz, DMSO) 6 13.76 (s, 1H), 7.99
(d,J = 7.1 Hz, 2H), 7.70 (dd, ] = 18.4, 6.8 Hz, 2H), 7.55 (s, 1H), 7.39
(m, 7H), 7.23 (dd, ] = 56.0, 7.2 Hz, 4H), 6.86 (s, 1H), 6.46-6.36 (m,
3H), 1.05 (t, ] = 6.8 Hz, 6H). '3C NMR (101 MHz, DMSO) & 169.55,
159.22, 153.59, 153.58, 152.47, 152.04, 149.55, 145.19, 145.17, 135.93,
135.91, 135.90, 135.87, 130.31, 130.28, 130.27, 129.27, 128.97, 128.82,
126.36, 125.46, 125.21, 125.20, 124.31, 110.98, 109.18, 105.28, 103.97,
97.31, 44.20, 12.74. Mass analysis: Calculated for (C3gH3{N304):
605.23, found: 606.1 (M+1). Elemental analysis (C3gH31N304): Calcu-
lated: C-77.68,H - 4.47,N - 6.91. Found: C - 77.66, H - 4.46, N - 6.92.

24.1.3. 2'-(Benzo[d|thiazol-2-yl)-6'-(diethylamino )-3’-hydroxy-3H-spiro
[isobenzofuran-1, 9'-xanthen]-3-one (12). Yield: 72%, melting point:

255 °C, 'H NMR (400 MHz, DMS0) & 13.76 (s, 1H), 9.01 (s, d = 8.6 Hz,
2H), 8.00 (d, J = 8.6 Hz, 2H), 7.82 (s,1H), 7.37 (m, 3H), 7.13 (d, ] =
5.3 Hz, 2H), 6.58 (d, ] = 6.5 Hz, 2H), 6.41 (s, 1H), 1.19 (t,] = 7.1 Hz,
6H), '*C NMR (126 MHz, DMSO) & 166.93, 161.23, 155.77, 151.35,
135.57,133.96, 131.90, 131.24, 130.71, 130.70, 129.67, 129.29, 126.86,
125.57,122.81,122.36, 120.39, 120.31, 117.07, 116.98, 116.56, 114.80,
103.74, 97.72, 84.30, 46.63, 12.98. Mass analysis: Calculated for
(C31H24N204S): 520.1, found: 521.1 (M+1). Elemental analysis
(C31H24N504S): Calculated: C - 77.51, H - 4.65, N - 6.16. Found: C -
7754, H-4.64,N - 6.17.

3. Results and discussion
3.1. Photophysical properties

Absorption and emission spectra of ESIPT-rhodols were investigated
in both spirocyclic as well as open forms in seven organic solvents of dif-
ferent polarities. The spirocyclic forms 10, 11 and 12 are colorless while
in open form they are shiny reddish black colored solids. The spirocyclic
form of rhodols on treatment with methanolic HCl solution transform
into open form-rhodols. After repeating twice the above procedures,
the solvent was evaporated on rotary evaporator to get open form of
10, 11 and 12 as shiny reddish black solids. Due to the ESIPT process,
spirocyclic-rhodols 10, 11 and 12 show larger Stokes shift
(50-260 nm) than the open form-rhodols 10, 11 and 12 (10-40 nm).
Fig. 2 shows the absorption and emission spectra of spirocyclic and
open form of 10, 11 and 12 in chloroform. In spirocyclic form, rhodol
10 show red shifted absorption as compared to 11 and 12, but the oppo-
site trend is observed in emission and Stokes shifts. The compounds 11
and 12 show red shifted emission and large Stokes shift as compared to
10. All spirocyclic forms absorbed in the range of 330-370 nm in chloro-
form. Spirocyclic 10 emits at 428 nm while, spirocyclic 11 and 12 emit at
445 nm and 525 nm respectively in chloroform while the open form 10
shows highly red shifted emission at 610 nm compared to open forms
11 and 12. All the compounds in open form absorb at 335-340 nm
and emit at 590-600 nm in chloroform. In their spirocyclic form molar
extinction coefficients were higher in comparison with their open
forms. From the experimental results for spirocyclic and open forms,
the oscillator strength (f) and transition dipole moment (L) were cal-
culated by using reported expressions [88]. In addition, the ESIPT-
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Fig. 2. Normalized absorption and emission spectra of compound 10, 11 and 12 in spirocyclic form and open form in chloroform.

rhodols show higher transition dipole moment and oscillator strength
in open form in comparison with their spirocyclic form (Table 1).

Complete photophysical parameters of dye 10 in their spirocyclic
form and open form are presented in Tables 2 and 3.

3.2. Solvatochromism

From Tables S1-S6 it was observed that ESIPT-rhodol derivatives 10,
11 and 12 in spirocyclic form shows red shift in absorption and emission
spectra as we go from non-polar solvents to polar solvents suggesting
that highly polar excited state in polar solvents [89,90]. Fig. 3 represents
the normalized absorption and emission spectra of spirocyclic 12 which
shows a red shift in absorption and emission spectra in non-polar to
polar solvents. Interestingly, in their open form 10, 11 and 12 show in-
tense red shift from non-polar to polar solvents in the absorption and
slightly red shift in emission. Fig. 4 shows normalized absorption and
emission spectra of the open form of 12.

Red shifted absorption and emission in solvents of different polarity
are mainly due to the fact that the excited state of the compounds is in-
fluenced by the dipole-dipole interaction, and solute-solvent interac-
tion. To correlate the effect of refractive index and dielectric constant

of solvents on emission \,,.x Values with the observed solvatochromism
in dyes we used Lippert-Mataga and Mac-Rae equations [91-93]. The
observed linear relationship between the Stokes shift and Lippert-
Mataga function, Mac-Rae function for the dyes in their spirocyclic
and open forms (Fig. 5) suggests that refractive index and dielectric
constant are together responsible for red shift in emission in polar
solvents.

3.3. Generalized Mulliken Hush (GMH) analysis of intramolecular charge
transfer (ICT)

The strength of electronic intramolecular charge transfer (ICT) in the
dyes, can be measured to predict the solvatochromism in dyes, as
greater charge transfer leads to highly polar excited state resulting in
positive solvatochromism. The equation for two-state GMH analysis of
ICT in molecules is presented as [94],
Mgy, = Dtge + 4423, &)

The, Apée and [ée terms are obtained from Lippert-Mataga equation
and absorption plots respectively. The electronic coupling between the

Table 1

Photophysical properties of compound 10, 11 and 12 for both forms in chloroform solvent.
Compounds Nabs (M) Emax X 104 (M~ em™1) FWHM (nm) Nems (NM) Stokes shift o f Heg (debye)

(nm) (cm™1)

10 (spirocyclic) 368 7.86 72 428 60 3800 0.154 0.19 3.79
11 (spirocyclic) 330 4.96 53 445 115 7800 0.152 0.88 7.89
12 (spirocyclic) 342 5.46 64 525 183 10,200 0.157 0.91 8.16
10 (open) 556 2.8 89 610 54 1600 0.321 342 19.76
11 (open) 557 1.54 85 578 21 650 0314 3.01 18.48
12 (open) 544 291 66 590 46 1400 0.329 3.32 19.55

Nabs — absorption maximum wavelength. Neppm — emission maximum wavelength. €, — molar extinction coefficient. FWHM - full width half wave maxima. ¢ - Fluorescence quantum

yield. f - Oscillator strength. p - transition dipole moment.
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Table 2
Photophysical properties of 10 in their spirocyclic form in all solvents.

Solvent Naps  €maxx FWHM  Nems
(nm) 10* (nm)  (nm)

m!

cm™ )

Hexane 366  9.39 74 416 50 3200 0.086 0.18 3.79
Toluene 367  3.77 75 428 61 3900 0.132 068 7.33
CHCl3 368 7.86 72 428 60 3800 0.154 0.19 3.79
EA 369 322 71 438 69 4300 0.144 058 6.72
MeOH 369 174 71 451 82 4900 0.095 022 412
Dioxane 371  2.86 73 454 83 4900 0327 055 6.59
DMSO 371 3.08 75 459 88 5200 0.347 0.61 6.95

Stokes shift &f f Meg

(nm) (em-1) (debye)

Table 3
Photophysical properties of 10 in their open form in all solvents.

Solvent  Naps  €maxX FWHM  Nems
(nm) 10* (nm)  (nm)

(M~

cm™ )

Stokes shift &f f Meg

(e ()

Hexane 536 73 141 598 62 1900 0.135 1.01 10.86
Toluene 546  1.53 93 602 56 1700 026 1.82 14.82
CHCl; 556 2.8 89 610 54 1600 0.321 342 19.76
EA 565  6.68 82 618 53 1500 0.292 059 848
MeOH 566 196 75 614 48 1400 0.157 2.09 15.75
Dioxane 566  1.38 68 618 52 1500 0.592 1.14 11.72
DMSO 567 245 89 623 56 1600 0.647 021 493

donor (D) and acceptor (A) group is an important factor in controlling
the charge transfer for D-m-A system [95]. Hence it is essential to esti-
mate the D-m-A coupling matrix value (H,p) to better understand the
behaviour of long- distance charge transfer, where, ‘a’ and ‘b’ are initial
and final diabatic states, which are characterized as the ground and ex-
cited states in charge transfer process. The coupling matrix in adiabatic
states of D-1i-A system can be denoted as Hpa, and are assumed to be
composed of three diabatic states (i.e. donor group state (GS), donor lo-
cally excited state (ES) and charge transfer state (CT) transferring
charge from donor to the acceptor unit). The degree of delocalization
(C2) and donor-acceptor coupling matrix value (Hpa) calculated from
spectroscopic data for 10, 11, and 12 in their spirocyclic as well as
open form by using following equation,

Within the two-level approximation in Eq. (3), (Hpa) is corre-
lated with the vertical excitation energy (AE,.), the difference be-
tween the adiabatic dipole moments of the ground and excited
states (Apge). The difference in diabatic state dipole moments and
the transition dipole moments (Age) is correlated by GMH method
[95,96] as follows,

o AEge”ge

AEge-
HDA _ ge ”ge

- (4)

Ahge vz, + 4u,

The charge transfer D-m-A coupling distance (Rpa) [96] can be deter-
mined by using Eq. (5),

BT ;
Rpp — 2.06 x 10~ 2V 2rgebmaxVi/a 5)

Hpa

where, ‘€ma and ‘Avy ' are the molar absorptivity (L-M~'-cm™!) and
bandwidth (cm™!) respectively.

The observed results of GMH analysis show that there is a good
charge transfer in spirocyclic and open form of 10, 11 and 12 as degree
of delocalization (C?b) and D-m-A coupling value (Hpa) increases with
solvent polarity. Similarly 10, 11 and 12 showed positive
solvatochromism as D-m-A coupling distance (Rpa) values decreased
with solvent polarity for 10, 11 and 12 in their spirocyclic as well as
open form (Tables 4 and 5).

3.4. Multi-linear regression analysis using Kamlet-Taft and Catalan
equations

In general linear correlation parameters such as Lippert-Mataga and
Mac-Rae polarity functions are used to understand the effect of solvent
polarity on observed absorption and emission shift, but these parame-
ters are not explaining precisely which solvent parameters such as sol-
vent acidity, basicity, dipolarity or polarizability are responsible for
observed spectral shift. Hence multilinear approach is proposed by
Kamlet and Taft [97,98] as represented in Eq. (6)

Y =Yo + aa + bpP + e (6)

where, 'y’ is solvent affected physiochemical property (e.g. absorption
maxima (V,ps ), emission maxima (Vemm) and Stokes shift (Av) etc.).
‘yo' is studied physiochemical property in gas phase, while a, b, ¢, and
d are adjustable coefficients which reflect the dependence of ‘y’ to the

2) various solvent parameters (e.g. effect of solvent acidity (), effect of
solvent basicity (p), collective effect of solvent polarity/dipolarity
as well as solvent polarizability (7*) etc.). However, if solvent acidity

AE and basicity are not affecting the value of ‘y’, then among solvent
Hps = gesge (3) polarity, dipolarity and polarizability it is difficult to find out which
Mg factor is exactly influencing the studied physiochemical property
= Hexane
Toluene
Hexane 1.0 Chloroform
1.0 Toluene e —— Ethyl acetate
= Chloroform = == Methanol
~— Ethyl acetate 5 0.8 ~—— Dioxane
ey 0.8 Methanol = ——DMSO
- Dioxane 7
< ——DMSso s
3 06 g 08
g =
R S
5 'z 04
2 04 2
< 5
- 0.2
0.0 . . . > ) 0%
085 %0 =50 = T 200 440 480 520 560 600 640
Wavelength (nm) Wavelength (nm)

Fig. 3. Absorption and emission spectra of spirocyclic 12.
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Fig. 4. Absorption and emission spectra of open 12.
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Fig. 5. Lippert-Mataga and Mac-Rae plots for compound 10, 11 and 12.

‘y’, hence Catalan [99-101] introduced another expression as repre-
sented in Eq. (7)

Y =Y+ asaSA + bsgSB + cspSP + dsqp SAP (7)

where, Catalan used same solvent parameters (e.g. solvent acidity
(SA), solvent basicity (SB) etc.), which is already utilized by Kamlet
and Taft. Here, he divided the last parameter ‘n™ into two separate
parameters such as solvent polarizability (SP) and solvent dipolarity
(SdP). The Catalan parameters are modified version of Kamlet-Taft
parameters, here we used both the parameters simultaneously to
understands the exactly which factor is influence the observed spec-
tral shift in absorption and emission spectra from non-polar to polar
solvents in all dyes 10, 11, and 12. Taft and Kamlet [102] and Catalan
[103] functions are used to find out the main factor influence the ab-
sorption spectra, emission spectra and the Stokes shifts in solvents of
various polarity. The positive value for various factors in multi-linear

Table 4

analysis method indicates the negative solvatochromism, whereas,
the negative values for factors in multi-linear analysis methods indi-
cate positive solvatochromism. The details of analysis employing
Kamlet-Taft (Eq. (6)) and Catalan (Eq. (7)) parameters together for
multi-linear analysis of v,ps (absorption maxima), Vemn (emission
maxima) and Av (the Stokes shift) for spirocyclic 10 in seven sol-
vents of various polarity are shown in Table 6.

Catalan parameters (0.86, 0.97, and 0.71) show higher values for ab-
sorption maxima (Ua,ps ), emission maxima (Uep,;) and Stokes shift (A7)
respectively than Kamlet-Taft parameters (0.54, 0.87, and 0.21). From
Table 6 it is clear that solvent polarizability factor (dsp) is the major fac-
tor responsible for red shift in absorption and emission spectra of
spirocyclic 10.

Tables S7-512 show multi-linear analysis in solvents of different po-
larity by using Kamlet-Taft and Catalan parameters together for 10, 11
and 12 in spirocyclic and open form. Similarly, for spirocyclic 11 and
12, solvent polarizability (dsp) mainly responsible for red shift in

Degree of delocalization (C?b), donor-acceptor coupling value (Hpa) and donor-acceptor coupling distance (Rpa) values for spirocyclic form 10, 11 and 12.

Solvent Spirocyclic - 10 Spirocyclic - 11 Spirocyclic - 12
b Hpa (cm™") Rpa (A) Cb Hpa (cm™") Rpa (A) Cb Hpa (cm ™) Rpa (A)

Hexane 0.4906 13,476.3 28.1 0.486 15,059.7 332 0.4921 14,490.9 349
Toluene 0.4909 13,476.4 26 0.495 15,151.2 25.5 0.4961 14,577 30.6
CHCL; 0.4911 13,547.7 16.8 0.4961 15,2434 219 0.496 14,619.5 224
EA 0.4944 13,549.2 17.7 0.4959 15,237.9 229 0.4967 14,662.6 22.7
MeOH 0.4946 13,586.1 12.3 0.4963 15,290 17.7 0.4963 14,619.4 21.7
Dioxane 0.4948 13,621.8 15.6 0.4955 15,2432 219 0.4978 14,6623 222
DMSO 0.4951 13,658.9 16 0.497 15,575.5 15.3 0.4976 14,748.7 114
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Table 5

Degree of delocalization (C?b), donor-acceptor coupling value (Hpa) and donor-acceptor coupling distance (Rpa) values for open form 10, 11 and 12.
Solvent Open - 10 Open-11 Open - 12

Cb Hpa (cm ™) Rpa (A) b Hpa (cm ™) Rpa (A) b Hpa (cm ™) Rpa (A)

Hexane 0.4933 8817.5 53.5 0.4734 8805.9 60.4 0.4841 8710.6 63.4
Toluene 0.4976 8833.8 39.7 0.4935 8896 57 0.4926 8976.3 60.1
CHCL; 0.4968 8833.7 49.6 0.4935 8960 39.9 0.4956 9190.9 43.7
EA 0.4978 8992.7 44 0.4943 8975.9 40.5 0.4964 8959.6 50.4
MeOH 0.497 8849.2 21.9 0.4977 9345.7 28.1 0.4983 9276.4 15.6
Dioxane 0.4959 9157.3 279 0.4982 8976.6 355 0.4968 9169.7 28.8
DMSO 0.4982 9328.3 16.2 0.4982 9363.2 133 0.4983 9310.9 15.9

Table 6

Multi-linear analysis of (Uyps ), (VUem;) and (AV) of compound spirocyclic 10 by using Kamlet-Taft and Catalan parameters.
Kamlet-Taft Vo x 10° EW bg Cre r
Vabs 18.08 +0.32 0.59 + 0.48 —132 +0.75 0.41 + 0.62 0.54
Vemi 16.53 £ 0.11 0.31 £+ 0.16 —1.0 £ 0.25 0.21 £+ 0.21 0.87
AV 1.55 £ 0.22 0.27 +0.33 —0.33 £ 051 0.21 4+ 0.43 0.21
Catalan yo x 10° asa bsg Csap dsp r
Vabs 19.00 + 1.03 —043 £ 0.71 —2.34 £+ 0.69 3.36 + 1.33 —3.87 + 2.00 0.86
Vemi 16.92 + 0.28 —0.13 £ 0.19 —1.45 £ 0.19 —1.32 £ 037 —1.48 £+ 0.55 0.97
Av 2.08 + 0.78 —0.31 £ 0.54 —0.90 + 0.52 2.04 + 1.01 —2.39 + 1.52 0.71

absorption and emission spectra, whereas, solvent polarizability (dsp) is
the main factor responsible for observed Stokes shift in spirocyclic 10,
11 and 12.

The graph plotted for the predicted emission data collected by
Kamlet-Taft and Catalan parameters with the experimental data
for all the compounds showed remarkable linear fit with the re-
gression of 0.97, 0.73, and 0.95 for spirocyclic form 10, 11 and 12
respectively whereas,0.99, 0.88, 0.82 for open form 10, 11 and 12
(Fig. 6).

3.5. Twisted intramolecular charge transfer (TICT) characteristics

As there is a possibility of rotation between the benzimidazole and
benzothiazole on one part and N,N- diethyl amine substituent on an-
other part of compound 10, 11 and 12 in their spirocyclic as well as
open form, we studied the TICT characteristics of these compounds. In
addition, the free rotating phenyl group at xanthene core suggests the
possibility of twisted intramolecular charge transfer (TICT) characteris-
tic in both spirocyclic as well as in open form. The TICT characteristics of

L]
. . 195
235 1 (a) y = 0.970x + 5.686 “2 (b) y = 0.734x + 3.246
= R2=0.970 - _ - R2=0.734 = () Y= 0.950x + 4.934
8 % ' 5 s R? = 0.950
= S 28 = .
g ] £
2 z e
Al : £
e M s 175
.
215 T T " 218 T - 16.5
215 25 235 245 218 .8 233 16.5 17.5 185 195
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174
167 175 . ¢
(d) y =0.995x +2.199 () y = 0.882x + 5.765 .
- 165 R2=0.995 ° 23 R?=0.882 17151 (f)y=0.824x + 3.803
§ % = R*=0.824
~ b E
3 Z171 g
T 4 T 169 .
;,E 163 z £
b E 169 E
16.1 16.65
167 .
L
15.9 16.5 16.4
16 162 16.4 16.6 168 162 16.6 17 174 163 16.55 16.8 17.05 173
Experimental (cm™) Experimental (cm™) Experimental (cm™)

Fig. 6. Correlation between experimental and predicted emission wave numbers for spirocyclic - (a) 10, (b) 11, (c) 12 and open- (d) 10, (e) 11 and (f) 12 by multi-linear analysis method.
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Fig. 7. Rettig's plot for spirocyclic as well as open form - 10, 11 and 12.

10, 11 and 12 were investigated by using Rettig's [104] Eq. (8)

o2
Vr =
! hca®

Afg+C (8)

Here vy, ¢, a, C and L are emission, velocity of light, Onsager radii,
constant and dipole moment in excited state respectively. ‘Afy’ is
Rettig's polarizability orientation which correlated with the emission
wave number (Uy) in Eq. (9),

= i | ©)

£+2 212 +4

Herein, we observed linear relation in 10, 11 and 12 from non-polar
to polar solvents with the Rettig's function (Fig. 7) with regression
values for the dyes 0.727, 0.811 and 0.845 for spirocyclic form 10, 11
and 12 respectively. Similarly 0.954, 0.911 and 0.924 for open form 10,
11 and 12 respectively.

From above results it is seen that 10, 11 and 12 exhibit TICT in the
molecule from substituents such as benzimidazole and benzothiazole
on one part and N, N-diethyl amine on the other part in their spirocyclic
form.

3.6. Viscosity sensitivity of spirocyclic and open form rhodols

From Rettig's plot we concluded that 10, 11 and 12 show TICT char-
acteristics in their both spirocyclic and open form. To correlate these ex-
perimental results, we examined the viscosity sensitivity of these ESIPT-
rhodol derivatives in ethanol: PEG 400 mixture. The possible intramo-
lecular rotation of donor and acceptor substituents around single bond
can be restricted by the rigidification of chemical structures [84,105].
In case of rhodols 10, 11 and 12 there are possibilities of rotation for
benzimidazole and benzothiazole substituents on one side and N,N-
diethyl amine on the another side and the free rotating phenyl group
on middle xanthene part. So, we were interested in the fluorescent mo-
lecular rotors (FMR) properties of these dyes.

For the viscosity sensitivity study we prepared 10 uM sample solu-
tions in ethanol, by increasing the percentage of polyethylene glycol
(PEG 400) from 0 to 100% in ethanol sample solution. Compounds 10,
11 and 12 were investigated for viscosity sensitivity in their both
spirocyclic and open form. Both the forms show enhancement in emis-
sion intensity with the increase in percentage of polyethylene glycol
(PEG 400) in ethanol. Interestingly, we observed very good enhance-
ment in emission intensity for open form of 10, 11 and 12 as compared
to their spirocyclic form. Hence, it can be concluded that the availability
of free rotating phenyl group at xanthene core in the open form is
mainly responsible for highly sensitivity to the viscous medium. Fig. 8
shows the availability of free rotating phenyl ring in the open form com-
pared to the spirocyclic form. Two possible rotating sites are present in
the spirocyclic form of 10, 11 and 12 whereas, in the open form of 10, 11
and 12 there are three possible rotating sites.

We observed 4.8, 4 and 6 fold enhancement in emission intensity for
the spirocyclic form 0f 10, 11 and 12 while 12.41, 33.44 and 7.09 fold en-
hancement in emission intensity for the open forms of 10, 11 and 12

Spirocyclic form - 12

Viscosity sensitive spirocyclic form

Open form - 12
Viscosity highly sensitive open form

Fig. 8. Open form (highly viscosity sensitive) and spirocyclic form (viscosity sensitive) of compound 12.

Table 7

Photophysical data for 10, 11 and 12 in ethanol and (2:98) ethanol:PEG 400.
Compound Nabs (EtOH) Nemm(EtOH) Nabs (98%PEG 400) Nemm (98% PEG 400) Gl o™ X R?
Spirocyclic - 10 372 438 377 450 0.115 0.552 0.091 0.822
Spirocyclic - 11 338 435 349 436 0.127 0.611 0.093 0.906
Spirocyclic - 12 352 589 358 600 0.147 0.706 0.061 0.876
Open - 10 545 602 552 599 0.172 0.826 0.229 0.993
Open - 11 562 585 569 616 0.185 0.742 0.26 0.953
Open - 12 542 592 551 599 0.197 0.788 0.24 0.976

¢? - Fluorescence quantum yield for compound in ethanol. " - Fluorescence quantum yield for compound in 98% PEG 400.
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respectively. The viscosity sensitivity data for 10, 11 and 12 in their both
spirocyclic and open form are shown in Table 7.

The synthesized rhodol derivatives show viscosity sensitivity in
order of 11 > 10 > 12 in spirocyclic form whereas, open form follow
the viscosity sensitivity order as 11 > 12 > 10 (Fig. 9).

The relation between the viscosity of solvent mixture and change in
emission intensity is illustrated by using Forster-Hoffmann Eq. (10).

logl =C+x logm (10)

In the above equation, I, C, x and m are the maximum emission
intensity, constant, viscosity sensitivity parameter and viscosity of
solvent system respectively. The ‘x’ values of 0.091 (R? = 0.822),
0.093 (R?> = 0.906) and 0.061 (R?> = 0.876) were observed for
spirocyclic form 10, 11 and 12 respectively (Fig. 10). Similarly, vis-
cosity sensitivity parameter for the open forms 10, 11 and 12 were
0.229 (R? = 0.993), 0.260 (R? = 0.953) and 0.240 (R? = 0.976) re-
spectively (Fig. 10).

3.7. TD-DFT studies

3.7.1. Optimization of molecular structure

Computational studies were carried by using Density Functional
Theory (DFT) to understand geometries of rhodol derivatives 10, 11
and 12 with the method B3LYP/6-31 G (d). There is a variation in dihe-
dral angles of the dyes in the geometries at the ground state as shown
(Fig. 11).

All these dyes show significant variation in the dihedral angles at C3
and C6 position in xanthene part and N, N-diethyl amine part (137.73°
to 176.68°). The compound 10 shows dihedral angle
C6—C3—C17—C19 137.73° in spirocyclic form whereas in open form
the dihedral angle in C6—C3—C17—C19 is 173.18°. Bond lengths are
N27—C6 1.38 A, C17—C19 1.52 A, 045—C11 1.34 A and C10—C49
1.46 A in spirocyclic form of 10 whereas they are N25—C6 1.37 A,
C17—C18 1.50 A, 043—C11 1.26 A and C10—C46 1.46 A in the open
form of 10. The compound 12 shows dihedral angle C6—C3—C17—C19
138.16° in spirocyclic form whereas in open form dihedral angle in
C6—C3—C17—C19 is 176.68°. The bond lengths are N27—C6 1.38 A,
C17—C191.52 A, 045—C11 1.34 A and C10—C49 1.46 A in spirocyclic
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Fig. 10. Comparative Forster-Hoffman plot for compound 10, 11 and 12.
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Spirocyclic - 10

Table 8

Fig. 11. Optimized structure of 10 in their spirocyclic and open form at B3LYP-6-31G (d) level in chloroform.

Experimental and computational photophysical properties of 12 in their spirocyclic and open form.

Solvents Experimental/computational (spirocyclic form) Experimental/computational (open form)
Naps® (M) Vertical excitation” fe Major orbital contribution Nabs® (NM) Nabs' (NM) fe Major" orbital contribution

Hexane 339 345.38 1.11 H - L (95.22%) 537 535.18 0.41 H - L (98%)
Toluene 340 346.44 2.14 H - L (95.22%) 539 539.96 0.72 H - L (98%)
CHCl3 342 345.17 0.91 H - L (95.22%) 544 540.18 3.32 H - L (98%)
EA 341 34411 2.65 H - L (95.22%) 545 545.99 0.16 H - L (98%)
MEOH 341 342.82 0.19 H - L (95.22%) 557 550.89 3.52 H - L (98%)
Dioxane 342 345.73 0.78 H - L (95.22%) 558 550.32 0.04 H - L (98%)
DMSO 343 343.84 0.75 H - L (95.22%) 574 559.48 0.86 H - L (98%)

2 Experimental absorption N, of Spirocyclic form.

b
c
d
e
f

Vertical excitation for spirocyclic form.
Experimentally calculated oscillator strength for spirocyclic form.

Major electronic transition from ground state to excited state for spirocyclic form.
Experimental absorption N\pax of open form.
Vertical excitation for open form.

& Experimentally calculated oscillator strength for open form.
" Major electronic transition from ground state to excited state for open form.
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form of 12 whereas N26—C6 1.37 A, C17—C19 1.50 A, 044—C11 1.25A
and C10—C45 1.46 A in open form of 12.

The observed changes in dihedral angle from spirocyclic form to
open form lead to the co-planarity in the molecules. There are signifi-
cant changes in bond length 045-C11 compared to the N- substituent
compound which clearly indicates that H atom from OH itself modulate
quinoid form. Hence, ESIPT process is inhibited in open form due to lack
of protons in close proximity of benzimidazole and benzothiazole units
during quinoid form.

In order to understand the solvatochromism in rhodol derivatives
the ground state optimized geometries of the dyes at B3LYP/6-31 G
(d) level were subjected to TD for the first 10 states in the solvents of dif-
ferent polarities to get the vertical excitations and results are tabulated
in Table 8. The results obtained by TD-DFT suggested that there is a pro-
nounced effect of solvent polarities on solvatochromism in rhodols.

Electron density in HOMOs is located on the xanthene part, benz-
imidazole, benzothiazole substituents and nitrogen atom, whereas in

)
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LUMOs were located on lactone part and extended over the benzimid-
azole and benzothiazole substituents in rhodol derivatives 10, 11 and
12 in their both the forms. Fig. 12 shows the frontier molecular orbital
(FMO) diagram of 10, 11 and 12 in their spirocyclic and open forms in
chloroform. Comparatively lower HOMO-LUMO energy gap is observed
for the open form 10, 11 and 12 than their respective spirocyclic forms
which suggests a better ICT and red shifted emission in the open
forms 10, 11 and 12.

We also studied separation of HOMO and LUMO energy levels in 10,
11 and 12 in their spirocyclic and open forms. Fig. 13 shows the HOMO-
LUMO energy gap diagram for 10, 11 and 12.

3.7.2. Molecular electrostatic potential plot (MEP)

The optimization of rhodol derivatives 10, 11 and 12 in their
spirocyclic and open form at B3LYP/6-31 G (d) level. We observed the
exact reactive sites in molecules by molecular electrostatic potential
(MEP) analysis [106]. In MEP surface plot the red colored area indicates
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Fig. 12. HOMO-LUMO FMO diagrams for 10, 11 and 12 (spirocyclic and open form) in chloroform.
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Fig. 13. HOMO-LUMO energy level diagram of 10, 11 and 12 (spirocyclic and open form) in
chloroform.

electron acceptor part whereas, the blue colored area indicates electron
donor part in molecule. Fig. 14 shows the electrostatic potential character-
istics through plots for 10, 11 and 12 in their spirocyclic and open forms.

In spirocyclic form of 10 and 11 lactone group, and benzimidazole
substituent act as electron acceptors, where as in 12 lactone group,
and benzothiazole substituent act as electron acceptors. Therefore, in
all spirocyclic form of 10, 11 and 12 acceptor part have negative electron
potential. The N, N-diethyl amine substituent in spirocyclic form of 10,
11 and 12 acts as electron donors and has a positive electron potential.

Similarly, in the open form of 10 and 11 the quinoidal part and adja-
cent benzimidazole substituent acts as electron acceptors, whereas in
12 the quinoidal part and adjacent benzothiazole substituent act as an
electron acceptors. Therefore, in all the open forms of 10, 11 and 12

acceptor part have negative electron potential. The carboxyl
(—COOH) group and N, N-diethyl amine substituent in open forms of
10, 11 and 12 act as electron donor and have a positive electron poten-
tial. MEP observed for 10, 11 and 12 in spirocyclic form are +0.136, +
0.123, +0.0999 and in open form are +0.112, +0.117, +0.123
respectively.

4. Conclusion

Three rhodol compounds, namely spirolactamized phenanthrene-
imidazole, diphenyl-imidazole and benzothiazole substituted N, N-
diethylamine rhodols were synthesized to investigate their ESIPT phe-
nomena. Detailed photophysical investigations of these dyes in their
spirocyclic and open form are presented in a correlative manner. Due to
ESIPT process, a large Stokes shift (50-260 nm) is observed in their
spirocyclic form while no ESIPT process [Stokes shift 10-40 nm] is ob-
served in their open form due to the lack of protons. Both Spirocyclic
and open form shows positive solvatochromism which is supported by
the linear analysis (Lippert-Mataga and Mac-Rae functions) as well as
by using multi-linear regression analysis (Kamlet-Taft and Catalan pa-
rameters). The intramolecular charge transfer (ICT) and twisted intramo-
lecular charge transfer (TICT) of synthesized rhodols were investigated
using polarity graphs and Generalized Mulliken-Hush parameters
(GMH) calculations. Moreover, open form of synthesized rhodols shows
a high sensitivity towards viscous medium (mixture of EtOH:PEG 400)
as compared to their spirocyclic form. The computational results obtained
from DFT are in good agreement with the experimental results.
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