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Abstract: The equilibrium between different tautomers that can be colored or colorless is an important
feature for rhodamine dyes. Presently, this phenomenon is mostly discussed for rhodamine B. Herein,
we studied the tautomerism and acid-base dissociation (HR* = R + H") of a set of rhodamines
in organic media. Form R is an equilibrium mixture of the colored zwitterion R* and colorless
lactone R. Absorption spectra in 90 mass% aqueous acetone reflects the correlation between the dyes
structure and the equilibrium constant, K = [R]/[RZE]. Increase in the pKa value on transferring
from water to organic solvents confirms the highly polar character of the R* tautomer. To reveal
the role of the solvent nature, the tautomerism of an asymmetrical rhodamine, 2-(12-(diethyliminio)-
2,3,5,6,7,12-hexahydro-1H-chromeno[2,3-f]pyrido[3,2,1-ij]quinolin-9-yl)benzoate, was examined in
14 media. This chain-ring tautomerism is an intramolecular acid-base reaction; the central carbon
atom acts as a Lewis acid. The interaction with other Lewis acids, Li*, Ca**, Mg?*, and La3", results
in rupture of lactone cycle. In polar solvents, lactones undergo photocleavage resulting in formation
of highly fluorescent R*, whereas the blue fluorescence and abnormally high Stokes shift in low-polar
media may be explained either by another photoreaction or by spiroconjugation and charge transfer
in the exited state.

Keywords: rhodamine dyes; chain-ring tautomerism; zwitterions; lactone; acid-base equilibrium;
spectroscopy; solvent effects; Lewis acids; ion association; fluorescence of the lactone; abnormal
Stokes shift

1. Introduction

The number of various applications of the fluorescent rhodamine dyes in different
fields of science and technique is huge. The behavior of rhodamine dyes in different media,
including macro-heterogeneous systems and nano-dispersed objects, is heavily dependent
on the state of the zwitterion-lactone equilibrium. This article is aimed to better understand
the chain-ring tautomerism in the rhodamine molecules by using dyes of different structure
and various solvents.

Rhodamines belong to the mostly used organic dyes. Owing to their unique fluorescent
properties, they find numerous applications in various fields of chemistry and related
sciences [1-3]. They are used for creating pH-sensitive hydrogels [4], chemosensors for
metal ions [5], as molecular thermometer for nanoparticles for optical hyperthermia [6], for
creating the fluorescence images of core—shell magnetic nanoparticles used in hyperthermia
therapy [7], etc.
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The state of protolytic equilibrium of rhodamines containing a carboxylic group in
position 2’ is of key role in their behavior in polyelectrolyte solutions [8], in silicate layers [9],
in dip-coated silicate-based films [10], as well as for the control of the photocatalytic
degradation of rhodamines on solid catalysts [11]. It is also of importance for using
rhodamines as interfacial indicators for the liquid-liquid interface [12-16]. Fluorescence
of rhodamines and their photophysical properties in the excited state were examined in a
variety of solvents of different natures [17-23] and in the gas phase [24,25].

In addition, rhodamine lactame derivatives are used as indicators in surfactant mi-
celles [26], for catalysis of dichlorodiphenyltrichloroethane (DDT) dechlorination [27], for
creating a chemidosimeter for Cu(Il) [28,29], and for many other purposes. Recently, a
new class of highly emissive and rather unusual coupled rhodamines, aminobenzopyrano-
xanthene dyes, was described in detail [30-35].

The above-cited articles are only few examples of numerous utilizations of rhodamines.
Some other important applications of rhodamines, mostly in surfactant-based colloidal
solutions and related systems, were discussed in our previous article on the properties of
rhodamine dyes in micellar solutions [36].

Accordingly, acid-base properties and chain-ring tautomerism have been the subject
of much research over the past decades. Main publications focused on these equilibria are
as follows.

Ramette and Sandell [37] considered the stages of protonation of rhodamine B in
aqueous media at different acidities, up to formation of triple-charged cations, as well
as distribution of the neutral species R between water and benzene. In the last solvent,
the molecular form exists as a lactone tautomer, R (Chart 1), which is colorless owing
to the sp3—hybridization of the nodal carbon atom, whereas in water the zwitterions, R*,
predominates. Its absorption band in the visible region is very close to that of the cation
HR*. The dimerization of both zwitterion and cation was examined [37].
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Chart 1. Rhodamine B (1) cation HR* and the tautomers of the neutral R form: R* and R?.

Some further studies on rhodamine B were conducted using spectrophotometric and
fluorimetric methods in non-aqueous solvents [17,38-45]. In the case of alcohols, the absorp-
tion bands of the cationic and neutral forms are better resolved, whereas in either nonpolar
or polar non-hydrogen bond donor (non-HBD) solvents the chain-ring equilibrium is
almost completely shifted from R* and the colorless tautomer, R’. Hinckley et al. [42]
estimated the tautomeric equilibrium constants in a series of alcohols and demonstrated
a multi-parameter correlation between the logarithm of this constant and the alcohols’
properties. Thermochromism of rhodamine B in solutions was also examined [40,42,46].

Faraggi et al. [41] determined the pKj value of rhodamine B in methanol and ethanol
as 7.6 and 8.7, respectively, which is substantially higher than that in water (3.22) [47]. Most
of the quantitative studies of protolytic properties and tautomerism have been carried out
for rhodamine B. The X-ray analysis in solid state was performed for the cationic [48] and
lactonic structures [49,50].

For other rhodamines, there are also important data in the literature. So, Lopez Arbe-
loa et al. [51] determined the pK, value of rhodamine 19 (N,N’ -diethyl-2,7-dimethylrhodamine)
in ethanol. Barigelletti determined the constant of the tautomeric equilibrium or rhodamine
101, a julolidine analogue of rhodamine B, in propionitrile-butyronitrile binary solvent
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within a wide temperature range [52]. Watarai and associates [12-14] studied in detail
the lactonization of octadecylrhodamine B on the water/toluene interface, including the
kinetics of the lactone cleavage.

It should be noted that discoloration of rhodamines may be caused not only by the
closing of the lactone cycle. In highly alkaline solution, the nucleophilic attachment of the
HO™ ion to the central carbon atom occurs [53]. Irreversible discoloration may be caused, in
addition to photobleaching, by sonication [54], electrochemical processes at electrodes [55],
and gamma-irradiation [56].

Earlier we have studied the ionic equilibria of rhodamine B and several other rho-
damines in aqueous [47,57] and organic [58-61] media, as well as in concentrated sulfuric
acid [62]. The pK, values of rhodamine B were determined spectrophotometrically in
water-salt solutions within a wide range of ionic strength [47]. Further application of
chemometric methods for treatment of potentiometric titration data have demonstrated
that in aqueous solutions with dye concentrations >10~2 M, not only species Ry HyRp?*
and HR,*, but even R3 and HR3* can exist [57]. Whereas in ca. 1075 M dye solution, such
aggregation processes are negligible at low ionic strength, in 4.6 M NaClOy solution the
dye completely transforms into dimer Ry at 1 x 107> M [57].

Such processes reduce the applicability of rhodamines as laser dyes. The driving forces
of formation of dimeric and sub-colloidal particles are Van der Waals and hydrophobic
interactions. In organic solvents of high and medium polarity, such complex species are
usually unlikely [10,42,51,58-61].

The pK, values of the single-, double-, and triple-charged cations of rhodamine B were
determined as 3.22 (thermodynamic value) [47], 0.78 (1 M KC1 + HCl solutions) [47], and
—7.40 (Hy scale) [62], respectively. In organic media, dimerization is strongly suppressed.
In water—acetone and water—methanol [58], water-DMSO [59,60] and in neat organic
solvents [61], the pK;s and tautomerization constants were determined by our group.

The ability to lactonization is obviously connected with the charge distribution in the
xanthene moiety. This, in turn, depends on the structure of the chromophore, especially on
the nature of 3,6-substituents. Hence, a further investigation of the influence of non-aqueous
media on the state of tautomeric equilibria of rhodamines is necessary.

It is clearly of importance to explore a sufficiently wide range of compounds in order
to reveal the regularities of the chain-ring tautomerism of rhodamines. Therefore, the
present work was aimed to investigate a series of rhodamine dyes, of both symmetrical and
asymmetrical structure. The study of tautomerism was carried out in 90 mass% aqueous
acetone, entire alcohols, and several non-HBD solvents. Particular attention was paid to the
asymmetric 2-(12-(diethyliminio)-2,3,5,6,7,12-hexahydro-1H-chromeno[2,3-f]pyridol[3,2,1-
ijlquinolin-9-yl)benzoate. In this case, an attempt was made to explain the effect of the
medium on the chain-ring equilibrium without taking into account a set of traditional
solvent descriptors. In acetonitrile, a special type of lactone cleavage due to ion association
was investigated. Another part of the work has been performed to shed light upon the
problem of the blue fluorescence of lactones in benzene [20-22,37]. When studied earlier, it
was explained by another type of lactone ring rupture [63].

It was assumed that this versatile study would expand the understanding of rho-
damines tautomerism and rationalize their use in various fields of science.

The structural formulae of the dyes under study are depicted as zwitterions (Chart 2).

The structures are conventionally depicted as carbenium ions with the positive charge
localized at the Cg atom. Of course, the real charge distribution within the xanthene moiety
depends on the 3- and 6-substituents.
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Chart 2. Molecular structures of rhodamine dyes studied in the present work. Dye 7 is also named
as rthodamine 101. 1 (X! = Et; X2 = 6-NEty; Y = CH), 2 (X! = Et; X2 = 6-NMe,; Y = CH), 3 (X! =

X2 = 6-NMey; Y = CH), 4 (X! = Et; X2 = 6-NHy; Y = CH), 9 (X! = Et; X2 = 7.8-benzo; Y = CH), 10
(X! = Et; X? = 7-NHy; Y = CH), 11 (X! = Et; X? = 6-CL; Y = CH), 12 (X! = Et; X? = 6-NMe, 8-OH;
Y = CH), 13 (X! = Me; X2 = 6-NMey; Y = N), 14 (X! = Et; X2 = 6-NEty; Y =N), 5 (X = Et; Y = CH), 6
(X=Me; Y =CH), 7 (Y = CH), 8 (X = Et). 15 (Y = N).

2. Results and Discussion

2.1. Identification of the Equilibrium Structures in Solution

By analogy with the well-studied dye rhodamine B (1), the cationic, zwitterionic, and
lactonic structures are presented in Chart 3 for an asymmetrical rhodamine dye 5, which in
cationic form, HR*, should be named as 2-(12-(diethyliminio)-2,3,5,6,7,12-hexahydro-1H-
chromeno[2,3-f]pyrido[3,2,1-ij]quinolin-9-yl)benzoic acid.

NN e) NEt, NEt, NEt,
[ ol - ' O
O COOH < coo@

5 (HR™) 5RY) 5 (R%)

R
Chart 3. Acidic dissociation and tautomerism of rhodamine 5 {HR* = (R* = R?) + H*}.

The most valuable information about the state of the dye is provided by electronic
absorption spectra. It is well known from the numerous studies on rhodamine B, that the
main absorption band of the cationic form HR* in the visible region is shifted toward the
red as compared with that of its zwitterion RE, whereas the molar absorptivities of these
species are approximately the same owing to the identity of the chromophoric system [37].
This was proved by the spectra of rhodamine B (1) in water, where the fraction of the lactone
is negligible and the neutral form is represented by the zwitterion [37,42,47,57,61]. The
bathochromic shift that occurs at protonation of the carboxylate group, COO~ — COOH,
is caused by a slight influence of the charge of the 2/-substituent on the xanthenes moiety.
Such effects were numerously observed also for hydroxyxanthene dyes [59,61]. The magni-
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tude of this effect depends first of all on the nature of the solvent, increasing from water
(2-3 nm) [37,42,57] to organic liquids [59-61].

On the contrary, the molar absorptivity of the neutral form drops sharply on going from
water to organic solvents, especially non-HBD ones, or “aprotic” solvents, such as acetone,
acetonitrile, DMSO, etc. Normally, this is ascribed to the formation of the lactone RO,

Comparison of the spectra of HR* and R forms for dye 5 in different solvents demon-
strate small solvatochromic shifts of the bands. The R band is always somewhat blue—
shifted as compared with that of HR* one. The variations in the molar absorptivity value
of the cation at the band maximum, Enax, did not exceed several percent when going from
one solvent to another. In contrast, the Emax values of neutral form, R, display changes
dramatically depending on the nature of the solvent, down to almost colorless solution.
This reflects the mobility of the position of tautomeric equilibrium between the colored
zwitterion R* and colorless lactone R? (Chart 2). The visible spectra of compound 5 were
measured in 14 different organic solvents. In Figure 1, the spectra in n-butanol, tert-butanol
(2-methyl-propane-2-ol), acetonitrile, and DMSO are presented.

60000-{ Solvent System: 60000
— n-BuOH — Solvent System:
K + Ay
(lg 500001 7, _(R)=553nm _—HR _g 50000 ;en—(il;c_)l-;‘e - R
= A (HR") =564 nm s maxt )
= 400001 "= S 400004, (HR')= 564 nm
2 2
S 30000 B 300004
[*] o
2 2
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Figure 1. Absorption spectra of HR* and R species of substance 5 in n-butanol (a), 2-methyl-propane-
2-ol (tert-butanol) (b), acetonitrile (c), and DMSO (d). Dye concentrations were around 1 X 10> M
except the spectra of the form R in acetonitrile and DMSO, where the concentration was 7 x 107> M.

The neutral form of the dye, R, was dissolved in entire solvents; to obtain the form
HR™ the solution was acidified with 1 drop sulfuric acid. The well documented process of
dimerization of rhodamines is pronounced in water [37,47,57] but does not manifest itself
in organic solvents. Our measurements showed no deviations from the Bouguer-Lambert-
Beer law if the acidity is varied by HCl, alkali, or a buffer.

We additionally proved the lactone structure of the colorless species of rhodamines
using infrared spectra. The absorption of dye 5 under conditions of complete predominance
of the species R” and HR* are shown in Figure 2. A sample of dye 5 in neutral form, R, was
dissolved in DMSO. Though the concentrated (0.03 M) dye solution was colored due to
small fraction existing as zwitterion R*, the molar absorptivity in the visible was rather
low. Additionally, an addition of equivalent KOH amount does not affect the IR spectrum.
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Figure 2. Infrared spectra of compound 5 (0.03 M) in DMSO in cationic form HR* and neutral form,
mainly as lactonic tautomer R.

For the cationic form, the band at 1701 cm ™! corresponds to the stretching vibration

of C=0 group of COOH and the bands at 1595 and 1485 cm~! can be ascribed to the
aromatics. Corresponding bands at 1700, 1590-1507, 1484, and 1366 cm~ ! in DMSO and
similar vibrations in the solid state (KBr pellets) were observed for rhodamine B (1) [60].
An intensive band in the region of 1750 cm ! (Figure 2, curve 2) refers to the stretching
vibrations of C=0 group of the lactone, in line with the expected structure of the R? species;
for thodamine B (1), thodamine 19 (N,N’ -diethyl-2,7-dimethylrhodamine), and rhodamine
110 (unsubstituted rhodamine), and the bands 1752, 1750, and 1749 cm™ L, respectively
were observed [60]. The vibrations in the regions of around 1613, 1522 cm ! 1340, and
1402-1397 cm ! relate to the aromatics and C-Aryl bond, respectively, such as that for
rhodamine B (1) [60]. Addition of one drop of concentrated sulfuric acid to the cuvette
leads to disappearance of the aforementioned band around 1750 cm~!; the new band near
1701 cm~! corresponds to the C=0 stretching vibrations of the COOH group of the cation
HR*, according to the literary data [64].

The formation of the lactonic tautomer in solution is also proved by the 3C NMR
spectra in DMSO(dg) and CD3;0D. In these experiments, dye 5 in the neutral form R was
dissolved in the above solvents. The signal 173.3 ppm in methanol should be ascribed to
the central carbon atom Cg in the sp?-hybridization state. This gives evidence for the R*
structure. In DMSO(dg) this signal disappears and a new signal 79.16 ppm is observed,
which corresponds to the same Cg atom in sp>-state, i.e., in the lactonic tautomer R’.

Signal positions in 1C NMR spectra of lactone and zwitterion of compound 5 were
determined by comparison of the experimental spectra and calculated magnetic shielding in
b3lyp/ cc-pudz/ gino scheme. Corresponding data are presented in Table 1. Atom numbering
scheme were selected analogously to our earlier publications (see Chart 4). Aliphatic
carbon atoms positions are not shown. For examples of analogous correlations see http:
/ /cheshirenmr.info/index.htm (accessed on 17 February 2022).

Chart 4. Atom numbering in compound 5 (shown as cation).
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Table 1. Signals assignment in carbon-13 NMR spectra of compound 5 lactone and zwitterion

tautomeric forms.

Atom Lactone R° Zwitterion R+
1 128.41 132.62
2 105.50 114.16
3 144.43 155.95
4 96.95 96.58
5 105.59 106.23
6 134.97 153.19
7 117.41 125.35
8 124.63 128.46
9 79.16 173.33
10 106.32 114.36
11 147.75 154.17
12 149.23 158.74
13 108.37 115.17
14 168.78 161.69
1 152.76 133.82
2/ 127.25 141.42
3/ 124.26 130.93
4/ 129.70 130.63
5/ 124.63 130.43
6 124.26 130.54

Correlations between calculated carbon-13 nuclei magnetic shielding (DFT/GIAO)
and signals positions in the experimental NMR spectra measured in DMSO-d¢ (lactone)
and in CH30D (zwitterion), which were used for the signal positions identification, and
scaling equations on their background are shown in Figure 3.

g 180\ o y=-1.0163x + 192.28
S| eee r=0.9990
= o
g 120 .00.
2 5 100 ®..o
S8 e
3 o | e
E 40 Ce....
) ‘®-
L>:€ 22 ..
20 40 60 80 100 120 140 160 180
Calculated magnetic shielding, ppm

180 | o y=-1.0279x + 195.7
= S | e r=0.9927
S g o R,
£5 Sn,
s&1120 /| T °
QS e,
=0 @,
S 100 @

L)
80
20 30 40 50 60 70 80 90 100

Calculated magnetic shielding, ppm

Figure 3. Correlations between the experimental '3C NMR spectra of lactone (inclusion of both
aromatic and aliphatic atoms were needed for identification of C-9) and zwitterion (only aromatic
atoms are included) tautomers of compound 5 and corresponding calculated magnetic shielding.
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Data for some other rhodamines are available in the literature [60,64]. In the 13C NMR
spectra of the salt HR*Cl™ of rhodamine B (1) in DMSO(d) and methanol(dy), the signal
160.3 ppm is observed. For the zwitterion of rhodamine B in the same alcohol with adding
NaOH it shifts toward 162.5 ppm, while in DMSO(dg) in the presence of NaOH the signal
disappeared [60]. Both IR and '3C NMR spectra for several rhodamine dyes are in line with
the characterization of the cationic, zwitterionic, and lactonic species of dye 5. The signals
are gathered in Table 2. Ramos et al. [64] characterized a vast set of methyl, ethyl, and other
alkyl esters of rhodamines B (1), 19, 101 (7), and 110 (unsubstituted) as salts with different
anions: 'H and *C NMR spectra in CDCl; as well as infrared and visible spectra in solid
state and ethanol were determined [64]. Some of the data are included in Table 2.

Table 2. Assignment of signals in carbon-13 NMR spectra of Rhodamine B.

Atoms Cation HR* of 1 Esters of 1 R* of 1 R of 1
From Ref. [60] From Ref. [64] From Ref. [60] From Ref. [60]
CD;0D DMSO(dg)  CDCl; CD;OD + NaOH DMSO(dg) + NaOH
1,8 131.7 131.9 131.1-131.3 132.4 —
2,7 114.7 115.2 114.2-114.9 114.1 109.2
3,6 158.6 157.4 154.9-155.8 158.6 150.2
4,5 97.0 97.0 96.3-95.4 96.3 97.9
11,12 156.4 155.8 — 156.1 153.7
10,13 114.2 113.5 — 114.2 106.1
9 160.3 - 158.7-158.9 162.5 —
14 167.2 167.4 164.9-165.5 172.8 169.9
1/ - 134.2 133.2-133.5 133.1 —
2/ 133.2 135.4 129.7-130.3 141.0 —

In this Table, the data reported by Ramos et al. for methyl and ethyl esters of the
rhodamine B cation with Br~, I", and ClO4~ as counterions [64] are given for compar-
ison. Previous data for the ethyl ester of rhodamine 19 [60] also agree with those by
Ramos et al. [64]. However, comparison with data obtained now with compound 5 (Table 1)
allows concluding that the earlier made attribution [60] of the signals Cg and Cy4 of the R*
of 1 (Table 2) should be swapped.

As it follows from the above-mentioned proximity of the molar absorptivities of HR*
and R in the same solvent, the difference in the intensities of the cationic and neutral
forms of the dye is due to the partial transformation of the latter into a colorless lactone.

Hence, the extrathermodynamic assumption necessary for Kt calculations consists of
equating of Emax of the zwitterion, R*, to that of the cation, HR*. Then, the absorption of
the cation can be used for calculating the fraction of the zwitterion and thus for estimating
the tautomeric equilibrium constant Kt = [R°]/[R*]. For example, in the above four
solvents (Figure 1) the Kt values thus calculated are 0.19, 2.94, 48.3, and 70.7 for n-butanol,
tert-butanol, acetonitrile, and DMSO, respectively. The last value agrees with the above
IR and *C NMR data in DMSO. Immediately striking is the difference in the influence of
solvents on the state of the tautomeric equilibrium. Before analyzing this influence, we
considered the molecular structure of rhodamines in a fixed solvent.

2.2. The Influence of Molecular Structure of Rhodamine Dyes on the Chain—Ring Tautomerism

In search for a liquid media suitable for comparing the ability of different rhodamines
to form lactones, two problems arise. On the one hand, it must be a solvent that cause
substantial equilibrium shift toward the lactone. On the other hand, the fraction of the
colored zwitterion should be sufficient for quantification. A binary mixed solvent, 90
mass% aqueous acetone, was selected as such a suitable media. However, even here, for
some rhodamines the Kt value appeared to be too high to be determined. Additionally, we
kept in mind that in some cases the morphology of the neutral form R spectrum deviates
so significantly from the cationic (HR") absorption, that there are some doubts about the
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possibility of Kt calculation by the aforesaid manner. Spectra are shown in Figure 4, the
results are summarized in Table 3.
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Figure 4. Absorption of the cationic and neutral forms of rhodamine dyes in 90 mass% aqueous
acetone. The HR* and R spectra are obtained in 0.01 M HCl and 0.001 M NaOH, respectively. Dye
concentrations are around 107> M.
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Table 3. Spectral data and Kt values of compounds 1-15 in 90 mass% aqueous acetone, 20 °C.

Amax/nm
No. Compound max AAmax(—AVmax/em ™) Kt = [R'V[RF]
HR* R+
Et,N O o. O NEt,
1 Ly 550 540 10 (337) 16.6 [58]
Et,N O o. O NMe,
2 Ly 552 540 12 (402) 16.9
Me;N O O. O NMe,
3 | i Cloo 551 538 13 (438) 29.8
EtN O o O NH,
1 | i Cloo 531 515 16 (585) 2.19
N o NEt,
5 O ) 565 555 10 (319) 1.05
6 577 566 11 (337) 0.32
7 578 566 12 (367) 0.38
8 575 —a - -
9 522 ~a - -
10 576 —a - -
Et,N o O cl
11 T 194,55 -2 - -
[¢]
EtN O o. O NMe,
12 o 542 470 72 (2826) 404
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Table 3. Cont.
Amax/nm 1 0 n
No. Compound Mmax(—AVmax/em™") Kt = [ROV[R*]
HR* R*
MeoN. O O. O NMe,
13 T oo 558 546 12 (394) 410
N
Et,N O o. O NEt,
14 T oo 562 550 12 (483) 1.65
N
15 583 573 10 (299) 0.12

2 Absorption of the neutral form R in the visible region is too low to be accurately measured. Accordingly, in these
cases the fraction of R is undetectable.

From Table 3 one may conclude that dyes with dimethyl- and diethylamino groups
exhibit expressed affinity to lactonization: Kt >> 1. Replacing of one dialkylamino group by
julolidine fragment substantially shifts the equilibrium toward the zwitterion, whereas the
same replacement of the remaining dialkylamino group displays no additional effect. Dye 4
with one NH; instead of dialkylamino group is also much less prone for lactonization than
dyes 1-3. Introduction of the OH group in 1-position (compound 12) and replacing of the
arene ring by the pyridine cycle (compounds 13-15) additionally stabilizes the zwitterions
both in case of dialkylamino- and julolidine dyes. In contrast, the enlargement of the
chromophore system (compounds 8, 9), moving the amino group from 3- to 2-position
(compound 10), and replacing one alkylamino (or amino) group by Cl (compound 11)
results in drop of the zwitterions fraction.

In fact, the equilibrium R* = R? is an example of an intramolecular Lewis acid-base
reaction [61,65]. Therefore, the higher the positive charge at the central carbon atom in
R¥, the easier lactonization occurs. This allows explaining the decrease in Kt on going
from compounds 1-3 to 5-7. In compounds 9 and 11 the effective charge on the Cg atom
is evidently more positive because of the lack of the electron donating alkylamino group
in position 3. In compounds 8 and 10, the amino group is not in direct polar conjugation
with the nodal carbon atom and its influence on the effective charge of the latter is less
pronounced. The Kt value for compound 12 reflects the influence of the hydroxy group in
position 1.

Data for two rhodamine dyes, the unsubstituted rhodamine (rhodamine 110), and
succinyl rhodamine, a dye with the CH,—-CH,-COO™ instead of the phthalic acid residue,
were obtained previously in this laboratory [66]. In 90 mass% acetone, the Kt values are 6.0
and 62.8, respectively. Thus, rhodamine 110 behaves similarly to dye 4, while in the case
of succinyl rhodamine, both the steric factor and the relatively low basicity of the COO~
group (compared to the benzoate moiety) favor lactonization.

The behavior of dye 4 can be explained either by the peculiarities of the interaction of
the amino group with water or by the specific solvation of the carbenium center. Therefore,
we performed experiments with entire (anhydrous) solvents, basic DMSO and non-basic
acetonitrile. However, in the both cases, the lactonization of dye 4 is less pronounced as
compared with other compounds, including dye 5.

For other dyes the phthalic acid residue is the same in the series under study, except
compounds 13-15. As the picolinic acid in water is weaker than benzoic (the pK}’ values
are 5.32 and 4.20, respectively), it may be expected that ceteris paribus the Kt value for
these four dyes should be higher. Note, however, that the above dissociation constants
refer to water, where the acidic form of picolinic acid is present predominantly in form of a
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zwitterion (NH* and COO™ groups). In organic media, the fraction of the last is decreasing;
in 50 mass% ethanol, the pKj,s are 5.44 and 5.18 [67]; in 72 mass% ethanol, the pK;s are 5.42
and 6.24 for the picolinic and benzoic acids, respectively [68]. The character of equilibrium
in aqueous acetone may be similar.

2.3. The Acidic Dissociation of the HR* Acid and the Charge Type of the Acid/Base Couple

A better understanding of tautomerism in the rhodamine series can be gained by
considering acid-base equilibrium. In aqueous solutions, the pK, values of different rho-
damines are similar (Table 4). Normally, the lactone fraction is negligible and the total
(experimentally available) dissociation constant in fact corresponds to the equilibrium HR*
= R* + H*. For instance, for thodamine B (1) in water both absorption and excitation spec-
tra of the species R* and HR* are rather similar. The A%, values are 553 nm and 557 nm,
respectively, while their molar absorptivities almost coincide (108 x 10° M~! em~1) [47,57].
In organic solvents, the molar absorptivity of the HR* species increases to some extent, e.g.,
126 x 10° M~! cm~! at 557 nm in acetone with 1.7 mass% H,O [66,69] or 120 x 103 M1
cm~! at 552 nm [41], whereas that of the neutral form strongly decreases. According to
Hinckley et al. [42], molar absorptivities of R of rhodamine B (1) in acetone, acetonitrile,
N,N-dimethylformamide, and DMSO are below 0.5 x 1M tem 1, owing to the lactone
ring closure.

In the present work, the pK, values of dye 5 in water and 90 mass% acetone were
determined spectrophotometrically (Figure 5). In water, HCl or acetate, phosphate, and
borate buffer solutions were used for creating different pHs; the ionic strength of 0.05 M
was maintained by NaCl additions. The pH values in aqueous solutions were determined
with a glass electrode in a cell with liquid junction. In 90 mass% acetone, HCl, salicylate,
and benzoate buffer solutions were used at ionic strength of 0.002 M; the pa;;, values of
the buffer mixtures were calculated using the pK; values of the salicylic and benzoic acids,
7.22 and 9.75, respectively.

0.9
XA

0.8
1 2
0.7

0.6 1

0.5 1

0-4 T T T T T
0 2 4 6

8 10 . 12

pH or pa,.
Figure 5. Dependence of the sum of absorbances of dye 5 at 550, 555, 560, and 565 nm on pH in
aqueous solutions (1) and pal*_I+ in 90 mass % aqueous acetone (2).

The pK, values of dye 5 are 3.18 & 0.14 in water and 7.43 = 0.03 in 90% acetone; the
thermodynamic values are 3.10 and 7.31, respectively.

Our previous study revealed that in aqueous micellar solutions of sodium #-dodecylsu-
Ifate the lactonic tautomer is not typical for these dyes [36]. Additionally, the so-called
apparent values, pK3'F, of dyes 1-11 vary within the narrow range from 5.07 to 5.53. The
increase in these values compared with those in water may be explained at least by the
negative electrical charge of the Stern layer of micelles where the dyes are embedded in.

The increase in the pK, values on going from water to organic solvents (Table 4) on
the first glance seems unusual. For cationic acids in alcohols, DMSO, and water—organic
mixed solvents, the pK, values usually either decrease or increase but slightly [70,71].
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Table 4. The pK, values of some rhodamine cations, HR* 2.

Solvent Rhodamine B (1)  Rhodamine 19 (N,N’-Diethyl-2,7-Dimethylrhodamine) = Rhodamine 5
b. c. d.

Water > é;3§j6 f;35.2326 K 3.15M;3261 3.10

Methanol 7.61;7.4k — —

Ethanol 871,87k 9.4h —
N,N-Dimethylformamide 6.5k — —
N-Methyl pyrrolidine-2-one 5.551 — —
91.3 mass% DMSO 5.60 k — —
Acetone + 5 mol% DMSO 750m™ 790m —
90 mass% Acetone 6.47k — 7.31

2 Thermodynamic values, determined by the spectrophotometric method at 25 °C or ambient temperature, if
not otherwise specified; the values for dye 5 determined in this work. b From ref. [37]. ¢ From refs. [47,57].
4 Determined by using the partition between water and heptane at ionic strength of aqueous phase 0.3 (NapSOy);
the partition constant of R species: Kp = 3.60 (in the system water/toluene: Kp = 670): [12]. € pK, =3.41 £ 0.02
atI=0.30 M KCI[47]. f 3.46 + 0.02 (KNOj3 background) [47]. & The partition study in water/n-hexane system
at I =0.1 M (KCI) resulted in values pK, = 3.36 and Kp = 1.69 [66].  [51]. I [61,72]. ] [41]. ¥ [61]. ! [73]. ™ From
ref. [74]; for N,N’-dibutylrhodamine 7.63; N,N’-di-n-octadecylrhodamine 7.66.

To explain the data in Table 4, the following expression should be derived from Chart 2:

pKa = pkcoon — log(1 + Kr) 1)

Here, pkcoon corresponds to the equilibrium HR* = R* + H*; Kt values are given
in Table 4. For example, dye 1 in 90% aqueous acetone has pK, = 6.47 and pkcoon = 7.71.
For dye 5, pK, = 7.31 is substantially higher, but pkcoon = 7.62 is ca. the same. In water,
where pkcoon = pKa, the values differ by 0.1 unit (Table 4), and in sodium n-dodecylsulfate
micelles, where the lactone fraction of the neutral form is also negligible, the pK3""s are
5.32 and 5.49 for dyes 1 and 5, respectively [36]. So, the difference between the pKj, in the
rhodamine series is caused mainly by the different state of the tautomeric equilibrium.
Hence, the considered scheme of dissociation and tautomerism is operational. Similar
estimates of pkcoon for dye 1 are made in the publications cited in Table 4.

Note, that the increase in pkcoon on going from water to organic solvents is unequiv-
ocally higher than that in pK; (Table 4). E.g., for pK, dyes 1 and 5 it is 4.5 units in 90%
acetone. For rhodamine B (dye 1), the increase in pkcoogr is 4.3 units in methanol, 5.5 in
ethanol, 4.2 in 91.3 mass% DMSO, and 5.3 in N,N-dimethylformamide [59,61]. Such type of
medium effects firmly state, that the tautomer R* can be considered as a species with two
separate charges. Indeed, for an acid-base couple with charge type +/= the increase in
pKa is typical, contrary to the case of common cationic acids with charge type +/0 [70,71].

2.4. Tautomerism: Influence of the Solvent Nature

The state of tautomeric equilibrium was studied mainly for rhodamine B [40,42,46,58-61].
In spite of the relative simplicity of the estimation of the equilibrium constant between
colored and colorless tautomers, some interfering factors should be taken into account.
First, appropriate addition of a base (e.g., alkali) or a buffer mixture must ensure the
absence of HR* traces when determining the visible absorption spectrum of the form R,
and corresponding amount of an acid should be introduced to complete transformation of
the dye into the HR* form. Second, as the estimation of the fraction of the tautomer R* of
the R form is made by equating the Emay value of R* to that of HR*, it seems reasonable
to use both values in the same solvent, because hypo- and hyperchromic effects may take
place besides the tautomerism. The latter is important first of all for determining small Kt
values. We followed these rules in data processing including those given in Table 2 as well
as in the tables given below.

It should be noted that in unbuffered systems of low polarity, for instance, in dichlorom-
ethane [40] and 1,4-dioxane-water mixed solvents [75] both incomplete dissociation of the
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salt HR*Cl™ and acid HR* occurs. On the other hand, traces of carbon dioxide may affect
the equilibrium state.

Barra et al. [76,77] reported that rhodamine B exists in trichloromethane as zwitterions,
Amax = 551 nm. However, according to our data for water—saturated trichloromethane
solutions of rhodamine B, obtained by extraction from the aqueous media, Kt is estimated
as 90 [61,66,69]. The Emax value of 1.73 x 103 was obtained at Amax = 535 nm. Dissolution of
the HR*Cl™ salt in water-saturated trichloromethane gives a spectrum with Apax = 550 nm
and Emax = 158 x 103; addition of NHj shift the band to 535 nm, with Emax = 2 X 10%. In
dry CHCI3, Amax = 548-552 nm was reported for the cationic form of rhodamine B [42,78].
The IR spectra of the dye extracted into trichloromethane exhibits after solvent evaporation
a band 1752 cm ™! typical for C=0O stretching vibrations of the lactone [60]. The results
of Barra et al. may be interfered by formation of HCl traces in pure trichloromethane
(this effect is enhanced via gamma-irradiation, which is utilized for using rhodamine B in
dosimeters owing to colorless-to-colored transition [79]). In the presence of erythromycin
A, these authors observed lactonization of the dyes. As erythromycin is a weak base, it
may be protonated by the HR* cation of the dye, and the latter in its neutral form R readily
converts into the lactone.

Several authors reported that a Kt value of rhodamine B in aqueous solutions is
0.11 [40] or 0.23 [42]. It seems to be overestimated, just because using the Enax value in
nonaqueous media. Using the dependences of log Kt in water-acetone mixtures (15.8
to 90 mass% acetone) on the reciprocal relative permittivity, ¢, !, or the normalized Re-
ichardt’s polarity parameter, EN, we estimated the K1 ~ 0.01-0.005 by extrapolation to pure
water [58,61,66,69]. Selected Kt values are collected in Table 5.

Table 5. Selected values of the tautomerization constant of rhodamine B (1).

Solvent Kt = [R°V/[R*]
Water 0.005-0.01 2P
Methanol 0.1¢
Ethanol 0.284
90 mass% aqueous acetone 16.6
91.3 mass% aqueous DMSO 59¢
CHClj; saturated with water 90 f
N,N-Dimethylformamide 100 &
98.3 mass% aqueous acetone 234 h
Acetone 2502

@ Extrapolated value. b In ref. [42]: 0.23. € In ref. [42]: 0.12. 9 In ref. [42]: 0.42. © Refs. [59,60]. f Refs. [61,66,69].
8 Ref. [61]. M Refs. [66,69].

Under cooling, an expressed shift of the equilibrium state toward the lactone for
rhodamine B [40,42,46] and rhodamine 101 (dye 7) [52] is well documented.

The most detailed study of the influence of the solvent on the R* = R equilibrium
was published by Hinckley et al. [42]. These authors managed to fit the dependence of
log K1 for rhodamine B in a set of twelve alcohols on the solvent properties using the
relative permittivity and refractive index (in view of McRae’s approach) and number of
carbon atoms bonded to the a-carbon atom. The correlation coefficient ¥ was 0.990.

Taking into account the significant difference in the dipole moments of the two tau-
tomeric species, R’ and R¥, a distinct dependence of the log Kt value vs. the reciprocal
relative permittivity of the solvent may be expected. However, the last-named constant
did not display a decisive role in the formation of the equilibrium state. So, the above
data of Hinckley et al. for eight primary, secondary, and tertiary alcohols may be de-
scribed as log K = —2.334 + 44.4¢; 1, r = 0.96. Extrapolation to water results in Kt = 0.017.
On the other hand, our data for rhodamine B in water—acetone mixed solvents [18 to
90 mass% (CHj3),CO] also obey such kind of dependence, but with much higher slope:
log KT = —3.517 + 117.4¢, !, r = 0.997. This gives evidence for the crucial role of the solvent
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ability to be a donor of H-bond. Indeed, in non-HBD solvents, where the solvation of the
COO~ group is poor, the R* tautomer is strongly destabilized (Table 6).

Table 6. Absorption maxima of cationic (HR*) and zwitterionic (R*) species of dye 5 in different
organic solvents and the values of the tautomerization constant, Kt = [R°]/[R*] (see Chart 3).

Solvent 2 HRi\maX/nmR b AAmax Kt EY
Methanol (32) 564 556 8 0.028 0.762
Benzene—ethanol—water € (12.8) 567 556 11 0.155 0.587
1-Propanol (20.4) 566 556 10 0.16 0.617
1-Butanol (17.4) 564 553 11 0.19 0.586
2-Methyl-propane-1-ol (17.9) 566 554 12 0.23 0.552
2-Propanol (19.9) 564 550 14 0.32 0.546
2-Methyl-propane-2-ol (12.5) d 563 546 17 294 0.389
90% Acetone—10% water € (24) 565 555 10 1.06 0.57
95% Acetone—5% water € (22) 568 560 8 5.76 0.49
90% CH3CN—10% water € (39.4) 567 558 9 0.17 0.692
CH;3CN (35.9) 566 550 9 48.3 0.460

91.3% DMSO € (56) 574 560 14 2.89 0.50
DMSO (46.4) 577 566 11 70.7 0.444
N,N-Dimethylformamide (36.7) 570 555 5 89.9 0.404

2 In parenthesis: relative permittivity, ¢, ® Absorption of the R* tautomer. ¢ Mass ratio of components: 47:47:6.
430 °C. ¢ Mass ratio.

On the other hand, simultaneous utilization of several solvent descriptors may hide
the real driving forces of the chain-ring tautomerism. Therefore, it is reasonable to correlate
the log Kt value with the Reichardt solvent polarity parameter, which reflects both H-bond
acceptor ability and dielectric properties. For studying the solvent effects, dye 5 was chosen.
A moderately low ability to lactonization of this dye allows determining the Kt values in
non-HBD solvents. General regularities, however, are similar to those for rhodamine B. The
shift toward the lactone is much more pronounced in the case of entire non-HBD solvents.
Additionally, Hinckley et al. reported for rhodamine B the Kt values of 0.85 and 62.5 in
n-butanol and tert-butanol, respectively [42], and for compound 5 the difference is also
substantially: these values are 0.18 and 2.94, respectively (Table 6).

The Kt values were determined as described above. To ensure the complete conversion
of dye 5 into the cationic (HR*) and neutral (R) forms, 0.01 M of H,SO, and KOH, respec-
tively was maintained. In the last case, diethylbarbiturate buffer mixture was used (0.01 M
acid + 0.005 M KOH). The results are given in Table 6; EY is the normalized Reichardt’s
polarity parameter [65,80].

Using the Kt values from Table 6, we obtained the following dependence of log K vs.
EY, which reflects both the H-donor ability and polarity of the solvent:

log Kr= 5.026-9.077 EN; r = —0.85; n = 14 )

Extrapolation to pure water leads to Kt = 1.2 x 10~%. It must be noted that the
combined handling of the data for alcohols [42] and water-DMSO mixtures for rhodamine
B (1) [59,61] also demonstrates a weak correlation (r = —0.81) [61]. Probably, some effects,
while insignificant in alcohols, grow essential in non-HBD solvents and their mixtures
with water.

The correlation becomes much better if only the non-HBD solvents and their mixtures
with 5-10% water are used: log Kt = 6.012-10.15 ETN ;v =—0.95; n =7; extrapolation to water
gives Kt = 1.0 x 10~*. However, it is desirable to find a simple correlation which would
be valid for both alcohols and non-HBD solvents. To this end, considering the Cy atom
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as an internal Lewis acid, we used to model its interaction with the COO™ group by the
interaction of the H* ion with the benzoate anion. Equation (3) reflects this assumption.

log Kt = a+b log’)/Li 3)
YRO

Here, yz+ and 7o stand for transfer activity coefficients of the tautomers from
water to the corresponding solvent. The above logarithmic value can be estimated as
(PK; HBenz —PKi HBenz —108 11y+), where KJ (.., and K{'yp,., are dissociation constants in
solvent “s” and in water, respectively, 7+ is the transfer activity coefficient of the proton
from water to solvent “s”.

The relevant data are taken from the literature; the 4+ values were used either evalu-
ated using the so-called tetraphenylborate assumption [81] or determined by Chantooni
and Kolthoff as transfer activity coefficient from methanol to 2-propanol [82].

log Kr=a+ b[ng,HBenZ - pKX,IHBenZ - log ’YH+] (4)

The influence of the solvent’s nature on the state of tautomeric equilibrium zwitterion
= lactone (Equation (1)) was studied using dye 5 as a representative member of asym-
metrical rhodamines series. The tautomeric equilibrium constant, K1, was determined in
alcohols, DMSO, CH3CN, acetone, their mixtures with water, and in a ternary mixture
benzene—ethanol—water with a mass ratio 47:47:6. The absorption spectra of cationic
(HR") and neutral (R) forms are typified in Figure 1, while the absorption maxima and
molar absorptivities are given in Table 7. The complete transformation of the dye into the
cationic and neutral forms was provided by the addition of appropriate amounts of sulfuric
acid and either in 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) or NaOH, respectively. While
the dye concentration in methanol and acidic solutions in other solvents was 1 x 107> M,
for the basic solutions in non-HBD solvents it was increased up to (0.7-1.0) x 10~% M. The
parameters included in Equation (4) are given in Table 8.

Table 7. Absorption maxima of rhodamine 5 in selected organic solvents.

Solvent Cation HR* Neutral Form (Rt = R0)
(0.01 M H,S0,) (0.02 M DBU)
Amax, DM Epax X 1073, M~ 1em=1  Apax, nm Emax X 1003, M1 cm—1
Methanol 564 98.0 556 95.3
Acetonitrile 566 98.6 550 2.00
DMF 570 110.0 555 1.21
DMSO 575 93.2 556 1.30

Table 8. The log Kt values of rhodamine 5 and in different solvents and parameters of acid-base

equilibrium, pK:, HBenz’ pK;‘,’HBenZ, and log g+ in these media.

Solvent pK:,HBenz log‘YH+ pK:,HBenz - pK;\,’HBenz - logYH* logKT
Methanol 9.40 +1.52 3.68 —1.55
90% acetonitrile
(xp = 0.798) 9.1 +1.21 3.70 —-0.77
2-Propanol 11.75 +1.42 6.13 -0.49
91% DMSO
(xp = 0.708) 8.05 —3.61 7.46 +0.48
Acetonitrile 20.7 +7.85 8.65 +1.68
DMF 12.3 -2.52 9.78 +1.95

DMSO 11.1 -3.40 10.3 +1.85
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The corresponding correlation line is presented in Figure 6. The value r = 0.96 allows
us to assume that the proposed approach to modeling of the tautomeric equilibrium is not
devoid of sense.

3 llogK, y=05053x — 3.1405
2 =0.9321
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Figure 6. Dependence of the logarithm of tautomerization constant of dye 5 in different solvents on
the (PK tpenz — PKY — log yy+) values.

a,HBenz

Accordingly, the extrapolation to water gives Kt =1 x 1073 for dye 5. An even smaller
value was obtained using two separate correlations with the EY parameter for two types of
solvents. As it was mentioned above, a value about 0.01-0.005 was estimated for rhodamine
B, 1, in water. Concluding, the fraction of the lactonic tautomer is water is negligible.

Whereas the lactonization can be considered as an intramolecular acid-base interaction,
the zwitterions itself is in fact an ionic pair. Moreover, it may be assumed that, depending
of the solvent’s nature, we can talk about either solvent-separated (solvent-shared) or
contact (intimate) pairs. The last type of interactions should be expected in non-HBD
solvents, where the COO™ group is poor solvated [61]. Hence, in addition to chain = ring
tautomerism (R* = R”) it is necessary to distinguish between two kinds of zwitterions
(Chart 5).

Chart 5. Zwitterions as two kinds of intramolecular ionic pairs; left-hand side: solvent-separated
(solvent-shared, externally solvated, long); right-hand side: contact (intimate, short).

These two types of internal ionic associates between the Cg carbenium center and the
carboxylate anion can be represented as C*//~0O0C and C™ ~OOC, respectively.

In some cases, such peculiarity manifests itself in the character of absorption spectra
of the dipolar tautomer R* in solvents of different nature [61]. On the other hand, different
character of solvation of the carbenium center by cationophilic and cationophobic solvents
can also make a contribution to the stability of R* and thus to the state of the total chain =
ring equilibrium.

2.5. Interactions with Electrolytes

Experiments with organic solvents revealed that when the complete transformation of
the dyes into the neutral form is performed using the DBU, the absorption is somewhat
lower than in the case when NaOH additions was used. For example, in 0.001 M NaOH
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in acetonitrile and DMSO the Enax is 1.65-1.9 times higher than in corresponding DBU
solutions. This should be attributed to ionic association of the Na* ion with the carboxylate
group COO™ of the zwitterion of the dye. In fact, the tautomeric equilibrium R? = R¥ is
shifted toward the right. Therefore, we examined the influence of several salts, LiClOy,
Ca(ClOy4)2, Mg(ClO4),, and La(NO3); on the spectra of the neutral form of rhodamines.
Cleavage of the lactone ring occurs to a greater or lesser extent. For example, for dye 4 in
90% aqueous acetone even 9.1 x 10~® M La(NO3); cause a &~ 12% increase in absorption,
whereas in the case of dye 8, which is less inclined to the zwitterion formation (Table 3), no
transformation of R? to R* is observed even in the presence of 6.09 x 10> M La(NO3)s.

Most of the experiments were carried out with dye 5. The molar absorptivity of
the neutral form in acetonitrile is 2.0 x 10> M~! cm™! in the presence and absence of
0.02 M DBU. In contrast, addition of 0.001 M NaOH increases the absorptivity up to
3.3 x 103 M~ cm~!. Figure 7 shows a sharp jump in the absorption intensity after adding
of 0.20 M Mg(ClO4),-3H,0. To ensure the absence of the cationic form, HR*, 0.005 M KOH
and 0.006 M 18-crown-6 were added; the complex formation of the crown ether protects
the Na* ion from the direct association with the dye. As magnesium nitrate was used as
a crystal hydrate, blank experiments were made with 0.60 M water, which increased the
absorption only twice as compared with curve 2.
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Figure 7. Absorption spectrum of the neutral form, R, of rhodamine 5 (1.0 x 10~ M) in acetonitrile
with 0.2 M Mg(ClO4),-3H,0 (1) and without this salt (2).

Two systems were studied in a more detailed way: rhodamine 5 with LiClO4 and
Ca(ClOy); in acetonitrile. The results are exemplified in Figure 8 (this is a representative
set of points from a larger body of data.) It is clearly seen that the interaction is very
strong, especially in the case of Ca(ClOy),. Even at 1 x 10~* M, this salt causes ~70% of
the conversion of rhodamine lactone to zwitterion at a dye concentration of 1 x 107> M
(Figure 8b). Even the Anmax values themselves shed some light upon the character of the
interactions. In solutions of p-toluenesulfonic acid, Amax = 566 nm; this is the spectrum
of the HR* form. The Amax of the R tautomer equals to 550 nm. Therefore, the Amax
values in solutions of LiClO4 and Ca(ClOy); after complete transformation of the dye into
the associate, 556 and 559 nm, respectively, demonstrate the intermediate character of the
interaction. On the other hand, a sharp increase in the absorption intensity indicates the
existence of the dye in the form of the zwitterionic tautomer in these associates (Chart 6).
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Figure 8. Rhodamine 5 (1.0 x 10~ M) in CH3CN; (a): 0.001 and 0.003 M DBU (1, 2); 5 x 10~* and
0.001 M p-toluenesulfonic acid (3, 4); 2 x 1073,5 x 1073, 0.01, 0.02, and 0.04 M LiClO4 5,6,7,8,
and 9); (b): 2 x 1073, 5 x 1073, and 0.01 M Ca(ClOy); (5, 6, and 7).

Chart 6. Associate of the zwitterionic tautomer R* with Li*.

Interaction with LiClO4 is somewhat weaker (Figure 8a). Here, the stoichiometry of
1:1 was assumed (Figure 9).
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Figure 9. Rhodamine 5 (1.0 x 1075 M) in CH3CN at varying of LiClO4 concentrations.

The association constant was calculated using Equation (5) and assuming that the
concentration activity coefficients of Li* and R* are equal.

A
(Amax = A){Cricio, — [R*Li* [}
For wavelengths around the absorption maximum, estimates lead to a value

Kas = (3+1) x 10 M~1. These data are in line with the articles by Hojo, devoted to
rhodamine B and related compounds [83,84]. It should be noted that the interaction of

©)

Kas -



Colorants 2022, 1

77

rhodamines with metal ions was a matter of research of several authors. Shakhverdov,
Ergashev, and their colleagues studied photophysics of rhodamine B in ethanol in the
presence of a number of rear-earth metal salts [85,86]. Ergashev showed an increase in the
intensity of the absorption of rhodamine B in DMF with the addition of these salts [87].
Similar interactions in some entire and mixed solvents were also studied [88]. Synthesis of
and characterization of rhodamine complexes with Mn(II), Co(Il), and Cu(Il) was reported
by Refat et al. [89].

Concluding, the association of metal cations with the carboxylate group of rhodamines
is a case of the interaction of Lewis acids with a base.

2.6. Fluorescence and Photocleavage of the Lactone Cycle

Fluorescence of rhodamines is one of the most popular and developed field. Even for
the less explored asymmetric compound 5, a set of data has already been published. For
instance, the fluorescence lifetimes of the cationic form HR* of dye 5 in water, 90% aqueous
acetone, acetone, methanol, and DMSO were reported to be 3.93, 4.28, 4.39, 4.31, and 4.31
ns, respectively, and the values 3.92, 4.24, and 4.18 ns were found for R¥ in water, 90%
aqueous acetone, methanol, respectively [36].

Although a huge number of publications have been devoted to the fluorescence of
rhodamines, there are some issues that still need to be discussed. They concern, first of all,
the behavior of the colorless lactone. In Figure 10, emission of rhodamine 5 in anhydrous
acetone is presented as an example.

0.5

Fluorescence, a.u.

0.0 T 1= T T
300 400 500 600 700
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Figure 10. Emission spectra of compound 5 in acetone: neutral (lactonic, colorless) form,
Aexcit = 330 nm, and cationic form, Aeycjt = 565 nm. The conversion of the dye in the cationic form is
reached by addition of sulfuric acid traces.

The fluorescence spectrum of the cationic form with AJn = 590 nm is quite under-
standable. It appears as a mirror image of the absorption spectrum (not shown in Figure 10).
In contrast, the neutral form exhibits two bands. One of these bands with A{R =578 nm is
the typical zwitterion fluorescence that can be observed in water or alcohols. This emis-
sion appears due to the photocleavage of the lactone cycle, i.e., the displacement of the
tautomeric equilibrium in the excited state.

The second band with AS. around 400 nm can be attributed to the lactone. This blue
fluorescence was first reported by Ramette and Sandell, who studied a benzene extract
of the colorless lactone tautomer of rhodamine B [37]. Then, several publications were
devoted to the interpretation of this phenomenon [78,90,91].

The most intriguing aspect is the large Stokes shift of the lactone of rhodamine B,
because the A2 value in various solvents is within the range of 300-330 nm, while the
Agm . in the non-polar solvents, such as benzene, diethyl ether, 1,4-dioxane, and others, lies
within the range of ~450-470 nm. The abnormal Stokes shift for the rhodamine lactone
[(8-11) x 10% cm™1)] needs to be clarified. For instance, it cannot be explained by the
emission of the “dialkylaniline” fragment because fluorescence of N,N-dimethylaniline
is characterized by a Stokes shift of 4.6 x 10°> cm~!. Grigoryeva et al. [78] studied the
fluorescence of rhodamine B in chloroform, DMSO, DMF, and water—dioxane mixtures.

The increase in the solvent polarity results in a red shift of the emission band of the lactone.
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For instance, it is 460 nm in benzene and 490 nm in chloroform. In CH3CN and DMF, only
the fluorescence band of R* is observed [78]. Klein and Hafner studied the fluorescence
of rhodamine B (1) lactone in cyclohexane, dibutyl ether, dioxane, dichloromethane, ace-
tonitrile, and other solvents (11 in total) [90]. They found that the charge transfer in the
excited state is the origin of the large Stokes shift. A dipole moment in the excited state
of 25 D was estimated, basing on the solvent induced fluorescence band shifts (within a
simple Lippert-Mataga approach [92].

However, in most studies, the main attention was paid to the photocleavage of the
lactone ring, which leads to the appearance of long-wavelength emission of the zwitteri-
onic tautomer of rhodamine. The low intensive fluorescence of lactone was studied only
moderately [20,93].

Karpiuk et al. [20] examined the emission of the lactone of rhodamine 101, which
corresponds to compound 7 in Chart 2, in ten solvents: in butyl and ethyl ethers, methylte-
trahydrofurane, dimethoxyethane, butyronitrile, and more polar media. Charge-transfer
state of the lactone, formed as a result of electron-transfer formed as a result of the excited
state electron density redistribution was characterized by high dipole moment. The latter
was estimated of the order of 26 D. In more polar solvents, the emission was ascribed to
the zwitterion R*. Similar results were published afterwards by El-Rayyes et al. [21], who
performed a study of rhodamine B emission in 11 different organic solvents. In a set of
works by Karpiuk et al. [94-96], charge transfer in the excited state of triphenylmethane
lactones was discussed in detail.

From the point of the classical chromophore theory, the rhodamine B lactone molecule
consists of three non-conjugated units: electron-deficient benzofuraneone and two electron-
excessive N,N-dialkylamino-phenyl moieties of xanthene tricycle, connected to each other
via an oxygen atom and a saturated carbon atom. The last one is a spiro-center of the
lactone molecule. Benzofuranone moiety is orthogonal to the rest of the molecule [48-50],
which could be considered an additional factor, seeming to guarantee an absence of their
intramolecular interaction.

However, a similar effect was first considered in late 1960th by Simmons and Fuku-
naga [97]. Overlapping of two orthogonal 7t-systems linked by a common sp?-carbon spiro
center is called spiro conjugation.

Later the theory of this phenomenon was developed by several other authors [98-100].
Spiroconjugated systems with combination of electron-donor and electron-acceptor sub-
units were considered as optical materials for non-linear optics [101,102], several of them
were able to emit a charge-transfer fluorescence [103-106]. Thus, two distinct subunits of
rhodamine lactones molecules, can demonstrate all the features of spiroconjugated systems,
including highly solvatochromic emission, which is typical to systems with significant
excited state intramolecular electron density redistribution.

Recently, spectral properties of rhodamine B were simulated by the semiempirical
methods in a Franck-Condon approximation [22,107]. This approach does not permit
explanation of the large Stokes shift inherent to the lactone form in the non-polar non-HBD
media. We first attempted to explain this phenomenon by ab-initio calculations considering
conformational changes (geometry optimization) in the excited state.

To our understanding, this was not fully correct owing to the initial experimental
results of Klein [90]: even in non-polar cyclohexane rhodamine B lactone has a Stokes shift
of ~7200 cm ™!, which is the indication of involvement of excited state relaxational processes.
In solvents of low-to-intermediate polarity this value increases up to ~12,500 cm~! owing
to the growth of solvatofluorochromic contribution.

Our calculations performed by ab-initio b3lyp/cc-PVDZ method revealed the charge-
transfer character of several lowest Franck-Condon excited states of the above lactone
(Table 9). The electronic excitation spans over all the aromatic subunits of the molecule.
Significant electron density redistribution of ~1/2 electron charge from each of >N-Ph-
towards benzofuranone moiety was revealed. This means formation of practically “full
charge transfer” singlet excited states, electronic transitions to which are forbidden by
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overlap. Indeed, the oscillator strength of 5yp-5; and Sy-S; transitions in the calculated
absorption spectra were lower than 0.01.

Table 9. Calculated (b3lyp/cc-PVDZ) long-wavelength electronic transitions in the absorption spec-
tra of thodamine B lactone in its Franck-Condon and excited state structurally relaxed molecular
geometry. The latter corresponds to the fluorescence spectrum of title compound.

Electronic Localization Indices

T it Wavelength, Wavenumber, 0 Charge Transfer
ransition Oscillator Strength \ Indices
Absorption (Sp-state optimized geometry, DFT)
352 nm
So-S1 28,400 cm ! 24.7 24.7 50.6
0.005
342 nm
So-S2 29,200 cm ! 22.2 222 54.1
0.0004
Fluorescence (S;-state optimized geometry, TDDFT)
496 nm
Sp-S1 20,150 cm ™! 4.2 44.1 51.2
0.005

Emission spectrum is traditionally modeled by vertical electronic transition between
the lowest excited and ground states for the molecular geometry, optimized in fluorescent
S; state. The electronic excitation and charge transfer indices were applied for elucidation of
the nature of electronic transitions [108-110]. The first of them demonstrates participation
of definite atom or submolecular fragment in the electronic excitation (%), the last ones
show directions and amount of electron density redistribution in parts of the elementary
electric charge (“from and to” atom/fragment). Initially these indices were calculated on the
individual atoms level, however it is more suitable to summarize them for definite selected
groups/fragments to outline the nature of the main chromophore in the studied molecules.

Xanthene oxygen atom is not shown owing to its insignificant participation in forma-
tion of long-wavelength transitions in the electronic spectra of the rhodamine B lactone.

Our results, presented in Table 9, do not fully agree with the experimental data by
Klein and Hafner [90], which is more likely due to definite underestimation of the energy
of the excited states with significant charge separation by b3lyp functional. However, more
probable reason is the presented by Klein positions of allowed electronic transitions with
extinction of (13-15) x 103 M~ em~1. Experimental determination of the positions of the
low-intensive bands (forbidden electronic transitions hidden under the broad intensive
absorption bands) is hardly possible.

The ground state optimized molecular geometry of this lactone is practically sym-
metric with flat xanthene tricycle and orthogonal to it benzofuranone moiety (Figure 11).
Diethylamino groups lie practically in the plane of their neighboring benzene rings and
are characterized by minimal pyramidalization degree of their nitrogen atoms. Electronic
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excitation localization and ground-to-excited state electron density redistribution for two
long-wavelength charge transfer electronic transitions demonstrate a high level of symme-
try as well.

.

Figure 11. The ground (left) and the excited state (right) optimized molecular geometry of rhodamine
B 1 lactone in vacuo.

The molecular geometry of the lactone, optimized in the electronically excited state,
characterizes by symmetry breaking and loosing planarity of xanthene moiety by bending
around its central axis. The central pyran cycle of xanthene moiety changes its conformation
to boat-like one, thus benzofuranone bicycle moves closer to xanthene oxygen atom and
even forms a weak unconventional hydrogen bond of CH- - - O type (Figure 12). Its energy,
roughly estimated according to Espinosa approach [111], was only 0.7 kcal/mol, thus it
cannot play significant role in formation of presented here structurally relaxed conformation
of rhodamine B lactone and is not an important factor of its stabilization. The discussed
H-bond length is 2.99 A, this slightly exceeds the sum of mean Vander Waals radii of
hydrogen and oxygen atoms.
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Figure 12. Molecular structure of rhodamine B lactone, optimized in its excited S1 state, which wave
function was analyzed with application of the elements of AIM theory [112-114]. Unconventional
H-bond with its bond path and critical point of (3,-1) type is marked by a circle.

It is worth to note, that in spite of the charge transfer character of the electronic transitions
in the absorption and emission spectra, formation of TICT-like states [115,116] with ~90°
rotation of diethylamino groups was not confirmed by our quantum-chemical modeling.

The Stokes shift, calculated as the difference between theoretical electronic absorption
and emission spectra (Table 9), was near 8 x 103 em~1. Taking into account various possible
inaccuracies mentioned above, this value is of the same order with the experimental one,
reported by Klein [90].

Resuming our theoretical modeling, we can conclude, that the probable reason for
the high Stokes shift of rhodamine B lactone in nonpolar solvents is the excited state
structural relaxation process, which looks like quite rare (and sometimes not proved to
the end) photophysical BUTTERFLY mechanism [117]—the excited state out-of-plane
deformation of initially planar molecules, previously considered for the case of protonated
polycyclic aromatic compounds and their heterocyclic analogs [118,119]. The probable
driving force for structural relaxation of such type in the case of rhodamine B lactone could
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be the space approaching of electron donor and electron acceptor parts of the investigated
molecule, which increases the overlap of their -subsystems within the framework of the
spiroconjugation model and thereby contributes to the redistribution of the electron density
in the excited state between them.

The above calculations allow making some conclusions. Namely, quantum modeling
of rhodamine B lactone allowed to formulate a hypothesis, that the reason for its abnormally
high fluorescence Stokes shift could be a structural relaxation process leading to out-of-
plane deformation of the xanthene moiety of the lactone, which results in space approaching
of its electron donor and electron acceptor subunits and facilitates the intramolecular excited
state charge transfer. Solvents of intermediate-to-high polarity further increase the Stokes
shift up to its nearly doubling owing to the solvent relaxation around the title molecule,
which substantially increases its dipole moment in fluorescent state Sy.

Meanwhile, it is an alternative explanation of the rhodamine lactone emission. As
early as 1989 [63], we repeated the results by Ramette and Sandell [37]. The lactone R”
of rthodamine B, 1, was extracted from water into benzene. It absorbs in the UV region,
A2b =315 nm and emits with AS. =475 [63]. The Stokes shift is 10,694 cm . In additions,
similar results were obtained with three other dyes, rhodamines 110 (16), 19 (17), and
succinyl rthodamine (18) (Chart 7):

HoN O O O NH, EtHN O (0] O NHEt Et,N O O O NEt,
Me Me
O O g

O 6] 6]
16 17 18
Chart 7. Lactones of rhodamines 110 (16), 19 (17), and succinyl rhodamine (18).

Their absorption maxima in benzene extracts were 292, 302, and 314 nm, respectively,
while the emission maxima were 400, 460, and 460 nm, respectively. Hence, the Stokes
shift is within the range of 9250~11,400 cm~!. It became clear that neither a (possible)
TICT configuration of the alkylamino groups, nor the role of the phthalic acid residue are
important. In the present study, we have dissolved the neutral forms of rhodamines in
entire benzene. All solutions demonstrate a blue fluorescence with Stokes shift of (7.5-11.2)
x 103 cm~! (Table 10), which prove the universal character of the phenomenon.

Table 10. Fluorescence of rhodamine lactones in benzene.

Compound A2b , nm (from Absorption Spectrum) A m Stokes Shift, cm—1
2 313 450 9700
3 310 454 10,300
4 301 389 7500
5 312 478 11,150
6 318 486 10,900
7 319 491 11,050
9 325 456 8850
10 315 462 10,100
12 351 485 7900
14 341 511 9750

4354 9300
15 310 5850 15,200

2 Low intensive fluorescence of the lactone form. P Intensive fluorescence of the zwitterions. Dye 15 is less inclined
to lactone formation (see Table 1) and exhibits a dual fluorescence even in benzene.

Our calculations for succinyl rhodamine 18 lactone look nearly like those above
discussed for rhodamine B 1; however, several discrepancies are present. First, xanthene
tricycle of the rhodamine 18 lactone is initially bent and non-planar just in the ground
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state, because of the non-planarity of its five-membered cyclic lactone moiety (Figure 13).
The situation became more expressed in the electronically excited state, where molecular
geometry of lactones of 1 and 18 has several common features.

Figure 13. The ground (left) and the excited state (right) optimized molecular geometry of rhodamine
B 18 lactone in vacuo.

The excited state intramolecular charge transfer is predicted by our calculations made
for lactone of 1 as well. It is accompanied by symmetry breaking, which is clearly observed
by planarization of one of its dimethylamino groups (from which the electron density
redistributes towards the electron-acceptor ester group), while as another dialkylamino
group retain its pyramidality. The calculated S;1-Sy electronic transition should lie in UV
range, ~357 nm. This is much higher in energy scale compared to that predicted for lactone
of compound 1 (496 nm). Probably, the reason of this is the absence of -conjugated system
in the 18 electron-accepting part: 1 has an additional benzene ring in its lactone moiety,
while as the lactone of 1 has only a non-conjugated ester group included into the saturated
five-membered lactone cycle. Thus, the energy of its vacant molecular orbital participating
in the intramolecular charge transfer should be much higher (increasing the energy of
electronic transition with participation of such MO as well).

We assumed that the anomalous Stokes shift of the lactonic tautomer is related to the
fluorescence of a polar molecule produced by reversible photoreaction breaking the lactone
bond [63]. In addition to the above reasoning, two publications seem to be important.
First, as early as 1962, Fujiki et al. [120] revealed that the carbinol 19, which is formed in
alkaline aqueous solutions the cationic dye pyronine G, exhibits a fluorescence even more
intensive as compared with the initial carbocation. Second, blue fluorescence was observed
in benzene extracts not only of rhodamine B 1 but also of thodamine 6G 20 [121], which is
unable to lactone formation, Chart 8.

MegNNMeZ EtHN O 0] O NHEt
H OH OH
COOEt

19 20
Chart 8. Carbinols of pyronine G (19) and rhodamine 6G (20).

Hence, xanthene structures with sp>-hybridization of the nodal carbon atom and
without the 9-arene substituent also exhibit a blue fluorescence. Therefore, a photochemical
reaction in the Franck—Condon state of the lactone is assumed, which leads to formation

of a highly polar structure [63]. For dye 5 the corresponding scheme is as shown below
(Chart 9).
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Chart 9. Alternative explanation of the blue fluorescence of rhodamine lactones.

However, our quantum-chemical calculations with optimization of pyronine G carbinol
molecular geometry do not confirm its long-wavelength emission (similar to rhodamine B
lactone), no wonder, this molecule includes no electron-accepting group, towards which
the intramolecular electron transfer could be directed. The calculated position of S1-Sy
electronic transition was only 380 nm in this case.

Just this structure is guessed to be responsible for the blue fluorescence. At the
same time, in our calculations we obtained definite arguments, which are consistent with
hypothesis represented in the above scheme. In many cases of calculated electronically
excited rhodamine’s lactones, the anomalous elongation was observed just for ester CO-O
bond in the lactone cycle. For example, the length of this bond in 1 lactone ground state is
1.37 A, while as in the electronically excited state it is ~1.49 A.

3. Experimental
3.1. Materials

Rhodamine B was chromatographically pure; its purity was checked also by fluores-
cence synchronous scanning spectra. The synthesis and identification of rhodamines 2-12
was published previously [36]. The synthesis of dyes 13-15 is described below. The organic
solvents were purified and dehydrated using the accepted procedures. Hydrochloric and
sulfuric acids, 5,5-diethylbarbituric acid La(NOs3)s, solid NaOH and KOH were of analyt-
ical grade, the standard sodium hydroxide solution was prepared using CO,-free water
and was protected from the atmosphere. Lithium and calcium perchlorates were synthe-
sized, re-crystallized, dried, and kept protected from moisture. Magnesium perchlorate
was re-crystallized and used as Mg(ClO;),-3H,O. Salicylic acids, analytical grade, was
twice re-crystallized from benzene, and 95.6% aqueous ethanol, respectively, then dried
under vacuum (5 Torr) at 50-70 °C to constant mass and stored in vacuum-desiccator over
CaCl,. Benzoic acid was twice sublimated. p-Toluenesulfonic acid was used as monohy-
drate. 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU, Aldrich, St. Louis, MO, USA) was used
as received.

3.2. Synthesis of Dyes 13-15

2-(6-(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)-2-pyridinecarboxylate (13).
2,3-pyridinedicarboxylic anhydride (290 mg, 2 mmol) of and 550 mg (4 mmol) of m-
dimethylaminophenol was melted for 2 h at 120-130 °C. After cooling, the red-violet mass
was dissolved in 10 mL of concentrated hydrochloric acid, diluted with 50 mL of water
and neutralized with 20% sodium hydroxide solution to pH = 6-7. Murrey precipitate was
filtered off and washed with water. Yield: 500 mg (65%). Crude product was purified by
column chromatography on Silica gel 60 with chloroform/methanol (10:1, v/v) as eluent.
Mp 290 °C; 'H NMR (DMSO-dg, 300 MHz): § 2.94 (s, 12H, N(CH3),), 6.44-6.56 (m, 6H)—
xanthene fragment protons, 7.70 (t, ] = 6.3 Hz, 1H), 8.44 (dd, J; =7.8 Hz, ], = 1.4 Hz, 1H),
8.86 (dd, J1 = 4.7 Hz, ], = 1.4 Hz, 1H). UV-Vis (ethanol): Apax(abs) 548 nm (e = 70,000 M !
cem ™ 1); Amax(fluor) 584 nm. FAB-MS (NBA) caled. for (MH)* [Ca3HoN303]* m/z 388.17,
found m/z 388.42.

2-(6-(diethylamino)-3-(diethylliminio)-3H-xanthen-9-yl)-2-pyridinecarboxylate (14).
2,3-pyridinedicarboxylic anhydride (290 mg, 2 mmol) and 660 mg (4 mmol) of m-diethylami-
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nophenol was melted for 1.5 h at 110-125 °C. After cooling, the red-violet mass was dis-
solved in 10 mL of concentrated hydrochloric acid, diluted with 50 mL of water and neutral-
ized with 20% sodium hydroxide solution to pH = 6-7. Murrey precipitate was filtered off
and washed with water. Yield: 410 mg (43%). Crude product was twice purified by column
chromatography on Silica gel 60 with methanol and methanol/acetone (1:10, v/v) as eluent.
Mp 158-159.5 °C; TH NMR (DMSO-dg, 200 MHz): § 1.10 (t, ] = 7.0 Hz, 12H, N(CH,CHj),),
3.36(q,J1 =7.0Hz, ], =14.0 Hz, 8H, N(CH,CH3),), 6.06 (s, 2H), 6.37-6.52 (m, 4H)—xanthene
fragment protons, 7.69 (t, 1H), 8.42 (d, ] = 7.5 Hz, 1H), 8.86 (d, ] = 4.6 Hz, 1H)—pyridine
fragment protons. UV-Vis (ethanol): Apmax(abs) 552 nm (e = 72,500 M1 em™1); Apax(fluor)
585 nm. FAB-MS (NBA) caled. for MH)* [Co7H3gN3O3]" m/z 444.23, found m/z 444.11.
3-(2,3,6,7,12,13,16,17-octahydro-1H,5H,11H,15H-pyrido[3,2,1-iflquinolizino[1’,9’:6,7,8]-
chromenol2,3-flquinolin-4-ium-9-yl)-2-pyridinecarboxylate (15). 2,3-pyridinedicarboxylic
anhydride (150 mg, 1 mmol) of and 380 mg (2 mmol) of 8-hydroxyjulolidine was heated
for an hour at 110-120 °C and an hour at 140-150 °C. After cooling red-violet mass was
dissolved in 5 mL of concentrated hydrochloric acid, diluted with 50 mL of water and
neutralized with 20% sodium hydroxide solution to pH = 6-7. Violet crystals were fil-
tered off and washed with water. Yield: 400 mg (76%). Crude product was purified by
column chromatography on Silica gel 60 with chloroform/methanol (10:1, v/v) as eluent.
Mp > 300 °C; 'H NMR (DMSO-dg, 300 MHz): § 1.81 (t, ] = 5.2 Hz, 4H), 1.98 (t, ] = 5.1 Hz,
4H), 2.92 (t, ] = 2.9 Hz, 4H), 3.24-3.44 (m, 12H)—protons of the julolidine fragment, 6.26
(s,2H),7.62 (t,] =6.2Hz, 1H),8.37 (dd, J; =14 Hz, ], =79 Hz, 1H), 8.76 (dd, J; = 1.4 Hz,
J» = 4.6 Hz, 1H). UV-Vis (ethanol): Amax(abs) 571 nm (¢ = 70,000 M~! ecm™1); Apax(fluor)
604 nm. FAB-MS (NBA) calcd. for (MH)* [C31H39N3O3]" m/z 492.23, found m/z 492.06.

3.3. Apparatus

UV-visible absorption spectra were measured against solvent blanks at room tempera-
ture with a Perkin-Elmer Lambda 35 UV /vis spectrophotometer (Waltham, MA, USA) and
at 25 °C with Hitachi U-2000 (Hitachi, Tokyo, Japan). Absorption maxima were recorded
with an accuracy of 0.5 nm. The optical path length was 1 and 5 cm. Infrared spectra were
measured with a Specord IR-75 apparatus (Analytik, Jena, Germany). Fluorescence spectra
were taken by a Cary Eclipse spectrofluorometer (Agilent Technologies, Santa Clara, CA,
USA). NMR spectra were recorded in CD30D and DMSO-dg by a Mercury Varian VX-200
and Varian VNMRS-400 instruments (Varian Inc., Palo Alto, CA, USA). Determination of
pH in aqueous solutions was performed at 25.0 & 0.1 °C on a P 37-1 potentiometer and
pH-121 pH-meter equipped with ESL-63-07 glass electrode (ZIP, Gomel, Belarus) and a
Ag | AgCl reference electrode in a cell with liquid junction (1 M KCI). Standard buffers
(pH 1.68, 4.01, 6.86, and 9.18) were used for cell calibration.

3.4. Procedure

For the spectrophotometric determination of the tautomerization constants in 90 mass%
aqueous acetone and in other water—organic mixtures, 0.02 M HCl and 0.001 M NaOH
(or, in some cases, a veronal buffer mixture: 0.01 M acid + 0.005 M NaOH), s) were used for
transforming the dyes in the cationic and neutral form, respectively. In non-aqueous media,
alcohols, acetonitrile, N,N-dimethylformamide, and DMSO, additions of conc. H»SO4
and NaOH (for alcohols) and DBU (for non-HBD solvents) were used. In this case, the
concentrations of the acid and base were normally 0.01 M. Determinations of the pK,
values in water and nonaqueous solvents were made by standard procedures. Normally,
the dye concentrations were about 1 x 10~> M for measuring the absorption spectra of dye
cations and pK, determinations, and around 1 x 10~® M at emission measurements. As
a rule, the concentrated stock solution of a dye was diluted ten-fold or even more, then
corresponding acidic or basic components were added, and finally the flask was made
up by the solvent. However, the sequence of mixing the components did not affect the
results. For precise determinations of the molar absorptivities of the dyes neutral forms in
the visible region, the working concentrations and optical path cells were adjusted in order
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to obtain the values of absorptivities in the optimal absorbance range. Therefore, in some
cases the dye concentrations were enhanced up to 10~# M. The infrared spectra were run at
dye concentration of 0.03 M, while in the NMR experiments it was as high as ~0.1 M.

3.5. Quantum-Chemical Calculations

Quantum-chemical modeling of molecular geometry and electron density redistri-
bution of the investigated rhodamines lactone and zwitterion forms were conducted by
Gaussian-09 (Revision B.01) software [122] in DFT scheme with b3lyp [123] electron density
functional and cc-PVDZ [124] basis set. Calculation of zwitterions was performed by the
PCM universal solvation model [125] and relative permittivity of DMSO. NMR magnetic
shielding were calculated within GIAO approach [126]. Definite elements of Bader AIM
(atoms-in-molecules) theory [112-114] were used for rough estimation of non-covalent
interactions energy in the zwitterionic form. Electronic absorption spectra were calculated
with NWChem 5.1 program [127], equipped with ESSA module [109,110] for analyses
of the localization of electronic transitions [108] and redistribution of electron density at
electronic excitation.

4. Conclusions

Mobile equilibrium between the colored and colorless tautomers of rhodamine dyes is
a kind of a more general chain-ring tautomerism. The absorption spectrum of the colored
tautomer of the neutral form R (zwitterion R*) in the visible resembles that of the cation,
HR*, of the same compound. A spectrophotometric study of a series of rhodamine dyes, as
well as the earlier studied rhodamine B in 90% aqueous acetone clearly demonstrates the
decisive role of the substituents in the xanthene part of the dye molecule on the state of the
tautomeric equilibrium. The lactone/zwitterions ratio varies from 30 to (0.1-0.32). This is
the first case of such a wide variation in the tautomerization constants.

The lactonic structure of the colorless tautomer R” has been proved by using infrared
spectroscopy. 3C NMR spectrum of the neutral form in DMSO(dg) support this result,
while that in CD3;0D give evidence of zwitterionic structure R* of the colored fraction.
Consideration of the dissociation of rhodamines (HR* == R + H") allows shedding addi-
tional light on the structure of rhodamines. Namely, increase in the pKj, values at going
from water to aqueous acetone confirms the highly polar character of the R* tautomer.

Examining of the role of the solvent nature, tautomerism of the asymmetrical rho-
damine 5, was examined in 14 media. Attempts were made to analyze the data using a
single solvent descriptor. The logarithm of the equilibrium constant, K = [RO]/[R*], better
correlates with the normalized Reichardt’s parameter, ETN ,in solvent of similar chemical
nature, whereas unification of alcohols and non-hydrogen bond-donors (DMSO, DMF, etc.)
with log Kt within the range of (—1.55 to +1.95) leads to a poor correlation. At the same
time, the chain-ring tautomerism of rhodamines is an intramolecular acid-base reaction,
where the central carbon atom, Cy, acts as an internal Lewis acid. Then, modeling of the
closure of the lactone cycle by protonation of the COO™ group of the benzoate ion allows to
describe the influence of seven solvents, including alcohols, acetonitrile, DMF, and DMSO,
with correlation coefficient of 0.96:

log Kt = —3.140 4 0.505 (pKzsi,HBenz - pKz‘iA,,HBenz - 1Og ’YH*)

Our proposed approach is an alternative to the traditional interpretation of the chain—
ring tautomerism of rhodamines based on common solvent descriptors.

On the other hand, interaction of the carboxylate group takes place with external
Lewis acids, Lit, CaZ*, Mg2+, and La’*. In solvents where the lactone R° predominate,
interaction with Mg?* and La3* cations results in cleavage of lactone cycle and appearance
of the zwitterion R¥, in line with finding of Hojo for rhodamine B and similar compounds.

In polar solvents, lactones undergo photocleavage resulting in formation of highly
fluorescent tautomer R*. This effect, well-known for rhodamine B, is confirmed in the
present study with other rhodamines. On the other hand, the blue fluorescence and an
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anomalously high Stokes shift of rhodamine lactones in low-polar media was shown by
us as a general effect characteristic of all rhodamines studied by us. The reason may be
either spiroconjugation and charge transfer in the exited state. Hypothesis of the blue
fluorescence owing to the excited state structural relaxation process of the “butterfly” type
was formulated by us for the first time in the present paper. As an alternative explanation,
another way of lactone cycle rupture was proposed in the present paper.

In general, we believe that the results presented in this article will contribute to the
purposeful application of rhodamines in various fields of chemistry, including those that
were discussed in the Introduction.
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