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Chapter

Probing Solvation Effects in
Binary Solvent Mixtures with the
Use of Solvatochromic Dyes
Ioanna Deligkiozi and Raffaello Papadakis

Abstract

In this work three molecules exhibiting dual sensing solvatochromic behaviors
are examined in the context of solvation in binary solvent mixtures (BSMs). The
compounds studied involve two functional groups with high responsiveness to
solvent polarity namely pentacyanoferrate(II) (PC) and azo groups. Two of these
compounds are [2]rotaxanes involving alpha- or beta- cyclodextrin (CyD) and the
third is their CyD-free precursor. The dual solvatochromic behavior of these
compounds is investigated in water/ethlylene glycol (EG) mixtures and their dual
solvatochromic responses are assessed in terms of the intensity of solvatochromism
and the extent of preferential solvation. To achieve this the linear solvation model
by Kamlet, Abboud and Taft [J. Organomet. Chem. 1983, 48, 2877–2887] and the
two-phase model of solvation by Bagchi and coworkers [J. Phys. Chem. 1991, 95,
3311–3314] are employed. The influence of the presence or lack of CyD (alpha- or
beta-) on these dual solvatochromic sensors is analyzed.

Keywords: solvatochromic dyes, rotaxanes, preferential solvation, (non) specific
solute-solvent effects, azo dyes

1. Introduction

Nowadays, solvatochromic probes (SPs) are regularly utilized in various types of
applications which require sensing of environmental/medium effects in either a
qualitative or a quantitative manner [1–9]. Today there is a large variety of
published solvatochromic dyes corresponding to different media, e.g. organic
solvents [8, 10], ionic liquids [10, 11], solvent mixtures [10, 12–15] or solvent
comprising polarity modifiers [16]. What often appears to be challenging is the
choice of a suitable solvatochromic probe for the description of a physicochemical
problem encompassing solvent polarity effects. It has been observed that for the
same solvent/cosolvent mixture, different solvatochromic dyes may provide
different quantitative results [17, 18]. Indeed in many cases, different spectroscopic
techniques applied on the same ternary system solvent/cosolvent/probe(solute)
may provide different results. Therefore, probing solvent polarity effects and pref-
erential solvation (PS) phenomena occurring in solvent mixtures of two or more
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solvents are considered as highly difficult tasks [17]. The complexity of those
physicochemical problems is high and the interpretation of the solvent-solvent or
solute-solvent effects sensed by SPs needs to be carefully undertaken. In this work,
the authors examine the solvatochromic responses of two probing groups: the azo-
group and the pentacyanoferrate(II) group of three molecules dissolved in binary
solvent mixtures (BSMs) involving water and ethylene glycol (EG). From the three
molecules employed two are [2]rotaxanes involving alpha- or beta- cyclodextrin
(CyD) (compounds 2a and 2b respectively, Figure 1) and the third is their precur-
sor lacking a CyD wheel (compound 1, Figure 1; in the text will be called
cyclodextrin-free dumbbell-like compound or CFD). All three are recently devel-
oped solvatochromic compounds [19] and they involve the same π-conjugated
viologen-based linear skeletons bearing an azobenzene bridge and pentacya-
noferrate(II) end-groups (Figure 1). The aforementioned compounds fall under the
umbrella of an important family of multifunctional dyes primarily because of the
high technological and industrial importance of azobenzene dyes [20–22] as well as
the pronounced chromic and redox behavior [23], photochromism [24], photocon-
ductivity [25] and strong electron withdrawing aptitude of viologens (also known as
paraquats) [23, 26]. This strong electron accepting capacity of para- and mono-
quats is vital for the development of push-pull systems [27–30]. Towards the latter
milestone the use of suitable electron donating substituents is vital. Papadakis et al.
has shown that pentacyanoferrate(II) units can trigger an intense solvatochromic
behavior in such systems in various types of media [14, 16, 30, 31] and more recently
Deligkiozi et al. hinted that the n ! π ∗ transitions of the azo group in 1 and 2a,b are
sensitive to solvent polarity [19]. In this work the dual solvatochromic sensing of
these compounds is thoroughly examined in terms of solvent-solute, solvent-solvent
and preferential solvation effects. In this work water/ethylene glycol mixtures were
chosen as perfect BSM candidate-models of dipolar media with substantial contribu-
tions in the development of specific effects (mainly H-bonding).

2. Materials and methods

2.1 General information

All correlations (single or multi- parameter linear, polynomial regressions and
contribution analyses were carried out using statistical software R (ver.:3.5.3).
Integrations as well as the graphical determination of isosolvation points were all
performed using QtiPlot (ver.: 0.9.9).

Figure 1.
The three solvatochromic compounds involved in this study.
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All compounds involved in this work (1 and 2a,b; Figure 1) have been reported
in earlier publication by the author and coworkers and their synthesis, isolation and
spectral analysis have been also thoroughly described [19]. All solvatochromic UV–
Vis shifts have been recorded on a Perkin-Elmer Lambda 25 UV/Vis spectropho-
tometer. The deconvolutions of all UV–Vis spectra were implemented according to
previous work [19].

2.2 Examining the stability of compounds 1,2a,b in solution

All solvatochromic compounds used in this work are isolated as stable solid
compounds of green-blue color. The measurements presented were conducted in
fresh solutions of each compound in the desired H2O/EG mixtures (typically pre-
pared 15 min prior to measurement). That time corresponds to the equilibration
time (each sample was vigorously stirred after mixing). Directly after this period of
time their electronic absorption spectra were recorded. It was observed that in all
cases the solutions remained unmodified as concluded through check of the absor-
bances of the bands maxima which were found to be stable for at least 30 minutes
after equilibration. This observation clearly indicates that all three compounds are
stable in solution and therefore suitable for the current investigation.

2.3 Preferential solvation model

In this work a renowned PS model is employed in order to describe PS phenom-
ena occurring in BSMs comprising solvatochromic solutes. The model was intro-
duced by Bagchi and coworkers about thirty years ago and is also known as “the
two-phase model of solvation” (TPMS) [32–34]. TPMS considers that solvent mol-
ecules in a BSM are distributed between a local phase and a bulk phase according to
Eq. 1. The local phase lies in the vicinity of the solvation area.

S2 þ S1 ⇌ S1 þ S2 (1)

In Eq. 1 S1 and S2 symbolize the two mixed solvents in the bulk phase while

S1 and S2 symbolize the two solvents in the solvation (local) phase. Throughout this
work water will be considered as S1 whereas EG as S2. At the equilibrium described
by Eq. 1, PS constant (Kps) will be related to an expression comprising both solvent-
solvent solute-solvent interaction energies (Eq. 2).

kTlnKPS ¼ ϵS2 � ϵS1½ � þ

"

N1 �N2ð Þϵ12 � N0
1 �N0

2

� �

ϵ012 �N1ϵ11 þN0
1 ϵ

0
11þ

þN2ϵ22 �N0
2 ϵ

0
22 þ

ϵ11 � ϵ22ð Þ

2
�

ϵ011 � ϵ022
� �

2

#

(2)

In Eq. 2 ϵSi are the interaction energies among the solute and i-solvent while
ϵij corresponds to the interaction energies between solvents i and j. Ni corresponds
to the number of i-solvent molecules. The bulk phase in solvent molecule numbers
is designated with the superscript 0. It is noteworthy that Eq. 2 involves two terms.
The first bracketed term in the right-hand side of the equation corresponds to the
contribution of solute-solvent interactions, while the terms in the second bracket
describe the solvent non-ideality effects.

Finally, Eq. 3, provides Kps (the preferential solvation constant) related to both
bulk (x) and local (y) solvent mole fractions along with the measured transition
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energies of the indicator solute (ET) observed in neat solvent S1 (ET,1), neat solvent
S2 (ET,2) and the mixture of S1 and S2 (ET,m).

KPS ¼
y1x2
y2x1

¼
ET,m � ET,2

ET,1 � ET,2
∙
x2
x1

(3)

2.4 Applying the CNIBS/R-K equation

In order to determine isosolvation points (see below) pertaining to PS occurring
in solutions of 1 and 2a,b in aqueous EG, Redlich–Kister (CNIBS/R–K) equation
[35], was employed so as to algebraically describe the dependence of experimental
transition energy ET (n ! π ∗ azoð Þ and Metal to Ligand Charge Transfer (MLCT))
on solvent/cosolvent bulk mole fractions (x1, x2) (Eq. (4)). In this work water is
considered as solvent S1 (i.e. water mole fraction is x1). Noteworthy, Eq. 4 yields ET

values corresponding to neat solvents S1 and S2 (E
0
T,1 and E0

T,2) when any of x2 and

x1 is set to 0 respectively.

ET,m ¼ x1E
0
T,1 þ x2E

0
T,2 þ x1x2

X

k

j¼0

A j x1 � x2ð Þ j (4)

2.5 Determining isosolvation points

For a BSM involving solvents S1 and S2 and a solvatochromic solute, when
xTiso(S2) <0:5 then PS of the solute by solvent S2 is observed and vice versa when

xTiso(S1) >0:5 [18] (where T corresponds to the transition of interest i.e. MLCT
(PCF) or n ! π ∗ azoð Þ for this study).

xTiso ¼ xT at which ET,m ¼
E0
T,1 þ E0

T,2

2:

For the determination of xTiso the polynomial expressions obtained through Eq. 5

were utilized. ET,m ¼ f x1ð Þ were first plotted and then xTiso were determined
graphically using the data reader tool of Qtiplot 0.9.9.

2.6 Quantifying the difference in the extent of PS

In order to quantify the difference of the extent of PS in aqueous EG through the
two different types of transitions (MLCT(PCF) or n ! π ∗ azoð Þ) of 1,2a,b the
following integrals difference (Δ

Ð

Þ was employed.

Δ

ð

¼

ð

1

0

yn!π ∗

EG xEGð Þ dxEG

0

@

1

A�

ð

1

0

ymlct
EG xEGð Þ dxEG

0

@

1

A (5)

In Eq. 5yn!π ∗

EG and yMLCT
EG are the local EG molar fractions determined through the

TPMS methodology peraining to the n ! π ∗ azoð Þ and MLCT (PCF) transitions
respectively.

2.7 Single parameter regression analyses

To understand the role of various solvatochromic parameters expressing solvent
polarity, single regression analyses were implemented (general Eq. (6)). SSP-LSERs
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ET,m ¼ E0
T,m þ pi � SPi, r

2 (6)

Where T ¼ MLCT or n ! π ∗ and SP a solvent polarity parameter (in this work:

EN
T , π*, α, or β). r

2: correlation coefficient.

2.8 KAT equation and contribution analysis

Moreover a multiparametric model was employed in order to assess the relative
contribution of various solvatochromic parameters expressing solvent polarity,
simultaneously. That model is the LSER introduced by Kamlet Abboud and Taft
(KAT equation). This renowned LSER (Eq. 7) can provide information on the
importance of dipolarity/polarizability, Hydrogen bond donor (HBD) acidity and
Hydrogen bond acceptor (HBA) basicity of neat solvents or solvent mixtures.

ET,m ¼ E0
T,m þ sπ ∗ þ aαþ bβ (7)

Where

T ¼ MLCT or n ! π ∗

Through Eqs. 8–9 it is possible to determine the relative contribution (rsiÞ of each
of the involved parameters. The procedure has thoroughly been described in
previous works [28, 31, 36].

rsi ¼
σ0i

Pn
i¼1σ

0
i

(8)

and

En!π ∗ kcal:mol�1� �

a EMLCT kcal:mol�1� �

a

xEG 1 2a 2b 1 2a 2b

0 73.12 74.26 74.26 51.46 49.02 50.71

0.051 71.48 73.88 73.50 49.06 48.67 48.85

0.097 72.38 73.50 73.88 48.44 47.16 47.18

0.139 70.77 72.38 72.57 47.26 46.15 47.18

0.178 69.91 71.48 71.48 46.23 45.36 46.67

0.212 69.73 71.48 71.48 46.34 44.50 46.50

0.245 69.73 71.48 71.84 45.29 44.10 46.50

0.392 69.73 70.95 71.66 45.78 43.74 44.85

0.492 69.73 70.77 71.12 45.06 42.94 43.66

0.659 69.73 70.77 70.77 43.95 41.85 42.83

0.854 69.73 70.77 70.77 42.94 41.08 41.94

1 69.73 70.42 70.42 41.60 40.35 40.94

aData from reference: [19].

Table 1.
Solvatochromic shifts of 1 and 2a,b in aqueous EG and solvent polarity parameters.
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σ0i ¼ σij j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pm
j¼1 Sij � Si

� �2

Pm
j¼1 ETj � ET

� �2

v

u

u

u

t (9)

where Si corresponds to the correlation to each of any of the three parameter
involved in Eq. 8 for the various solvent/cosolvent molar ratios examined (number
of different mole ratios examined in this work: m = 12; see Table 1).

3. Results and discussion

3.1 The bisensing solvatochromic compounds 1 and 2a,b

Recently Deligkiozi et al. [19] and subsequently Papadakis et al. [37] reported on
the solvatochromic behavior of compounds 1, 2a-b (Figure 1). It has been pointed
out that the energy of the MLCT transition in these compounds is intensely depen-
dent on the polarity of the environment and its nature and characteristics have been
thoroughly described in a series of research works [14–16, 19, 30, 31]. These com-
pounds have been studied in a rather narrow solvent polarity range and specifically
in aqueous EG mixtures as well as in neat water and EG. All three compounds are
very soluble in both those solvents and their mixtures. Despite the small solvent
polarity difference observed when moving form water to EG, the recorded differ-
ence in MLCT energy of 1 and 2a,b was reported to be significantly high, following
the sequence:

∆
EG
H2O

~νMLCT1ð Þ
�

�

�

� ¼ 3451 cm�1
> ∆

EG
H2O

~νMLCT2að Þ
�

�

�

� ¼ 3419 cm�1
>

> ∆
EG
H2O

~νMLCT2bð Þ
�

�

�

� ¼ 3033 cm�1
:

Interestingly, all three compounds also exhibit another transition which is
significantly influenced by solvent polarity. The latter is attributed to the
azobenzene group and corresponds to the forbidden n!π* transition of the lone
pairs of electrons of the azo nitrogen atoms and is located at λ ranging within
385–410 nm strongly depending on the polarity of the solvent. The
solvatochromism of azobenzene-based compounds has been thoroughly investi-
gated in the past and there is clear evidence of the solvent dependent nature of the
n!π* and π ! π* azo transitions [38–41]. This comes as no surprise as the nitrogen
atoms of the azo group can readily interact with solvent molecules (in case of
compound 1) or the interior groups of CyDs (alpha- for 2a and beta- for 2b).
Typically, the energy of the n!π* transition shifts about 6 nm hypsochromically
just upon insertion of the CyD wheel. For instance while in neat water λ n!π ∗ð Þ ffi

391 nm for the CFD compound (1) while λ n!π ∗ð Þ ffi 385 nm when the CyD wheel is

threaded and stationed around the azobenzene group (same value for both 2a and
2b). Comparable shifts are observed at various mole fractions of water in aqueous
EG (see Table 1). Yet, the effect of solvents is much more important as shifts of
even 25 nm are observed when simply moving from water to EG i.e. two solvents
with many similarities when it comes to solvent polarity and structuredness [18].
The observed shifts recorded followed the trend:

∆
EG
H2O

~νn!π ∗ 1ð Þ
�

�

�

� ¼ 1186 cm�1
< ∆

EG
H2O

~νn!π ∗ 2að Þ
�

�

�

� ¼ ∆
EG
H2O

~νn!π ∗ 2bð Þ
�

�

�

� ¼ 1345 cm�1
:
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It is important to note here that the n!π* transition is convoluted with the
MLCT and π!π* transitions and a thorough deconvolution analysis has been
already published recently [19]. In this work the used values of the energies for
n!π* and MLCT transitions for 1 and 2a,b correspond to the aforementioned
published deconvolution values (see Figure 2 and Table 1).

Taken together, there is clear evidence that all three compounds are considered
to be bisensing as they involve two functional groups (FC and azo groups) both
responding to solvent polarity changes however at different extents (Table 1) as it
will be thoroughly analyzed.

3.2 Resonance structures of compounds 1 and 2a,b

For a better understanding of the dual solvatochromic behavior of all com-
pounds the analysis of their resonance structures is vital. While resonance structure
I (Figure 3) is more important in the electronic ground state and comprises Fe(II)
and the all-aromatic structure of the ligand (L), Resonance structure II (Figure 3)
becomes more important in the MLCT excited state of molecules 1 and 2a,b. The
latter resonance structure comprises the oxidized metal center (Fe(III)) and the
quinoidal structured ligand as a result of the acceptance of an electron transferred
by Fe(II) upon oxidation occurring via absorption of light (MLCT). (Structure II is
one of the corresponding resonance structures of the type: [(FeIII � L+•)].

Finally, structure III (Figure 3) retains the oxidized FeIII center however dis-
plays the possibility of stabilization of the >N+• by the azo group. (It is noteworthy
that the azo group is known to stabilize carbocations in a similar fashion [42]). The
interplay between Resonance structures II and III can be alternatively written as:
[(FeIII�(py+•) � azo]$[(FeIII�(py+) � azo•].

The latter interaction of the azo group with its partly reduced neighboring
viologen pyridin heterocycle obviously influences the n!π* transition of the azo
group which is in turn largely influenced by its interactions in solution with solvent
molecules (this applies only to the case of compound 1) or the interactions with the
CyD interior environment (this is obviously valid only for rotaxanes 2a and b). In
any case, through Structures II and III it becomes obvious that the n!π* transitions
and the solvatochromism of the azo group is largely influenced by the (FeII � L)
system attached to it in π-conjugation.

Frontier orbital representations of the tetraanion of dye 1 (14�) (for more details
see ref.: [19]) also support the fact that the FC groups and azo groups are behaving
as electron donating since the HOMO are mostly localized in the regions of the FC
and azobenzene moieties (Figure 4). On the other hand, LUMO are mostly local-
ized around the quaternized electron deficient viologen parts of the solvatochromic
compounds (Figure 4). This is an additional hint to the dominating resonance
structures presented in Figure 3.

3.3 Solute-solvent interactions

It is also noteworthy that in cases 2a,b the n!π* transition of the azo group is
even more affected by the behavior of the 4,40-bipyridine-Fe(II) system (which is
in π-conjugation with the azobenzene moiety) than happens in case 1. This is
associated with the fact that CyD (either alpha- or beta-) does not allow any direct
interaction of the azo group with any of the solvents (water or EG; see Figure 5).

It is known that solvents with logPoc/w < �0.3 cannot penetrate the highly
lipophilic cavity of cyclodextrins (for EG it is logPoc/w = �1.3 < �0.3 rendering it
very hydrophilic to enter the CyD cavity (Poc/w is the 1-octanol/water partition
coefficient) [43]. This is clearly manifested by the linear correlation between the
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Figure 2.
The electronic spectra of compounds A) 1, B) 2a, and C) 2b recorded in water, EG and selected
water/EG mixtures. Displayed wavelength range 380–900 nm. Insets indicate the n!π* bands after
deconvolution.
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MLCT and n!π* transitions energies of 2a,b at various mole fractions of EG (see
Figure 6). In case of compound 1 such a linear behavior is not observed (Figure 6).

3.4 Quantification of the solvatochromism of the FC and azo groups

A pertinent way to quantify, predict and rationalize solvent effects is the use of
linear solvation energy relationships (LSERs). This approach has been employed in
numerous research works focusing on solvent effect on a large variety of physico-
chemical properties [8, 10, 44–46]. The solvatochromism of PC complexes has been
thoroughly investigated in this fashion as well [15, 16, 19, 31]. Particularly in case of
PC complexes bearing pyridinic ligands (such as 1 and 2a,b) it has been shown that
the MLCT transition energies are largely affected by the dipolarity/polarizability of
the medium as well as hydrogen bond donor (HBD) and Lewis acidity [15, 16, 19, 31].
Deligkiozi et al. recently reported the corresponding correlations and furthermore
hinted that the energy of the n ! π ∗ of the azo group in 1 and 2a,b is also sensitive to
solvent polarity changes, thus revealing a dual sensing aptitude of solvent polarity for
these compounds [19]. Nevertheless, that work mainly focused on the MLCT transi-
tions of these three compounds. Herein, the author focuses further on the solvents
effects on the solvatochromic behavior of the azo group of 1 and 2a,b and examines
this dual solvatochromic behavior.

Plots En!π ∗ vsEMLCT (Figure 6) indicate fairly good linear correlations for the
two rotaxanes (2a,b) however a severe deviation from linearity in case of the CFD
compound (1). This is a stimulating finding pertaining to the structural diversity
between the two rotaxanes and their CFD precursor. What this finding implies is
that for compounds 2a,b the medium responsive behavior of the azo group
(expressed through n ! π ∗ transitions) is expected to be analogous to that of the
FC groups, at least qualitatively. Furthermore, the duality of solvent polarity sens-
ing aptitude of 1 is anticipated as more pronounced. In order to shed light on these
two hypotheses a series of correlations utilizing monoparametric LSERs was
accomplished for all three compounds.

Figure 3.
Characteristic resonance structures of compound 1.
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3.5 Single solvent polarity parameter involving LSERs

Single solvent polarity parameter involving LSERs (SSP-LSERs) were employed
in order to investigate the importance of various solvent polarity parameters on
n ! π ∗ and MLCT transitions of 1 and 2a,b. The SPPs utilized were the following:

Figure 4.
Structure of the anion of dye 1 (a) and illustrations of the frontier molecular orbitals (MOs) of the anion of the
anion if dye 14�: HOMO (b) and LUMO (c) calculated on the B3P86/6–311++G(d,p) basis/vacuum (0.02
contour plots).
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Reichardt’s solvent polarity scale: EN
T , π*, α, and β. The latter three are parameters

involved in KAT equation expressing dipolarity/polarizability, HBD-acidity, and
HBA-basicity respectively [47]. It is obvious that rotaxanes 2a and 2b exhibit n !

π ∗ transition energies which correlate linearly with Reichardt’s polarity scale EN
T

varying within 1.000 for water and 0.790 for EG (Figure 7). In contrast, the fitted

curve between n ! π ∗ transition energies of 1 and EN
T is not a straight line

(Figure 7). This finding for the solvatochromism of the azo group of compound 1
implies a different behavior compared to either of the rotaxanes 2a,b or even the

MLCT transitions of the same compound. Moreover, as EN
T is a measure of

dipolarity and Lewis acidity of the medium, the aforementioned results indicate a
significantly lower dependence of the n ! π ∗ energies on these solvent polarity
features for compound 1. Similar results were obtained for the correlations between
n ! π ∗ transitions for all three compounds and parameters π* and α, expressing
solvent dipolarity/polarizability and HBD-acidity respectively (Figures 7 and 8). In
those cases compound 1 continued to differ from compounds 2a-b. This comes as

no surprise as the connection between EN
T scale and KAT parameters π* and α is

known (as already mentioned EN
T is a measure of solvent dipolarity and Lewis

acidity) [10]. Very interestingly, the n ! π ∗ energies of compound 1 correlate
better with parameter β (involved in KAT equation and expressing HBA-basicity)
than happens in case of the two rotaxanes 2a,b (Figure 8).

For all three compounds the two main solvatochromic functional groups are the
PCF and azo groups which both behave as fairly good HBA-bases being prone to
formation of hydrogen bonds between the –CN and –N=N– groups respectively and

Figure 5.
Illustration of the possible solute-solvent interactions in A) the rotaxanes 2a,b and B) their CFD precursor 1 (S
represents a solvent molecule or a solvent-cosolvent complex).

11

Probing Solvation Effects in Binary Solvent Mixtures with the Use of Solvatochromic Dyes
DOI: http://dx.doi.org/10.5772/intechopen.98180



hydrogen atoms of protic solvents (like water and EG). Therefore, the nearly linear
correlation observed between En!π ∗ and parameter β for compound 1, indicates
another type of solute-solvent interaction less pronounced in rotaxanes 2a,b
(Figure 5). The ortho-hydrogen atoms of pyridinium salts lying very close to the
quaternized nitrogen are known to undergo deuterium-exchange [49–51]. The
ortho-protons are significantly deshielded with chemical shifts around 9 ppm and
sometimes close to 10 ppm (9.30 for 1, 9.28 for 2b and 9.27 ppm for 2a) [19]. It is
therefore anticipated that these hydrogen atoms are prone to interactions with polar

Figure 6.
Plots of the type En!π ∗ vsEMLCT for (A) compound 1, (B) compound 2a, and (C) compound 2b.
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solvent molecules. Nevertheless, due to the presence of alpha- or beta- CyD in
compounds 2a and 2b this interaction is somewhat hindered when compared to the
CFD precursor 1. In the latter case the ortho-hydrogen atoms can freely interact
with the solvent molecules which in this particular case of interaction behave as
HBA-bases. This interaction can clearly influence the n ! π ∗ energy of 1, as this
region lies very close to the azobenzene group but also due to π-conjugation
between the azobenzene group and the viologen.

Taken together, compound 1, behaves differently than compounds 2a,b and
constitutes an interesting case where the two solvatochromic functional groups
provide significantly different “information” about the polarity effects in their
vicinity. In other words, based on SSP-LSERs compound 1 clearly behaves as a
solvatochromic compound with dual sensitivity. The overall situation for all three
compounds is schematically illustrated in Figure 9 where the degree of success of
each SSP-LSER is marked with colors (Table 2).

3.6 Multiprameteric LSERs

An alternative way to compare and quantify the solvatochromism of the two
solvatochromic chromophores for 1 and 2a,b is by employing the multiparametric
LSERs. Such LSERs may involve various solvent polarity parameters, each of them

Figure 7.
Left column: Plots of n ! π ∗ energies determined in aqueous EG mixtures vs Reichardt’s solvent polarity scale
for compounds 1, 2a and 2b. Right column: Plots of n ! π ∗ energies determined in aqueous EG mixtures vs
solvent polarity parameter π* for compounds 1, 2a and 2b [48].
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describing a property of a solvent (or a solvent mixture). A prominent member of
the family of such relationships is Kamlet-Abboud-Taft (KAT) equation which can
provide information on the solvent polarity effect on various physicochemical
properties in terms of specific and non-specific solute-solvent interactions [47].
Deligkiozi et al. employed the triparametric KAT equation (see Eq. 7) and found
that for the solvatochromism of the PCF groups (MLCT transitions) in 1 and 2a,b

Figure 8.
Left column: Plots of n ! π ∗ energies determined in aqueous EG mixtures vs solvent polarity parameter α for
compounds 1, 2a and 2b. Right column: Plots of n ! π ∗ energies determined in aqueous EG mixtures vs solvent
polarity parameter β for compounds 1, 2a and 2b [48].

Figure 9.
Illustration depicting the goodness of linear fit between En!π ∗ or EMLCT and a SPP (EN

T , π*,α, or β). Colors are based
on correlation coefficients of the fits (r2). Color code: Red: r2 < 0.55; orange 0.55≤ r

2
≤ 0.79; green: r2> 0.79.
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both specific and non-specific interactions are important at various extents
depending on the compound (results are summarized in Table 3) [19]. Herein,
the author reports the corresponding results pertaining to the solvatochromism of
the azo group (n ! π ∗ transitions). By use of Eqs. 8 and 9 (contribution analysis)
the relative contribution of each of the parameters π*, α, and β was quantified
(detailed results in Table 3). Through this analysis it can easily be made clear that
for all three compounds the relative importance of the parameters π*, α, and β, on
the energy of the n!π* is different when compared to the MLCT transitions. In case
of MLCT transitions, parameter π* appears to contribute the most for all three

Dimesionless BSM polarity parametersa

xEG EN
T �ð Þ π ∗ �ð Þ α �ð Þ β �ð Þ

0 1.000 1.20 1.17 0.14

0.051 0.971 1.19 1.01 0.44

0.097 0.948 1.18 0.96 0.49

0.139 0.930 1.17 0.92 0.52

0.178 0.916 1.16 0.87 0.53

0.212 0.904 1.15 0.87 0.54

0.245 0.895 1.14 0.87 0.55

0.392 0.861 1.08 0.88 0.53

0.492 0.844 1.04 0.88 0.55

0.659 0.821 0.98 0.87 0.60

0.854 0.806 0.93 0.88 0.55

1 0.790 0.92 0.90 0.52

aThe values of the BSM polarity parameters are based on published data [52, 53] and they were determined through
polynomial interpolation.

Table 2.
Solvent polarity parameters employed in this work for the quantification of solvent plarity effects in aqueous
EG mixtures.

Compound E0
† s† a† b† %P

π* %Pα %Pβ rse r2

n(azo)!π*(azo) Transitions

1 41.70 2.106 23.58 9.370 14.07 51.05 34.88 0.4687 0.8973

2a 36.73 6.425 24.15 11.64 34.70 39.18 26.12 0.2422 0.9762

2b 41.37 6.902 19.94 9.330 40.71 35.11 24.18 0.3461 0.9473

dp(FeII)!π*(bpy) Transitions (MLCT)

1 5.724 17.50 20.44 4.753 51.27 26.63 22.10 0.6124 0.9630

2a �11.10 20.42 28.96 13.26 58.56 23.77 17.67 0.3999 0.9854

2b 16.34 22.53 6.521 �2.764 64.66 18.21 17.13 0.4214 0.9845

†Units: kcal/mol.
rse: residual standard error is the square root of the residual sum of squares divided by the residual degrees of freedom
(here 8 for all cases).

Table 3.
Results of the correlation of experimental n!π* and MLCT energies of 1 and 2a-b with KAT equation
parameters.
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compounds (%Pπ* ranging from 51.27 to 64.66%). Specific solute-solvent interac-
tions described by HBA-basicity (parameter β) and HBD-acidity (parameter α)
appear to demonstrate almost equal contribution. In other words, specific and non-
specific interactions are almost evenly weighted when it comes to MLCT transitions
and that is true for all three compounds. The situation gets way different when
interpreting n!π* transitions in the same fashion.

The behavior of compound 1 becomes different than those of compound 2a and
2b, and the uniformity of the contribution pattern that the MLCT transitions
exhibit is lost. While for compound 1HBD-acidity is the most contributing property
(expressed through parameter α) compounds 2a and 2b exhibit almost equal con-
tributions of all parameters π*,α, and β. This is easily explained if the role of CyD
(alpha- or beta-) is taken into account. As analyzed, in these [2]rotaxanes the CyD
wheel preferably resides in the region of the azobenzene moiety so as to reduce the
interaction with the ionic viologen parts of the axial molecule [54]. This effect
hinders solvent molecules from interacting directly and specifically with the azo
group (note that the azo group is highly prone to act as HBA-basic group; see
Figure 5B). In case of 1 i.e. the CFD-precursor of these [2]rotaxanes, the lack of the
CyD wheel renders the azo group-solvent interactions highly probable (Figure 5B).
Therefore, 1 exhibits polarity responsive n!π* transitions mainly influenced by
parameter α. This constitutes a major differentiation among the studied compound
and of course also between the two types of transitions. Obviously, the two transi-
tions discussed herein convey spectrally different polarity information and that
holds true for all three compounds but mostly for compound 1.

3.7 PS effects as sensed by the FC and azo groups

It is well established that when a polar compound is dissolved in a BSM consisted
of two solvents of different polarity, the compound/solute gets solvated selectively
by one of the two solvents [17, 18]. This effect is obviously associated with prefer-
ential solute-solvent interactions developed in the vicinity of the solute molecules.
Due to this effect the region around the solute (the so-called cybotactic region) is
characterized by a different solvent/cosolvent molar ratio when compared to the
bulk part of the solution i.e. the regions away from the cybotactic region. This
interesting phenomenon, is attenuated when the two solvents consisting the BSM
are similar in terms of structure and polarity [18]. There are numerous published
models allowing for the quantification of selective solvation phenomena applicable
to various types of solutes and BSMs. These models are generally categorized in
thermodynamic and spectroscopy-based models [18]. In the latter case a
solvatochromic solute is often employed in order to probe preferential solvation
phenomena in BSMs and using spectrally measured shifts as inputs one can obtain
various types of information pertaining to preferential solvation as output e.g. the
solvent and cosolvent molar ratios in the cybotactic region. Through various
spectroscopy-based models thermodynamic properties can also be determined for
instance the molar free energy of transfer of the solute from one solvent to its
cosolvent [18]. In this work preferential solvation of compounds 1 and 2a,b in BSMs
shall be used as a tool to rationalize the responsiveness of the two types of probing
chromophores encompassed in these solvatochromic compounds i.e. the FC and azo
groups.

By plotting the experimentally determined MLCT and n!π* transition energies
of 1 and 2a,b at various water/EG mole fractions against the mole fraction of water
or EG one can easily realize that for both types of transitions a significant deviation
from linearity exists (see Figure 10). For all compounds the measured energies for
either of the transitions MLCT or n!π* were lower than the ideal/linear situations
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Figure 10.
Plots of experimental transition (MLCT or n!π*) energies measured in aqueous EG, against the bulk mole
fraction of EG for A) compound 1, B) [2] rotaxane 2a, and C) [2]rotaxane 2b.
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(dashed lines in Figure 10). Given the fact that both probing chromophores FC and
azo, exhibit negative solvatochromism (i.e. increase of transition energy, or
hypsochromism, when solvent polarity increases) the plots of Figure 10 all describe
preferential solvation of compounds 1,2a and 2b by EG (as will be thoroughly
analyzed below). Indeed this effect has been thoroughly discussed in a recent paper
by Papadakis et al. pertaining solely to the MLCT transitions. However, the new
finding here is that the same effect is beautifully probed also by the azo group at
least qualitatively. As can be easily seen, the shape of the non-linear ET = f (xEG)
curves of Figure 10 have very similar shapes for the both types of transitions. It is
for instance apparent that the maximization of the linear deviation occurs in all six
plots depicted at bulk molar ration of EG 0:15≤ xEG ≤0:25 i.e. in the water-rich bulk
solvent composition region. Yet, important differences are revealed when the
results are treated quantitatively through the TPMS model by Bagchi and coworkers
[32] (details in the Materials and Methods section).

First of all, through the TPMS quantitative treatment the composition of the
cybotactic region of solutions of 1 and 2a,b were determined (see Table 4). Com-
pound 1 appears to behave differently than the [2]rotaxanes (2a,b). The local EG

mole fractions predicted by the same model for the MLCT and azo transition (ymlct
EG

and yn!π ∗

EG respectively) of 1 differ a lot. Interestingly, yn!π ∗

EG exhibits a propensity to
maximize to the value of 1 (which denotes total solvation by EG) at a very low xEG
(xEG = 0.212) whereas ymlct

EG follows a much more “legitimate” increase and maxi-

mizes only in neat EG. For compounds 2a and 2b, ymlct
EG and yn!π ∗

EG exhibit a very
similar increase rate when going from neat water to neat EG (Table 4).

This becomes more obvious when plotting the δEG values obtained through the
TPMS model against the bulk EG mole fractions (note: δEG = yEG � xEGÞ as predicted
through the experimentally observed MLCT and n!π* energies. Apparently, com-
pound 1 a different behavior compared to the [2]rotaxanes. The δEG predicted using
the MLCT energies are significantly smaller than those predicted using n!π* ener-
gies (Figure 11A). The difference in δEG drops when alpha-CyD is on (compound
2a, Figure 11B) and drops even more when beta-CyD is threaded around the
azobenzene group (compound 2b, Figure 11C). In fact only δEG predicted using

xEG Compound 1 Compound 2a Compound 2b

ymlct

EG
yn!π ∗

EG
ymlct

EG
yn!π ∗

EG
ymlct

EG
yn!π ∗

EG

0 0 0 0 0 0 0

0.051 0.569 0.660 0.510 0.526 0.553 0.555

0.097 0.590 0.561 0.560 0.555 0.610 0.526

0.139 0.635 0.766 0.599 0.662 0.610 0.642

0.178 0.681 0.952 0.634 0.784 0.630 0.784

0.212 0.675 1.000 0.676 0.784 0.637 0.784

0.245 0.728 1.000 0.698 0.784 0.637 0.731

0.392 0.702 1.000 0.719 0.880 0.714 0.757

0.492 0.740 1.000 0.770 0.917 0.782 0.846

0.659 0.807 1.000 0.853 0.917 0.838 0.917

0.854 0.880 1.000 0.922 0.917 0.907 0.917

1 1 1 1 1 1 1

Table 4.
Preferential solvation results obtained through the PS model.
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n!π* energies of compound 1 obtain values as high as 0.8. In other words, the azo
group of compound 1 “feels” an excess of EG mole fraction of roughly 0.6 when the
bulk EG mole fraction is only 0.2. Such large a preferential effect is not probed by
the rest of the compounds. By integrating the differences in δEG for the three
compounds one can easily see a decrease in Δ

Ð

following the sequence:

Figure 11.
Plots of TPMS- predicted δEG ¼ yEG � xEG versus the bulk EG mole fraction for A) 1, B) 2a and C) 2c. Circles
and dashed lines correspond to the prediction based on the azo-group whereas squares and dotted lines
correspond to the prediction based on the FC group.

Compound 1 Compound 2a Compound 2b

xmlct
iso EGð Þ 0.18 0.20 0.30

xn!π ∗

iso EGð Þ 0.055 0.15 0.13

Δ
Ð

0.18 0.070 0.047

*Δn!π ∗

mlct xisoð Þ 0.12 0.053 0.17

Table 5.
Isosolvation points and Δ

Ð

results for compounds 1 and 2a,b in aqueous EG.
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Δ
Ð

1ð Þ ¼ 0:19>Δ
Ð

2að Þ ¼ 0:071>Δ
Ð

2bð Þ ¼ 0:046). Similar conclusions can be
drawn when comparing the isosolvation points for the different probes of all com-
pounds (Table 5). The results clearly illustrate a different probing aptitude of
preferential solvation by the azo group of compound 1. Of course all results indicate
qualitatively the same PS effect i.e. EG is the preferred solvent in the cybotactic
region at all measured mole fractions.

4. Conclusions

A general conclusion of the present study is that two distinct functional groups
acting as chromophores (specifically the FC and azo groups) can probe solvation effects
in different ways however this is true only on a quantitative basis. Qualitatively, both
functional groups probed a strong negative solvatochromic effect in all cases of mole-
cules studied. It became apparent though that FC is more sensitive to the dipolarity/
polarizability of themediumwhereas the azo group is slightlymore responsive to
polarity changes associated to the Lewis acidity andHBD-acidity of themedium. This
holds true for compound 1 and 2a but not for compound 2bwhere the bulkiness of beta-
CyD hinders any azobenzene-solvent direct interaction. In that case (2b) the azo group
appears to have very similar sensitivity to solvent polarity to that that the FC group
exhibits. On the other hand, both functional groups probed an intense PS effect by EG
molecules however for each compounddifferent extents in PSwere probed. Compound
1, again appeared to behave differently on a quantitative basis. The difference in probed
extent PS between the azo and the FC groupwas the largest for 1 and dropped signifi-
cantly in case of the alpha- or beta-CyD comprising [2]rotaxanes (compounds 2a, and
2b). Overall, compound 1, exhibits a distinct dual sensing aptitude in terms of solute-
solvent specific and non-specific effects as well as PS effects. The [2]rotaxanes have a
rather attenuated dual sensing capacity presumably due to the presence of CyDwhich
hinders the direct interaction of the azo-group (and its surrounding regions) with
solvent molecules. As a result of the extended π-conjugation and the “shielding” effect
of CyD the azo groups of compounds 2a and 2b tend to probe the same solvent polarity
information as the FC group. It is important tomention that compound 1 clearly
exhibits a dual solvatochromic behavior, however in water/EG BSMs the response of
the azo group gets saturated to the value corresponding to neat EG very fast as one
moves from neat water to neat EG (seeTable 4). Nonetheless, as analyzed this corre-
sponds to a special PS effect and taken together compound 1, appears to be a very good
polarity sensor candidate for future applicationmainly pertaining to polar media such
as water solutions andmixtures with polar organic solvents.
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