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Chapter

Introductory Chapter: Dyes and 
Pigments - Past, Present, and 
Future
Raffaello Papadakis

1. Introduction

Dyes and pigments have been playing an undoubtedly important role in human 
life since the ancient years. Today their mass production is well established, and a 
vast number of dyes and pigments are globally produced. Currently, the industrial 
interest for new dyes and pigments with special properties is constantly growing. 
This has triggered significant research attempts all over the world and new mul-
tifunctional dyes and pigments suitable for novel, hi-tech applications have been 
proposed/created. The steady growth of the global dyes and pigments market signi-
fies a vibrant future for research in the corresponding, wide research field.

2. Historical background

Dyes and pigments are narrowly connected to human culture and different 
types of them have been used from people since the ancient years in order decorate 
various types of materials including textiles, ceramics, wood etc. [1] It is well 
documented that more than 2000 years ago, in ancient China, Egypt, Rome and 
Greece natural dyes and pigments obtained from plant roots, animals or mineral 
sources were used. [1, 2] They were mostly used for decorative applications but also 
as protective layers against wear and corrosion of various objects. [2]

The big revolution in the field occurred in the beginning of 19th century when 
Sir William Henry Perkin produced the first synthetic organic dye, the so-called 
mauveine, using aniline as a starting compound. [1, 3] Mauveine proved to be a 
suitable dyestuff for various types of textiles predominantly silk, and mass produc-
tion of the aniline purple (the original industrial name of Mauveine) commenced. 
Industrial revolution made the production of many more synthetic dyes feasible, 
and the expansion of synthetic dyes industry became enormous in later years. 
In fact, the majority of the currently known classes of dyes and pigments were 
invented during 19th century. [4]

3. Contemporary trends and the future of dyes and pigments

Today, the classes of dyes and pigments have been enriched with numerous 
entries. The scope of this field extends to and aims at novel high-tech applications 
such as laser dyes, [5] dyes and pigments for bio-labelling, [6] intravital microscopy 
applications, [7] and smart sensing devices responding to various external stimuli [8].  
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It comes as no surprise that the global dyes and pigments market for the year 2020 
was determined to be as large as $ 32.9 billion with an estimated growing rate of about 
5% for the next few years. [9] The largest shares of the global production of dyes and 
pigments are the ones pertaining to textile-dyes and leather-dyes covering together 
nearly 75% of the global production. Furthermore, printing inks and paper dyes 
industry hold important shares.

All the above information indicates that the use of dyes and pigments is well-
established in everyday life. They appear in our lives dying objects made out of 
various materials e.g. plastic, wood, metals, ceramics, leather, textiles etc. (see 
Figure 1) and are either applied by the manufacturers of the products or can be 
used by the end-user in order to protect, modify or decorate variety of objects and 
materials. The variety of paints depending on use and target-surface is enormous 
and most of the dyes and pigments are readily available to the user. This indicates a 
vitally tight connection between production and everyday life. Some examples of 
dyes and pigments used in everyday life are depicted in Figure 1. Their versatility is 
huge, and their applications are massive.

Yet, science is constantly pushing the limits of the corresponding research field 
and attempts to obtain novel dyes with special functions are unceasingly being made. 
(Multi)functional dyes and pigments fall in a wider group of materials which can 
provide certain types of functionality parallel to their main operational scope. In this 
sense, a functional dye may for instance not only act as protective and/or decorative 
layer on a material (main scope), but it could act as an environment-responsive com-
ponent which could in turn render a new material or device responsive and sensitive 
to various external stimuli (including light, pressure, heat, environment pH changes, 
solvent polarity etc.). In the large family of functional dyes (and pigments) fall the 
so-called chromic compounds/materials. These are compounds or materials which 
are capable of undergoing (ideally) reversible changes in a way that the user can 

Figure 1. 
Examples of dyes used in everyday life as well as in specific applications. (A) Structure of azorubine (also 
known as E122) a water soluble food-colorant. Photo depicts red-dyed eggs colored with azorubine.  
(B) Structure of “black-dye” a prominent candidate for dyes-sensitized solar cells. Photograph depicts a 
solar cell. (C) Structure of a viologen enolate, highly responsive in solvent polarity changes (solvatochromic 
dye). Photo indicates the drastic color change when moving from water (red) to solvents of lower polarity 
(adapted with permission by Papadakis et al. [10] (D) a pyrazoline fluorescent dye of high emission intensity. 
[11] (photo source: author’s property). (Ε) Antonia RedTM Dextran: a novel polysaccharide with fluorescent 
labelling and its application in cell-imaging (source: TdB Labs) [12].
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grasp information regarding the environment of the material/compound. [8] Novel 
research attempts intent to render sensing systems applicable in microenvironments 
e.g. living cells and they have led to a sizable family of dyes suitable for microscopy 
with numerous applications in biology and medicine  
(see Figure 1Ε).

4. Conclusion

The variety of commercial dyes and pigments with novel properties and applica-
tions is increasing as the needs of the end-users expand. This fact is clearly reflected 
in the size of the corresponding market and it accounts for the extended global 
contemporary research endeavors towards new dyes and pigments. Based on these 
facts, a colorful future is envisioned.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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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).
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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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Chapter

Dyes as Labels in Biosensing
Hu Li, Yuanyuan Han, Haiyan Zhao, Hassan Jafri  

and Bo Tian

Abstract

Investigation and evaluation of dyes play a vital role in the process of introduction 
novel labels and their corresponding sensing methods, which signify opportunities 
for the development of biosensors. This chapter introduces applications of various 
dyes as labels in biosensing. Bio-recognition molecules with dyes transduce biological 
information into measurable optical, electrochemical, magnetic or other kinds of 
signals for quantification. The dyes used in this field were summarized and reviewed 
according to their signal types, namely colorimetric, fluorescent and electrochemical. 
Some dyes can transduce signals between multiple physical signals. For some most 
important dyes, detailed descriptions were given focused on their unique properties, 
labeling methods and sensing mechanisms.

Keywords: biosensors, labels, micro- and nano-particles, optical dyes,  
charge-transfer complexes

1. Introduction

Applications of, e.g., clinical diagnosis, drug development, environmental 
research, security and defense, require self-contained rapid analytical platforms to 
get rid of tedious operation processes and long turn-around times. In 1960s, appli-
cations of enzymes explored a new way in analytical chemistry to obtain specific, 
sensitive and ease-of-use assays. At the same time, ion selective electrodes have 
been developed for rapid non-reagental analysis of inorganic ions. In 1962, the 
concept of enzyme transducer was proposed and sooner the device was developed 
[1]. Following this idea of enzyme electrode, the first enzyme electrode-based 
glucose meter was commercialized in 1975. After that, self-contained analytical 
platforms based on different principles were developed including thermistor, [2] 
optical fiber, [3] piezoelectric crystal detector, [4] surface plasmon resonance, [5] 
etc. Today, such analytical platforms are regarded as biosensors. A biosensor is a 
self-contained integrated device that is capable of providing specific quantitative 
or semi-quantitative analytical information using a biological recognition element 
(biochemical receptor) which is in direct spatial contact with a transducer element 
[6]. Today, biosensors have been applied to a wide variety of analytical problems, 
e.g., medicine, environmental research, food control, and process industry [7].

Biosensors can be divided into two groups based on involving a labeling process 
during the detection or not. A label is a foreign molecule that is chemically or 
temporarily attached to the target (i.e., the molecule of interest) through a label-
ing process to detect molecular presence or activity. In the above-mentioned early 
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period of the biosensor history, typical biosensing processes were usually realized 
by measuring the transduced mechanical, electrical, or optical signals without any 
labels, as illustrated in Figure 1a. Such label-free biosensors can provide direct 
information without complicated sample preparation steps. In contrast, label-based 
biosensors utilizing additional operation processes for higher signal-to-noise ratios 
and for a broader range of sensing/transducer systems. Conventional biosensing 
labels are optical molecules or radioactive elements borrowed from bio-analytical 
systems such as gel electrophoresis and enzyme linked immunosorbent assays. 
A typical strategy of sandwich assay for antibody-based detection is shown in 
Figure 1b.

Due to the fast development of nanotechnology and material science, nanoma-
terials are widely adopted as biosensing labels, many of which are dyes in senses 
of optics or electrochemistry. The special size of these nanomaterial dyes provides 
unique properties that greatly improve the performances of relevant biosensors. In 
this chapter, we focus on dyes used as biosensing labels and discuss their properties, 
applications and how they improve the biosensing properties.

2. Dyes in colorimetric biosensors

Colorimetry technique is a practical and direct analytical method to determine 
the concentration of colored analyte depending on the color change in solution. The 
colorimetric biosensing strategy based on this principle has become one of the most 
popular and important strategies due to its simplicity, visualization, low cost and 
non-destruction. Based on the strategies of signal generation, colorimetric assays 
can mainly be divided into two groups, i.e., assays based on enzymes for chromo-
genic reactions, and assays based on colored labels. Herein, we focus on the later 
group in which dyes play a crucial role.

2.1 Gold nanoparticles

As a successful example to employ nanomaterial and nanotechnology to solve 
the biological problems, colloidal gold has been introduced in the biosensing 
fields more than 20 years with lots of amazing works being reported. Colorimetric 
biosensors based on gold nanoparticles (GNPs) have greatly developed in both 
scientific study and commercial applications.

Figure 1. 
Scheme of typical (a) label-free and (b) label-based biosensors.
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2.1.1 Sensing mechanism

Surface plasmon resonance. Various GNP-based colorimetric biosensors were 
built depending on the same principle, i.e., surface plasmon resonance (SPR). SPR 
is a prominent spectroscopic feature that results in an intense and sharp absorption 
band in the visible range of noble metal nanoparticles that have an adequate density 
of free electrons. Localized SPR is an effect that the electron cloud of the nanopar-
ticle sense and start to oscillate at the same frequency as the electromagnetic field of 
the incident light (Figure 2a). During this process the incident light is scattered and 
converted into heat, both leading to the intensity attenuation of the incident light. 
Meanwhile, localized SPR produce an electric field on the nanomaterial surface, 
which can be utilized for labeling several kinds of biosensors. The SPR-induced 
color is determined by several factors including the size, shape, modified ligands 
and aggregation state. In colorimetric biosensors, the aggregation state of GNPs 
is interested. As shown in Figure 2b, in bioanalytical assays, the combination of 
bio-receptors (or targets) labeled with GNPs can induce the isolated GNP assembly 
as well as the interparticle coupling of the surface plasmon, resulting in the color of 
solution transferring from red to blue.

Surface-enhanced Raman spectroscopy. Based on the SPR effect, GNPs 
have also been used in other types of biosensors, e.g., surface-enhanced Raman 
spectroscopy (SERS) based sensing. SERS as a versatile finger-print vibrational 
technology has been widely utilized in analytical chemistry, [8] electrochem-
istry, [9] and media diagnostics. [10] However, the mechanism of SERS is still 

Figure 2. 
(a) Localized SPR band formation. Red and gray circles represent negative and positive electron clouds, 
respectively. (b) GNP agglomeration leads to the shift of SPR absorption band.
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under debating [11]. Regarding to the mechanism of SERS, there are two broadly 
accepted opinions: electromagnetic (EM) theory and chemical enhancement (CE) 
mechanism [12]. The EM enhancement considers the molecules as point dipoles, 
which react with the local enhanced electric field on or near the surface [13]. The 
CE mechanism attributes the SERS intensity to molecular resonance through the 
interaction with the metal surface, thereby changing the molecular polarizability, 
resulting in enhancement such as resonance Raman scattering [14]. SERS does not 
occur on any metal surfaces, among which GNPs are currently the most widely 
used SERS substrate. SERS-based biosensors involving GNPs have been widely 
used in the sensitive and selective detection of antigens, [15] aptamers, [16] tumor 
biomarkers, [17] as well as Staphylococcus aureus [18].

Lateral flow system. The most well known biosensing application of GNPs 
must be the pregnancy test sticks, which belong to the most commercialized type 
of biosensor, i.e., the lateral flow (LF) system. LF biosensors are paper-based 
devices permit low-cost and rapid diagnostics with moderate robustness, specific-
ity and sensitivity. The ease-of-synthesize, stability, biocompatibility and tunable 
size make GNPs suitable label for LF systems. Moreover, the SPR effect endows 
GNPs an intense red color that can be either detected qualitatively by naked eye or 
measured quantitatively using spectrometers for lower detection limits. Because 
of these properties, GNPs are the most widely used optical label in LF systems 
[19]. A standard and conventional LF strip consists of four main sections made 
of membranes, papers or glass fibers, including a sample pad for sample loading, 
a conjugate pad impregnated with bioreceptor-modified labels (usually GNPs), a 
detection pad/membrane where test line (to show whether the target is exist in the 
sample) and control line (to show whether the LF assay works well) are printed, 
and an absorption pad at the end of the strip, as illustrated in Figure 3. Except for 
GNPs, other colored materials are also used in LF biosensors, including carbon dots 
and latex particles.

2.1.2 Labeling type

Three principle methods for modifying GNPs are briefly illustrated in Figure 4: 
(1) A simple and common way to immobilize the biomolecules on the GNPs is 
labeling through the sulfur-gold interactions; [20] (2) Ligands can be capped 
on the GNPs in the process of particle growth or though ligands replace after the 
synthesis; (3) Ligands can be absorbed on the GNPs surface directly via non-covalent 
interactions.

In 1997, the first GNP-based colorimetric biosensor was reported [21]. In this 
work, the hybridization of DNA probes capped on GNP surface and target DNA 

Figure 3. 
Schematic of a typical lateral-flow immunological detection system.
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resulted in the formation of GNP agglomeration, accompanying a visually red-
to-purple color change. This is the most typical biosensor that uses biochemical 
reactions to induce the cross-linked aggregation of GNPs. Since then, a new gen-
eration of medical diagnostic technology based on the nanomaterials has begun. 
Oligonucleotides, peptides, antibodies and aptamers have been labeled with GNPs 
for the colorimetric detection of different targets based on the similar principle. 
Such strategy designs usually achieve naomolar detection limits, which is limited by 
the signal-to-noise ratio related to the intrinsic properties of labels and sensors [22]. 
To amplify the signals and optimize the performance of biosensor, the biochemical 
and molecular amplification methods are introduced in the biosensing process. Via 
duplex-specific nuclease-assisted amplification method, a colorimetric method 
was developed for microRNA dection based on GNPs aggregation [23]. DNAzyme-
assisted target recycling was utilized, combined with surface plasmons of GNPs 
coupling in the colorimetric biosensor, obtaining a fast and simple detection of 
genetic targets with 50 pM sensitivity [24]. Using imaging-based analysis instead of 
spectrographic analysis has higher signal-to-noise ratio and thus potentially lower 
detection limit. A dark-field microscope based methodology was applied for the 
sensing of GNP aggregation, obtaining a detection limit of 43 aM of DNA, which 
was 5–9 orders of magnitude lower than conventional colorimetric sensor based 
strategies [25].

2.2 Carbon nanoparticles

Carbon nanoparticles, also named colloidal carbon, can be visually detected in 
a qualitative or semi-quantitative manner and thus being used as colored labels. 
Compared to GNPs, carbon nanoparticles have several excellent properties, e.g., 
high stability, nontoxicity, ease-of-preparation, and ease-of-modification [26]. 
The dark black color of carbon dots endows a high signal-to-noise ratio, allowing 
sensitivities below the low picomolar range even by visual inspection [27].

2.3 Latex particles

Colored latex particles are also often used as labels in the colorimetric biosensor. 
Latex particles are natural or synthetic polymer nano- and micro-particles that 
suspend stably in water, and the polystyrene particles are used mostly.

Figure 4. 
Illustration of different GNP conjugation methods.
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There are three ways to prepare colored latex particles by dying latex particles 
with different types of dyes molecules: (1) co-polymerization of polymer monomer 
with dyes; (2) cross-linking the dyes on particles surface by covalent bonds; (3) 
physical embedding or absorption dyes in particles. After the dying, usually dyes 
on the surface are removed in order to functionalize the active groups (sulfhydryl 
groups, amino groups and carboxyl groups) on the latex particles for further label-
ing the biomolecules [28].

Benefit its wide variety of sources, low cost and easy to be functionalized, the 
latex particles are applied as probes in immunochromatographic analysis quite 
early [29]. The good properties enable them are still used now. A lateral flow 
immunoassay was developed by covalent functionalizing the antigens on colored 
latex particles for the visual diagnosis of canine visceral leishmaniasis [30]. A latex 
particles-GNPs composites labeled with antibodies were synthesized as probed 
for the immunochromatographic test. The nanocomposites amplified the binding 
capacity of GNPs with target antigens and improved the sensitivity 2 orders of 
magnitude compared with GNPs-antibodies probes [31].

3. Dyes in fluorescent biosensors

In the field of biotechnology, diagnosis and drug discovery, fluorescent assay is 
by far the most popular methodology because of not only its sensitivity and versa-
tility but also the high commercialization of fluorescent labels [32]. In addition to 
the new fluorescent nanomaterials (e.g., upconversion fluorescent materials and 
aggregation-induced emission (AIE) materials that are described further below), 
new spectroscopic sensors have also been developed based on rising technologies 
such as fiber optics, LEDs and fast imaging devices, all of which contributed to the 
fast development as well as high interdisciplinarity of fluorescent biosensors.

3.1 Organic dyes

Organic fluorescent dyes are a class of organic molecules that contain a fluores-
cent core skeleton with a large conjugate system and some auxochrome or active 
group (such as carboxyl, amino, amide, etc). The fluorescent core skeleton enables 
them absorb a certain excitation light and emitting it as fluorescence. The auxo-
chrome or active group is capable of altering wavelengths and enhance fluorescence 
or labeling them to bio-receptors for recognizing various biomolecules in biosens-
ing [33]. Briefly, the fluorescent dyes labeled bio-receptors, also called fluorescent 
probes, can recognize various biomolecules and then convert the recognition events 
into fluorescent signal output to achieve biosensing or imaging.

Currently, there are many kinds of organic fluorescent dyes, most of which 
can be used to label bio-receptors for biosensing and imaging. Here, some major 
organic fluorescent dyes labels are introduced, including fluorescein derivatives, 
rhodamine derivatives, cyanine derivatives and other commonly used organic 
fluorescent dyes.

3.1.1 Sensing mechanism

The signal conversion mechanism in sensing process are various, such as 
electron transfer quenching or fluorescence recovery, fluorescence resonance 
energy transfer (FRET), or monomer-excimer emission conversion with pyrene 
fluorophores. The following will introduce the major signal conversion mechanism 
involved in the fluorescence biosensing process.
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Nucleic acid intercalating dyes. Nucleic acid intercalating dyes [34–36] is a 
special kind of organic fluorescent dyes that have no fluoresce or the fluorescence 
is weak in solution, which may be caused by the quenching of solvent. However, 
when they are embedded in specific DNA structures, the fluorescence intensity 
will increase significantly, due to the protection of the hydrophobic groups of the 
oligonucleotide (Figure 5). Commercially available nucleic acid intercalating dyes 
for labels in biosensing mainly include ethidium bromide (EB), thioflavin T (ThT), 
N-methylporphyrin dipropionic acid IX (NMM) and triphenylmethane dyes. The 
most classical biosensing application is EB staining-mediated gel electrophoresis for 
nucleic acids detection [37]. Nucleic acid fragments can be separated in gel under 
the action of electric field, then EB contains a tricyclic planar group can insert 
between nucleic acid stacking bases, resulting in increased fluorescence intensity of 
EB for detection.

An emerging biosensing strategy is designed based on the G-quadruplex (G4) 
DNA structure and corresponding intercalating dyes such as ThT, NMM, etc. 
(Figure 6) [38]. G4 DNA structure is formed from DNA guanine-rich sequences, 
which has been confirmed to be stably present in human live cell [39]. Therefore, 
endogenous G4 DNA can be easily detected by using intercalating dyes targeting 
G4 DNA. Additionally, G4 DNA structures can be formed by the amplicons of any 
kinds of DNA amplification methods that produce single-stranded DNA, making 
G4 structure a convenient cascade amplification tool (a molecular amplification fol-
lowed by a signal amplification) that can be applied in homogeneous and isothermal 
bioanalytical assays. Moreover, the formation or consume of the G4 structure after 
binding to the target molecules will change the interaction between G4 and interca-
lating dyes, resulting in increased or decreased fluorescence intensity for detection.

Fluorescence resonance energy transfer. Measuring the presence of labels 
always means employing tedious operation steps for separation and washing. Today, 
homogeneous reaction processes are highly preferred due to its potential for point-
of-care applications. FRET assays are frequently used in biosensors due to achieve 
homogeneous reaction processes with high sensitivity.

Figure 5. 
EB staining for nucleic acids detection.
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A FRET technique includes an energy transfer between two fluorophores, i.e., 
from high energy donor to a lower energy acceptor (Figure 7). The FRET occurs 
when the donor and acceptor are close to each other, approximately between 
1–10 nm, and this distance meets the dimensions of biological molecules. Since 
the FRET is sensitive to the relative distance between donors and acceptors, when 
biological acceptor labeled with donors (or acceptors) comes close to the biological 
target labeled with acceptors (or donors), FRET signals can be detected.

Rather than labels the donor and the acceptor on different biomolecules, a 
molecular beacon (MB) utilized a donor linked with an acceptor through a biore-
sponsive probe, further simply the design of FRET biosensors [40]. Typically, a MB 
is a single-stranded oligonucleotide probe labeled with a fluorophore at its one end 
and a quencher at the other. Due to the length and/or the secondary structure of the 
oligonucleotide, the probe holds the fluorophore and quencher close to each other, 
thus inducing a quenching. Upon the hybridization between the probe and the 
target, the distance between the fluorophore and the quencher changes, restoring 
the fluorescence [41] (Figure 8).

Figure 6. 
Fluorescence enhancement based on the intercalating dyes and G4 structure.

Figure 7. 
Schematic illustration of fluorescence resonance energy transfer.
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Monomer-Excimer. Generally, when the distance and position between fluo-
rescent dyes with the same or different structures are appropriate, the excited state 
fluorescent dye and the other ground state fluorescent dye would form an excimer. 
Therefore, the fluorescence emission intensity of the original monomer weakens or 
disappears, and the fluorescence emission of the formed excimer appears [42, 43]. 
For monomer-excimer based biosensing process, the reaction between the fluo-
rescent dyes-labeled probe and the target biomolecules will trigger or hinder the 
monomer-excimer process, causing the variation of fluorescence emission spectra.

3.1.2 Labeling type

The labeling type between organic fluorescent dyes and bio-receptors can gener-
ally be divided into two types: covalent and non-covalent (such as intercalation, 
groove binding or electrostatic interaction). Different labeling method has different 
fluorescent sensing mechanisms.

Covalently binding labeled fluorescent probes including single-labeled fluorescent 
probe and dual-labeled fluorescent probe. Single-labeled fluorescent probes are 
obtained by covalently binding single fluorescent dye molecules to bio-receptors. The 
single-labeled probe sensing mechanism may be summarized as follows: when the 
bio-receptor of the fluorescent probe recognizes the target molecules, the fluorescence 
properties of dyes would be changed, such as changes in fluorescence intensity and 
fluorescence anisotropy, thus converting the recognition process into a measurable 
fluorescence signal [44–46]. Dual-labeled fluorescent probes are obtained by cova-
lently binding dual fluorescent dye molecules (or a dye and a quencher) to bio-recep-
tors. The dual-labeled probes are all distance dependent, the rearrangement of the 
probe structure after binding to the target molecules will change the distance between 
the two labels, resulting in changes in the fluorescence properties of the system.

Non-covalently binding fluorescent probes mainly refer to nucleic acid fluo-
rescent probes that obtained by the binding of intercalating dyes and DNA. As 
mentioned above, when the nucleic acid intercalating dye binds to a specific DNA 
structure, the fluorescent signal changes. Based on this principle, a series of biosen-
sors have been developed. Compared with covalently binding fluorescent probes, the 
non-covalently binding fluorescent probes will not affect the binding affinity of the 
probe to the target, and also have the advantages of easy operation and low cost [47].

3.1.3 Fluorescein derivatives

Fluorescein and its derivatives are one class of xanthene dyes. Fluorescein was 
first produced by Von Bayer in 1871, which has a good rigid coplanar structure 

Figure 8. 
Illustration of a molecular beacon and examples of its applications.
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and can produce strong green fluorescence under the action of laser. Due to its 
easy synthesis, low cost, low biological and cytotoxicity, high molar absorption 
coefficient, and high fluorescence quantum yield, fluorescein can be widely 
used in biological imaging and analysis [48]. However, fluorescein also has some 
defects, such as high pH sensitivity [49], small stokes [50] and poor light stabil-
ity [51]. In order to improve the fluorescence performance of fluorescein, many 
important fluorescein derivatives have been developed by introducing functional 
group modification to fluorescein [52]. Additionally, fluorescein derivatives 
contain some active groups, which can bind with bio-receptors to obtain fluores-
cent dyes labeled probes with high selectivity, good stability and high sensitivity 
for biosensing [53]. Currently, commercially available fluorescein derivatives dye 
mainly includes 6-carboxy-fluorescein (FAM), 5-tetrachloro-fluorescein (TET), 
5-hexachloro- fluorescein (HEX).

3.1.4 Rhodamine derivatives

It was discovered in the late 1980s that rhodamine and its derivatives are impor-
tant fluorescent dyes and also belong to xanthene dyes. The molecular structure of 
rhodamine dyes is very stable, coplanar, and can produce strong red fluorescence 
under the excitation. They also can bind with bio-receptors to obtain fluorescent 
dyes labeled probes with high selectivity, good stability and high sensitivity for 
biosensing. Compared with fluorescein derivatives, rhodamine derivatives have 
stronger photostability, higher fluorescence quantum yield and lower pH sensitiv-
ity. Commercially available rhodamine derivatives dyes for labels in biosensing 
mainly include 6-carboxyl-x-rhodamine (ROX), tetramethyl-6-carboxyrhodamine 
(TAMRA) and Texas red.

It was discovered in the late 1880s that rhodamine and its derivatives are 
important fluorescent dyes and also belong to xanthene dyes [54]. The molecular 
structure of rhodamine dyes is very stable, coplanar, and can produce strong red 
fluorescence under the excitation [55]. They also can bind with bio-receptors to 
obtain fluorescent dyes labeled probes with high selectivity, good stability and 
high sensitivity for biosensing. Compared with fluorescein derivatives, rhodamine 
derivatives have stronger photostability, higher fluorescence quantum yield and 
lower pH sensitivity [56]. Commercially available rhodamine derivatives dyes for 
labels in biosensing mainly includes 6-carboxyl-x-rhodamine (ROX), tetramethyl-
6-carboxyrhodamine (TAMRA) and Texas red.

3.1.5 Cyanine derivatives

Cyanine dyes was first discovered by Williams in 1856, subsequently, Vogel 
discovered that these dyes have very good photosensitivity, which promote the 
development of cyanine dyes [57]. Cyanine dyes and derivatives have excellent 
spectral characteristics, such as high molar extinction coefficient, high fluorescence 
quantum yield, and long fluorescence emission wavelength. More importantly, the 
maximum emission and absorption of these dyes are located in the near-infrared 
region. In this region, the self-absorption and background fluorescence of bio-
molecules are relatively small [58]. Thus, cyanine dye derivatives have become the 
most commonly used fluorescent signal groups in protein, nucleic acid and other 
biological analysis [59]. Commercially available cyanine derivatives dyes for labels 
in biosensing mainly refers to N-carboxypentyl-5-sulfonate-3H-indocyanine dyes, 
including Cy3, Cy5, Cy5.5 and Cy7.
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3.2 Quantum dots

Quantum dots (QDs) are spherical or quasiballistic semiconductor nanoparticles 
that bind excitons in the three dimensions, with a diameter no larger than twice the 
Bohr radius of the excitons of their corresponding semiconductor material, thus 
confining the motion of electrons, holes, or excitons in three dimensions. Due to 
the quantum confinement effects, the quantum dots display unique optical and 
electronic properties compared to the bulk materials.

QDs were firstly synthesized in glass matrix in 1970s and with their fluores-
cent properties reported [60]. Later some groups studied the novel properties of 
quantum dots and tried to investigate influences of quantum effects on the optical 
properties of QDs [61]. In 1980s, CdS nanospheres were synthesized in colloidal 
solution and the basic theory of QDs were studied [62]. In 1993, the high quality 
colloidal QDs were prepared first time with uniform size in the solution [63], which 
provided favorable materials for both theoretical study and practical applications. 
Since then, various types of QDs with different compositions and properties have 
been synthesized by the solution growth method.

According to the chemical compositions, QDs can be mainly divided to two 
groups. Single component QDs, such as metal chalcogenides, [64] attracted much 
attentions at the early stage of the QDs development. Due to the uniformity, optical 
and electronic properties of such QDs can be tuned by simply controlling their 
sizes. Multiple component QDs are either core-shell structural or alloyed. Core-
shell structural QDs have a core with one component embedded in another material 
as a shell, such as CdSe/ZnS [65]. Usually, to reduce the nonradioactive recombina-
tion of electron–hole pairs, the material used as the shell has a larger band gap 
than that in the core, thus improving the fluorescence quantum yield. Coating the 
same core with different shells adjust the properties of the QDs. Alloyed QDs that 
have homogeneous or heterogeneous alloyed internal composition, for example, 
CdSxSe1-x/ZnS [66]. This type of QDs allows tuning the properties by changing the 
proportion of the component without changing the size. Interestingly, alloyed QDs 
not only exhibit the original properties of each component, but also display newly 
additional and adjustable properties because of the merge of the different compos-
ites. Now despite classical nanocrystals, there are various new species of QDs that 
have been prepared, such as perovskite QDs [67] and graphene QDs [68].

Generally, the size of QDs, i.e., in the range of 2–10 nm, endows these nanoparticles 
high surface-to-volume ratios. The large surface provides rich sites for further func-
tionalization and immobilization of molecules, including nucleic acids and proteins. 
[69] Importantly, after functionalized with hydrophilic ligands, QDs are soluble and 
stable in aqueous solution, which is the common environment for biological reactions.

3.2.1 Sensing mechanism

The most obvious and widely utilized properties of QDs are the optical proper-
ties. Compared with organic dyes, QDs display higher fluorescence quantum yield 
and extinction coefficient, broader excitation spectra, longer lifetimes and tunable 
fluorescent emissions [70]. As the size of QDs decreases, the band gap between 
valence band (VB) and conduction band (CB) increases, which means more energy 
needed for electrons excitations (from ground state in VB to CB) as well as more 
energy released from the electrons de-excitation (from CB to ground state inVB), 
leading to the fluorescent emission shift to the high frequency range. In addition, 
the fluorescence wavelength can also be tuned flexibly by adjusting the structure 
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and chemical compositions of QDs as mentioned above. These stand out properties 
make QDs appealing for bio-medical applications including imaging and biosensing 
[71]. In biosensing systems, QDs, used with or without nano-sized quenchers, are 
transducers and functionalized with bio-recognition molecules (bio-receptors). 
Because of the tunable size and broad spectral width, QDs can play as either energy 
donors or acceptors in the FRET biosensor [72]. Furthermore, due to their high 
fluorescence intensity, photostability and long lifetimes than conventional organic 
fluorophores, QDs were also involved in the design of molecular beacons.

Bioanalytical systems using QDs as labels. QDs were first applied as bioana-
lytical labels in 1998, [73] an ultrasensitive bioanalytical system involving QDs was 
demonstrated for protein imaging. Since then, QDs have been widely applied in 
various bioanalytical methodologies, e.g., the enzyme-linked immunosorbent assay 
(ELISA), fluorescence resonance energy transfer (FRET) assay and cell tracking.

QDs can be simply used as fluorescent labels in immunosensors to quantify the 
biological targets through directly measuring the presence and/or the intensity of 
the fluorescence. CdTe/SiO2 core-shell structured nanoparticles were labeled with 
prostate-specific antigen (PSA) detection antibodies for PSA detection. And the 
fluorescent signals were measured after the specific recognition between PSA and 
the QD labeled antibodies followed by a magnetic separation to remove unbound 
QDs. This system represents a typical fluorescent biosensor detecting the pres-
ence of QD labels [74]. This strategy design shows great flexibility for employing a 
variety of fluorescence detectors, e.g., fluorescence spectrometry and handheld UV 
lamp tests. Furthermore, such design enables not only target quantification but also 
imaging multiple targets with different QD labels [75].

Imaging. QDs have also demonstrated their applicability in biomedical imaging, 
which is an important tool in diagnosis, visualization, treatment and prognosis of 
diseases [76]. QDs emit in the visible and near infrared ray wavelengths, with high 
brightness and excellent photostability, suitable for morphological studies. A rep-
resentative examples of such applications encapsulated QDs in virus-lick particles 
as theranostic platforms to image viral behavior in living cells [77]. Furthermore, 
multifunctional SV40 virus-like particles was constructed encapsulating QDs bear-
ing peptides recognizing early, developmental, and late stages of atherosclerosis, 
respectively, in live mice [78].

3.2.2 Labeling type

One of essential challenges to apply QDs in biosensors is immobilization of 
target recognition biomolecules onto the surface of QDs via stable bonding. In this 
part, methods for preparing QD-biomolecule conjugates will be presented and 
modified QDs applied as labels in biosensors are also summarized. Roughly, there 
are 4 strategies to prepare the QD-based bioconjugates:

1. Direct binding: proteins and nucleic acids can be immobilized on the QDs 
surface directly through interactions between the thiol-groups or imidazole- 
groups with the metal component of QDs, e.g., alkylthiol terminated DNAs are 
linked with QDs surface directly via dative thiol bond [79].

2. Conjugation via ligands: QDs can be functionalized firstly by ligands, such as 
carboxyl groups, hydroxyl groups and amino-groups, then covalently bond to 
biomolecules [80].

3. Conjugation via functional shell: QDs are capped with silane shell [81] or copoly-
mers [82], then bond to biomolecules by the functional groups on the outer shell.
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4. Conjugation via specific biological affinity: some types of biological affinity 
can be used to bond the QDs with biomolecules strongly and specifically, such 
as biotin-streptavidin interaction [83].

3.3 Upconversion fluorescent materials

Upconversion fluorescent materials are emerging fluorescent nanoparticles that 
can convert low frequent exciting light into high frequent emitting light by absorb-
ing two-photons or multi-photons. The luminous mechanism of upconversion 
nanoparticles (UCNPs) is anti-stokes, which is opposite with the most fluorescent 
materials, including organic fluorescent dyes, quantum dots, fluorescent proteins, 
metal complexes, etc [84]. Because of the distinctive luminescence mechanism, 
UCNPs have some unique advantages, which make up the disadvantage of above 
other dyes. Firstly, UCNPs have improved biological tissue penetration. Secondly, 
UCNPs can reduce light damage on biological samples. Thirdly, UCNPs can effec-
tively avoid the disturbance of autofluorescence from biological samples. Therefore, 
UCNPs have wide applications in biosensing and imaging [85]. The sensing 
principle of UCNPs-based probe is widely based on fluorescence resonance energy 
transfer (FRET) between UCNPs (donor) and other down-conversion fluorophores 
(acceptor). The reaction between UCNPs-based probe and the target biomolecules 
will trigger or hinder the FRET process, causing the quenching and enhancement of 
fluorescence for detection.

4. Dyes in electrochemical biosensors

Electrochemical biosensor is capable of providing specific quantitative or semi-
quantitative analytical information using electrochemical transduction elements, 
e.g., charge-transfer complexes. Low-cost, energy efficient, portable, easy fabrica-
tion, and real-time sensing are major advantages of electrochemical biosensing 
platforms. Among the electrical signal molecules, there are several types of dyes 
with electrochemical activity, and they will be introduced in this part. In addition, 
the electrochemical signals generation mechanisms are explained and applications 
of these dyes as labels in the biosensors are also displayed.

4.1 Organic dye molecules

Methylene blue (MB) is a kind of derivative of phenothiazine and widely used 
a redox indicator and electron transfer medium in electrochemical analysis. For a 
typical DNA detection using MB labels, the distance between the MB and the elec-
trode surface is adjusted by the change of conformation of the DNA probes labeled 
with MB, so that the peak current or the change in impedance can indicate the 
presence of the target DNA and quantitative concentration. This method is simple 
and versatile, however easy to be influenced by the solution environment. Despite 
MB, other organic dyes, such as gentian violet, ethyl green, Hoechst 33258 are also 
utilized in the electrochemical works. They are not as popular as MB, but show good 
performance in some biosensors.

4.2 Organometallic complexes

Organometallic complexes consist of centrally located metal atoms or ions and 
completely or partly coordinated organic ligands. The organometallic complexes 
with transition metals have the advantages of strong redox signal, good chemical 
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stability, low toxicity, and high structural flexibility. They interact with biomol-
ecules via the Intermolecular interaction force and electrostatic interaction.

Ferrocene (Fc), is a yellow organometallic complexes with transition metal (Fe) 
and aromatic ligands (cyclopentadiene rings). Because Fc has two freely rotating 
cyclopentadiene rings, it can be labeled with the biomolecules, such as DNA via 
hydrophobic interactions. As an electrical signal molecule, in the combination of 
bio-receptors and target molecules, Fc generates electrical signals mainly by adjust-
ing the distance between the Fc and the electrode surface to realize the change of 
electrical signal and achieve the purpose of detection.

K3[Fe(CN)6]/K4[Fe(CN)6], is a pair of dyes with bright red and yellow color, 
respectively. Mainly, they are used as electron transfer agents in amperometric bio-
sensors, to replac the natural electron transfer agents of the enzymes. In the com-
mercial blood glucose meters, the glucose in the blood reacts with glucose oxidase 
and K3[Fe(CN)6] fixed on the surface of the test strip to produce gluconic acid and 
K4[Fe(CN)6]. Applying a constant working voltage to the test strip, K4[Fe(CN)6] 
is oxidized to K3[Fe(CN)6], generating an oxidation current that is proportional to 
the glucose concentration.

4.3 Nanomaterials

4.3.1 Quantum dots

One of the most commonly used electrochemical biosensor is cadmium selenide 
(CdSe) QDs, which employ as electrical signal molecules for the labeling of nucleic 
acid strands [86]. The Pb2+ cleavage ribozyme sequence was modified on the surface 
of the magnetic beads, and designed an electrochemical biosensor for detecting 
Pb2+ by using rolling circle amplification reaction and a signal probe labeled with 
CdS QDs [87]. Based on Ni2+ cleavage ribozyme and CdSe QDs, The Ni2+ was 
detected and the detection limit was 6.67 nmol/L [88]. As electrical signal mol-
ecules, QDs have versatility and low background signal, which has great application 
prospects.

4.3.2 Graphene quantum dots

Graphene quantum dots (GQDs) are actually sheets of graphene with dimen-
sions less than 100 nm with sp2 hybridized honeycomb structures, and their shapes 
are mostly circular and elliptical, but square and hexagonal QDs are also available. 
Basically, GQDs are characterized as graphene-like, consisting of C, O, and H as 
well as carbonyl, carboxyl, hydroxyl, and epoxy groups. GQDs can bind to ssDNA 
through π-π interactions, but it has no such effect on double-stranded DNA. Park 
et al. used GQDs as electrical signal substances to detect the Hg2+ concentra-
tion by measuring the current generated during the electrochemical reduction of 
GQDs [89].

4.3.3 Metal–organic frameworks

Metal–organic frameworks (MOFs) are crystalline materials with an infinitely 
regular and infinitely expanding periodic network structure formed by the self-
assembly of metal ions and organic ligands through coordination bonds, covalent 
bonds, and weak intermolecular bonds (π-π stacking, van der Waals forces, hydro-
gen bonding, and other electrostatic interactions, etc.) [90]. MOFs are nanomateri-
als with good stability, large porosity, and specific surface area that are of great 
interest in gas storage, drug delivery, and sensors. Due to the intrinsic peroxidase 
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catalytic activity, MOFs can also be used in electrochemical biosensors. Xu et al. 
constructed a Pb2+ electrochemical biosensor based on the MOFs prepared based on 
Fe [91], and AgPt nanoparticles are employed to increase its electrical conductivity 
and electrocatalytic activity, and the obtained sensitivity approaches 0.032 pmol/L. 
However, even though MOFs have enzymatic activity to improve sensitivity, their 
synthesis process is very complicated, and the characterization of the modification 
process is also very critical, so it is not suitable for routine use.

5. Conclusion

Investigation and evaluation of dyes play a vital role in the process of introduc-
tion novel labels and their corresponding sensing methods, which signify opportu-
nities for the development of biosensors. This chapter highlights the utilization of 
dyes as biosensing labels and some most important sensing mechanisms for biologi-
cal, biotechnological, and biomedical applications. These designs and applications 
have been much attracted for in vivo and in vitro analysis due to their high sensitiv-
ity and selectivity, fast response, biocompatibility, etc. Further developments in 
novel synthetic approaches of functional nanomaterials and sensing strategies will 
accelerate the discovery of unique properties of dyes, which will further improve 
their applications towards future biosensing platforms.
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Chapter

Natural Dyes: From Cotton Fabrics
to Solar Cells
Indriana Kartini and Adhi Dwi Hatmanto

Abstract

This article will discuss natural dyes’ role, from colouring the cotton fabrics with
some functionality to harvesting sunlight in the dye-sensitized solar cells. Natural
dye colourants are identical to the low light- and wash-fastness. Therefore, an
approach to improving the colourant’s physical properties is necessary. Colouring
steps employing silica nanosol and chitosan will be presented. The first part will be
these multifunctional natural dye coatings on cotton fabrics. Then, functionality
such as hydrophobic surfaces natural dyed cotton fabrics will be discussed. Natural
dyes are also potential for electronic application, such as solar cells. So, the second
part will present natural dyes as the photosensitizers for solar cells. The dyes are
adsorbed on a semiconductor oxide surface, such as TiO2 as the photoanode. Elec-
trochemical study to explore natural dyes’ potential as sensitizer will be discussed,
for example, natural dyes for Batik. Ideas in improving solar cell efficiency will be
discussed by altering the photoanode’s morphology. The ideas to couple the natural
dyes with an organic–inorganic hybrid of perovskite and carbon dots are then
envisaged.

Keywords: natural dyes, cotton fabrics, hydrophobic, multifunctional textiles,
dye-sensitized solar cells

1. Introduction

Technology is a means to achieve enhanced goals towards advancing human
civilization, as is textile dyeing technology. Dyeing is an integral part of the wet
textile processing process, which involves massive amounts of chemicals, both in
type and quantity. Recently, the development of the concept of eco-fashion or
sustainable textiles has led to the development of dyeing technology using natural
dyes that care about aspects of water pollution, the sustainability of raw materials
and processed products, biodegradability and other environmentally friendly attri-
butes [1]. Human awareness of a healthy environment has revived interest in
products that use natural dyes.

Eco-fashion or Sustainable Fashion as a trend against fast fashion is part of a
developing design philosophy to create a system that can support and counteract
the impact of human activities on the environment. The focus of eco-fashion is not
only on the aspects of the materials used and the environment affected by it but also
on the wearer’s health and the durability of the clothes. An example is the use of
natural pesticide-free materials, the use of materials that can be recycled, clothes
that are made to last longer and are not easily damaged, to cover the welfare
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guarantee for fashion workers. Conventional clothing production is known to
involve many resources and produce hazardous waste for the environment. Three
criteria attached to environmentally friendly textile creation products include less
toxic chemicals, less land or water, and reduction of greenhouse gases. The advan-
tages of nano-sized materials promise exploration opportunities for new technolo-
gies with achievements beyond those achieved in computers and biotechnology in
recent decades.

The advantage of using natural dyes lies in the smoothness and softness of the
colour. This product is highly valued and maintained because it reflects the beauty,
prestige, and cultural structures whose existence cannot be replaced by synthetic
dyes. However, despite the advantages of natural dyes, several shortcomings of
natural dyes have made Batik (tradisitional Indonesia fabrics) craftsmen still reluc-
tant to change their Batik dyes from synthetic dyes to natural dyes. Among them are
the high price, limited availability, long manufacturing process, and low colour
resistant to light or washing.

Natural dyes that are currently often used for Batik production besides indigo
blue are Tingi (Ceriops tagal) natural dyes. This dye is obtained from the extraction
of the bark of the Tingi tree, a type of mangrove plant, which has a high tannin
content and is used as a dye for Batik and tanners. This dye gives the distinctive
brown colour of Batik. Like most other natural dyes,Tingi natural dyes also have a
low degree of fastness to washing. So it requires treatment to increase its fastness to
washing. Efforts to increase the colour resistance to washing of cotton fabrics
coloured by Tingi natural dyes will be discussed in the next section. Afterward,
works to attach hydrophobic functionality to result in a multifunctional textiles will
be described.

Nanotechnology is a technology related to materials or systems at the nanometer
scale (1 nm = 10�9 m). Unusual changes, which cannot be predicted using classical
mechanical models, will be obtained at the nanometer scale, such as changes to
electronic properties, mechanical properties, magnetic properties, optical properties
and chemical reactivity. The potential for a revival of natural dyes can occur
through treaties with nanotechnology.

One of the breakthroughs in photovoltaic technology was the photovoltaic cell’s
invention based on the photoelectrochemical concept employing nanomaterial by a
group of Swiss researchers [2], which became popular as dye-sensitized solar cells
(DSSC). The solar cell is composed of a thin layer of semiconductor material, such
as titanium dioxide or titania (TiO2), which has a porous structure, a complex
ruthenium (Ru) compound as a sensitizer, and an electrolyte system for the redox
pair of iodine compounds. The ruthenium dye complex has a role in absorbing solar
radiation, which will generate the dye’s electron system so that it flows into the
semiconductor material and is connected to a circuit to generate an electric current.
The excited electrons from the dye are immediately replaced by the electrons
produced from the electrolyte redox pair system, I�/I3

�. The natural mechanisms of
photosynthesis inspire technology to harvest and use continuous sunlight as a
source of energy for all life on earth. Harvesting sunlight ultimately requires the
sensitizer to have an absorption character like a black body. So far, ruthenium
complex dye as a DSSC photosensitizer has produced a conversion efficiency of
�10% [2]. However, ruthenium is not environmentally friendly. Therefore envi-
ronmentally friendly sensitizers need to be sought. This environmental demand
raises the potential of natural dyes as solar cell sensitizers.

Natural sources of natural dyes for sensitizers are directed to plants that have no
potential as a food source and have a large percentage of active colouring agents.
Several natural dyes that can be used as solar cell sensitizers have been identified to
contain tannins, anthocyanins, betalains, flavonoids, and carotenoids [3]. Batik’s
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natural dyes used for production, mostly are rich of tannins. Potential of this natural
dyes will be explored in the fourth section. Finally, some ideas to improve the
performance of the natural dyes solar cell will be envisaged in the concluding
remarks.

2. Improving the wash-fastness of the natural dyed cotton fabrics

The wood of the tingi tree (Figure 1) is usually used as firewood. The bark is used
as a dye for Batik and tanners because of its high tannin content. According to
Kasmudjiastuti [4] the tannin content in the bark reaches as high as 26%. The tingi
bark gives a reddish brown colour with a large enough tannin content. The availabil-
ity of tingi bark as a raw material is very abundant in Indonesia. According to Nazir
[5] tannins from Tingi dyes fall into the category of condensation tannins, with 26%
more tannins than other woody plants such as Avaram, Hemlock, Oak, and Chestnut.
Kasmudjiastuti [4] characterised the extract of tingi tree wood, resulting in that tingi
wood contains 70.91% of tannins which are included in procyadinin condensation
tannins. However, natural dyes derived from plant extraction have a weakness in
their fastness resistance to washing processes and exposure to light. Modification of
the dye composition can increase the dye fastness [6].

Dipping the dyed cotton into silica nanosols using the sol–gel method can
improve the fastness resistance of a synthetic dye of malachite green b (MG) on
cotton fabrics [7, 8]. The hydrogen interaction that occurs between the hydroxyl
groups on the cellulose fibers and the hydroxyl groups from the silica sol probably
made the silica-MG nanosols to be firmly coated on cotton fabrics. The thin silicon
dioxide layer forms a layer that is resistant to heat, light, chemical processes and
microbial attack. The oxide thin layer can improve the properties of mechanical
strength and resistance to abrasion [7].

The silica nanosol was prepared using the sol gel method with tetraethylortosilicate
(TEOS) as a precursor for Si. This process was carried out in an acidic solution of
pH 3-4 using HCl as the catalyst and pH regulator [8]. Figure 2 showed UV–Vis
spectra of the Tingi extract in water and the mixture of silica nanosol and Tingi extract
in volume ratio of 1:4 and 1:40. The maximum absorbance of the natural dye is at
473 nm and did not show any shifting after mixing with nanosol silica indicating no
structure changes in the dye and the sols. The infrared spectra of the corresponding
dried-powder of the mixture dye sols confirmed this, as implied in Figure 3. The more
the dyes in the mixture sols, the weaker the peaks for Si-O-Si, at around 1080 cm�1.

The dyeing process on the fabric was done by using the dip coating method,
which is the direct immersion of the cloth in a solution mixture of silica sol and the

Figure 1.
The Tingi tree (left) and its corresponding bark for the natural dye’s resource (right).
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dye extract. The variation of the volume ratio of the silica-dye sol was 1:40; 1:8; 1:5;
and 1:4 with a total volume of 50 mL. The photos of the dyeing products are
displayed in Figure 4. The strong dark brown colours are the dominant colour. The
colour strength changed as the sols composition changed, with the strongest
observed for fabric coloured by 1:4 mixture sols of Si-Tingi extract. At other
compositions, the colour are almost the same.

The wash-fastness of the dyed fabrics were tested by immersing the testing
samples in 1% SDS (sodium dodecyl sulphate) solution (in water) at room

Figure 2.
Electronic spectra of: a. Tingi extract, and silica sol-Tingi extract of: b. 1:4, c. 1:40 by volume.

Figure 3.
Infrared spectra of: a. Tingi extract powder, dried-powder of: b. silica sol, and silica sol-extract Tingi of: c. 1:4,
d. 1:40.
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Figure 4.
Dyed cotton fabrics before and after washing under indoor illumination.

Figure 5.
Reflectance spectra of dyed-cotton without silica coating: a. before washing, b. after washing.

Figure 6.
Reflectance spectra of dyed-cotton with 1:4 silica coating: a. before washing, b. after washing.
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temperature for 1 h [7, 8]. Compared to cotton cloth without the addition of silica
nanosol, the mixture composition of silica nanosol-dye can increase the wash-
fastness resistance of the dye over the washing process. The SiO2-Tingi nanosol ratio
of 1: 4 gave the best results, where the colour after the washing process only
changed very little when compared to the dyed cotton without nanosol SiO2. The
leaching degree calculated from the reflectance data was 3.18%.

Figures 5 and 6 showed the reflectance spectra to confirm the effect of nanosol
silica in the mixture of dye sols. It can be seen that the reflectance difference for
fabrics dyed with silica nanosols is relatively smaller than those without silica. Just
recently, similar effect can also be obtained by using chitosan coating on the dyed-
cotton [9]. It is envisaged that chitosan structure may provide more functional
groups for hydrogen bonding with either cellulose of the cotton fabrics or the dye
(represented by procyanidin as the active dye for the Tingi extract). Therefore, the
mixture of chitosan and dye solutions resulted in lower leaching degree to SDS than
that of the dye itself. Leaching degree as low as 6.24% has been achieved for dyeing
process using a mixture of chitosan and Tingi extract [9].

3. Hydrophobic surfaces on natural dyed cotton fabrics

Batik is a work of art with distinctive patterns and motifs on the fabric. The
Batik cloth used is a cloth that has gone through a pre-treatment preparation
process in the textile industry. The pre-treatment process gives a different character
to the Batik cloth, the Batik fabrics commonly used are calico, cotton, and mori.
Batik fabrics, which are natural textiles, are generally made of cellulose (cotton)
and protein (silk) so they are considered more susceptible to microbial attack than
synthetic fibers because the porous structure and the constituent polymers are
hydrophilic so they are easy to absorb moisture [10]. Fabric surface engineering of
Batikmaterial needs to be done so that the fabric surface becomes hydrophobic and
indirectly provides antimicrobial properties. Topographical engineering of micro-
structure and chemical properties on the surface of the fabric was carried out using
the sol–gel method.

So far, the surface preparation of hydrophobic fabrics has been done using
fluorocarbons which are known to be compounds with low surface energy. Hayn
et al. [11] conducted coating of fluorosilane compound (FS) on a nylon-cotton
blend fabric resulting in a water contact angle of 148°. However, the use of fluori-
nated compounds which are commonly used as hydrophobic agents is now starting
to be abandoned due to adverse effects such as pollution caused by high toxicity,
bioaccumulation in living things and the costs used are also relatively expensive
[12]. This has led to research using non-fluorine compounds which are more envi-
ronmentally friendly. One of them is the compounds of the alkylsilane group which
are known to have low surface energy, for example trimethylchlorosilanes (TMCS),
octadecyltriclorosilanes (ODTCS), cetyltrimethoxysilanes (CTMS), and hexadecyl-
trimethoxysilanes (HDTMS) [13]. Here, we used HDTMS as the hydrophobic agent.

Three types of fabrics commonly used for Batik are cotton, mori and calico. The
three types of clothes are batik fabrics which are differentiated based on the fabri-
cation process. Calico cloth is a cellulose-based cloth that does not go through a pre-
treatment process, while cotton and mori fabrics go through a pre-treatment pro-
cess. Therefore, there are differences in fabric properties that will affect the inter-
action with silica nanosols and HDTMS. Figure 7 shows the water contact angle
obtained from the surface of the three types of Batik common fabrics. Cotton and
calico clothes resulted in similar basic water contact angle, so similar hydrophobic-
ity. Therefore, for further testing using Tingi dyed fabrics, we used cotton.
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Figure 8 displays the water contact angle of Tingi-dyed fabrics with and without
silica nanosols coated by HDTMS. The mixture nanosol coated cloth showed the
best hydrophobicity properties with the greatest water contact angle value of
134.7°, while the fabric coated layer by layer gave the lowest hydrophobicity. This
could be due to the weak interaction between HDTMS and the dye molecules. The
layer by layer coatings on cotton fabrics were performed in the sequence of silica
nanosol, the dye, and the HDTMS.

Our recent results for chitosan coating mixture have shown improved water
contact angle after leaching test using natural detergent (Sapindus rarak). Saponin
in the Sapindus rarak which also classified as the low surface energy compound is
presumably responsible for this enhanced hydrophobicity. A ten percent improve-
ment was achieved for the fabrics dyed by a mixture of chitosan-Tingi extract dye,
resulted in water contact angle of 107.83° [9]. Further studies are still required to
explore the potential of Sapindus rarak as the co-hydrophobic agent to obtain a
hydrophobic Batik fabrics.

4. Natural dyes for dye-sensitized solar cells: Batik and Algae’s extract

A dye-sensitized solar cell (DSSC) is one promising alternative to conventional
semiconductor silicon-based solar cells due to its low-cost and moderate efficiency.
DSSC is typically constructed of TiO2 (titania) nanoparticles film sensitized with a
monolayer of dye molecules as the photoanode. Upon light illumination, the photo-
excited dye molecules inject the electrons. Then, the electrons transport through the
photoanode to the counter electrode (e.g., fluorine-doped tin oxide (FTO)). These
electrons are collected at the counter electrode through an external load and further
shuttled back to the oxidized dye molecules via redox reactions of I�/I3

� redox
couple in the electrolyte. The dye molecules are critical to the overall device per-
formance since they determine the amount of solar energy absorbed by the device.
The efficiencies of the sensitizers are related to some essential criteria. The HOMO

Figure 7.
The water contact angle on different types of Batik’s fabrics: cotton 135.8°, mori 133.9°, and calico 136.2°.

Figure 8.
The water contact angle on cotton fabrics dyed by: a. Tingi extract (120.1°), b. Tingi-silica nanosol mixture
(134.7°), C. tingi and silica nanosol layer by layer (114.7°).
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potential of the dye should be sufficiently positive compared to the electrolyte
redox potential for efficient dye regeneration. The dye’s LUMO potential should be
negative enough to match the potential of the conduction band edge of the TiO2. Its
orbitals should be located at the acceptor part of the dye to provide efficient
electron injection. The common dyes in DSSCs are based on ruthenium metal–
ligand complexes (e.g. N3 and N719 dyes). However, the limited availability of
ruthenium and the low stability of ruthenium-based dyes could hinder the com-
mercialization of DSSCs. On the other hand, natural dyes are promising sensitizers
for DSSC application because of their high extinction coefficient and variable
chemical structures for strong and broad absorption of solar energy. In addition to
the consideration of environmental aspects, natural dyes can also be extracted easily
through water, methanol, or ethanol extraction process directly from the bark,
roots, flowers, or leaves, so that they are cost-effective in comparison to the
manufactured Ru dyes [14, 15].

Some natural dyes, including dyes extracted from the bark of Tingi (Ceriops
tagal, CT) and Tegeran (Maclura cochinensis, MC), the dried fruit of Jalawe
(Terminalia bellirica(gaertn)roxb,TB), as well as the leaves of Indigo (Indigofera
tinctoria, IT), are commonly used in the production of Batik (Figure 9), a technique
of wax-resist dyeing applied to whole cloth originated from Java Island in Indonesia.
The bark of CT is silvery-grey to orangeish-brown, smooth with occasional pustular
lenticels, containing 23-40% tannin. Like CT, the smooth, lenticellate, and
yellowish-brown bark of MC contains a high amount of tannin. The dried fruit of
TB is yellowish-brown with flavonoids, sterols, and tannins content [16], while the
IT dye contains 2,2’-Bis(2,3-dihydro-3-oxoindolyliden), known as Indigotin, with a
dark blue colour. Since all of those “Batik” natural dyes are able to absorb light, the
possibility of using them as photosensitizers for DSSC will then become interesting
and important to be further investigated. Considering that the energy level of the
photosensitizers will strongly affect the electron transport in DSSC, in this study,
the absorption spectra and electrochemical properties of the Batik natural dyes were

Figure 9.
Batik with some Indonesian natural dyes.
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presented and discussed. Both data were used to construct the energy of the highest
occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO) of the corresponding natural dyes to reveal their potential as a light
harvester for DSSC.

The construction of schematic energy diagrams in DSSC requires some infor-
mation regarding the HOMO and LUMO energy levels of the photosensitizer that
are determined from its absorption spectra and electrochemical properties. The
electronic spectra of the Batik natural dye extracts were determined using the
UV–Vis spectrophotometry method in the range of 300 to 800 nm, as shown in
Figure 10. The bark of MC and CT, as well as the dried fruit of TB, were extracted
by heating in distilled water, while the IT dye was prepared by dissolving a com-
mercial Indigo paste directly in ethanol. The dye extracted from the bark of MC
shows a single absorption at 490 nm, while several absorptions in the range of
450-500 nm (with the highest peak at 482 nm) were observed from the dye
extracted from the bark of CT. Both dyes extracted from IT and TB show a single
absorption peak respectively at 665 and 370 nm. The energy band gap of materials
was then determined by using the absorption edge of the spectrum. The absorption
edge of MC, CT, IT, and TB were obtained at observed at 538, 540, 718, and
403 nm, respectively, which attributed to the bandgap energy (Egap) of 2.305, 2.297,
1.729, and 3.078 eV. These Egap values, together with the EHOMO (determined from
cyclic voltammetry analysis), were then used to calculate the LUMO energy level.

The electrochemical properties of all Batik natural dyes were studied by cyclic
voltammetry method using Pt as the working electrode, Pt-wire as the auxiliary
electrode, and Ag/AgCI as the reference electrode, with the addition of I�/I3

� redox
couple as supporting electrolyte. The cyclic voltammograms of all four dyes are shown
in Figure 11. All cyclic voltammograms results show combined peaks characteristic to

Figure 10.
UV–Vis absorption spectra of four Batik natural dyes: (a) Maclura cochinensis (MC), (b) Ceriops tagal
(CT), (c) Indigofera tinctoria (IT), (d) Terminalia bellirica (TB).
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oxidation and reduction potential of the reference electrolyte and the natural dyes.
The HOMO energy level of the dyes was then calculated from the onset anodic
potential of the cyclic voltammograms. The onset anodic potential (Eox) is a cross-
section of the baseline and the oxidation peak of the dye [17]. Fe(CN)6

4�/Fe(CN)6
3�

redox couple was used as an external standard to calculate the EHOMO of the natural
dyes. The onset anodic potential ofMC, CT, IT, and TBwere observed respectively at
1.078, 0.953, 1.275, and 1.137 V, which are attributable to the EHOMO of 1.274, 1.148,
1.470, and 1.332 V (vs NHE), respectively. The ELUMO was then calculated based on
the bandgap energy and the EHOMO of the dyes. They are�1.031,�1.149,�0.259,
and� 1.746 V (vs NHE), respectively forMC, CT, IT, and TB. The half-wave redox
potential (Ep/2) of I

�/I3
� redox couple that was used as supporting electrolyte was

observed at around 0.478 V vs. Ag/AgCl or 0.701 V vs. NHE. The values of Egap,
EHOMO, and ELUMO of all Batik natural dyes were summarized in Table 1.

Figure 12 shows a schematic energy level diagram of DSSC using Batik natural
dyes as photosensitizer and I�/I3

� a couple as redox electrolyte. All the HOMO
levels of the dyes are sufficiently more positive than the half-wave redox potential

Figure 11.
Cyclic voltammograms of four Batik natural dyes: (a) Maclura cochinensis (MC), (b) Ceriops tagal (CT),
(c) Indigofera tinctoria (IT), (d) Terminalia bellirica (TB).

Dyes Absorption Edge (nm) Egap (V) HOMO (V vs. NHE) LUMO (V vs. NHE)

MC 538 2.305 1.274 �1.031

CT 540 2.297 1.148 �1.149

IT 718 1.729 1.470 �0.259

TB 403 3.078 1.332 �1.746

Table 1.
The values of Egap, EHOMO, and ELUMO of the four Batik natural dyes.
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of I�/I3
� couple, suggesting an efficient regeneration of the oxidized dye by the I�/

I3
� redox couple as the hole transport material. Meanwhile, the LUMO level of the

dyes is sufficiently more negative than the conduction band edge of the TiO2 (ECB),
except for IT, which ensure the necessary driving force for electron injection from
the excited state of the dye into the conduction band of TiO2 semiconductor
[18, 19]. Therefore, in this DSSC system, we can expect that the Batik natural dyes
would be regenerated by I�/I3

� redox couple and allow the electron injection to the
semiconductor and complete the electron flow through an external circuit. Table 2
lists the solar cell parameters of some Batik dyes. The order of efficiency of the solar
cell corresponds to the ease of electron injection from the dyes into the conduction
band of TiO2. Thermodynamically, the LUMO of MC to the conduction band of
TiO2 is closer than the LUMO of CT and TB (Figure 12). Thus, facilitating the
electron injection from the dyes to the semiconductor oxide. However, the cell
efficiency is still low. It is probably due to the poor cell construction as indicated by
the low values for all solar parameters (Table 2).

Kay and Gratzel [27] has studied photosensitization of TiO2 solar cells with
chlorophyll derivatives and related natural porphyrins. Mechanism for sensitization
has been revealed [28]. Here, spectral sensitization of TiO2 films with natural
chlorophylls extracted from algae is reported. The crude chlorophylls extracts are
obtained by methanol extraction of the dried algae. The algae were harvested from
Krakal beach, Yogyakarta on September 2007. They were washed with water and
air-dried before use. Figure 13 shows the absorption spectra of some chlorophylls
extracted from algae and the corresponding sensitized titania film.

Based on the UV–Vis absorption spectra of the algal methanol extract in
Figure 13, it appears that the spectra show the two main absorption characters in
the visible light region, around 416-422 nm and 660-666 nm. These results are
consistent with the results of Kay and Gratzel [27] who have extracted chlorophyll a
and b from spinach using methanol as a solvent. The visible light absorption ability
of each algal methanol extract can be assessed by determining the solution’s light
absorption coefficient. In this study, the light absorption coefficient was deter-
mined by measuring the uptake of algae methanol extract at different concentra-
tions. Then the absorption coefficient can be determined by applying the Lambert–
Beer law (A = a.b.c., where A is the absorbance, a is the absorption coefficient, b is
the thickness of the sample and c is the concentration of the solution). The concen-
tration of algae extract that is not a pure isolated chlorophyll extract is expressed in

Figure 12.
Schematic energy level diagram of DSSC using Batik natural dyes as photosensitizer and I�/I3

� couple as redox
electrolyte.

11

Natural Dyes: From Cotton Fabrics to Solar Cells
DOI: http://dx.doi.org/10.5772/intechopen.97487



Dye Sources Active

Ingredients

JSC
(mA.cm�2)

VOC

(V)

FF η (%) Ref.

Rhododendron carotenoid 1.61 0.585 0.609 0.57 [20]

Yellow rose carotenoid 0.74 0.609 0.571 0.26 [20]

Tangerine peel flavonoid 0.74 0.592 0.631 0.28 [20]

Mangosteen pericarp anthocyanin 2.69 0.686 0.633 1.17 [20]

Achiote seed bixin 1.10 0.57 0.59 0.37 [21]

Chrysanthemum xanthophyll 0.09 0.31 0.26 0.01 [22]

Pomegranate leaf chlorophyll 2.05 0.56 0.52 0.597 [23]

Mulberry anthocyanin 1.89 0.555 0.49 0.548 [23]

Saffron petal anthocyanin 2.77 0.36 0.52 0.52 [24]

Consolida orientalis delphinidin 0.56 0.60 0.53 0.18 [25]

Adonis flammea astaxanthin 0.40 0.59 0.66 0.16 [25]

Salvia sclarea eupatilin 0.10 0.37 0.54 0.02 [25]

Green algae chlorophyll 0.13 0.41 0.21 0.01 [26]
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the weight concentration of the extract against the volume of solvent (mg/L), so
that a is also expressed in mg�1 mL cm�1. It appears that the methanol extract of the
algae Sargassum mcclurei Setchell (SM) has the greatest ability to absorb visible light
(a = 0.027), while the algae Hypnea esperi Bory (HE) has the ability to absorb less
light (a = 0.006). The value of a is characteristic and expresses the intrinsic prop-
erty of a chemical species to absorb light at a particular wavelength. Based on the
electronic spectra of the algae’s methanol extract in Figure 13, it can be confirmed
that chlorophyll a is the main component of the algae’s extracts. The concentration
of chlorophyll a (Ca) can be calculated using the equation Ca = 12.7•A663-2.69•A646

[29]. It turns out that the value of a is in line with the chlorophyll concentration
(Ca) contained in the algae methanol extract. The Ca algae SM and HE were 2.59
and 0.96 mg/L, respectively. While, the Ca of extract HA and AF were 0.35 and
0.98 mg/L, respectively. Algae SM has green leaves, but the others are brown to red.
Based on the character of visible light absorption and the Ca, the algae SM has the
best character as a DSSC sensitizer. Two dye extracts of SM and HE were set for I-V
measurement. The extract of Hypnea espery Bory is chosen for I-V testing due to its
rich spectra absorption from UV to visible region compared to the other two algaes.
Table 2 presents the solar cell parameters as the results from SM and HE solar cells.
It is confirmed that SM resulted in better solar cell parameters compared to HE as
predicted.

The absorption spectra of four methanol extract dyes of algae as adsorbed on
TiO2 surface, depicted in Figure 13, are all relatively broadened forward to both red
and blue sides of visible region compared to their respective spectra in methanol
solution. These indicate pronounced aggregation occurred as the dyes adsorbed on

Dye Sources Active

Ingredients

JSC
(mA.cm�2)

VOC

(V)

FF η (%) Ref.

Maclura cochinensis

(MC)*
phenolic 0.0064 0.10 0.38 0.0100 this

work

Ceriops tagal (CT)* phenolic 0.0032 0.07 0.21 0.0020 this

work

Terminalia bellerica

(TB)*
phenolic 0.0064 0.10 0.31 0.0080 this

work

Sargassum mcclurei

Setchell (SM)ǂ
chlorophyll 3 � 10�5 0.06 0.25 0.0009 this

work

Hypnea esperi Bory

(HE)ǂ
chlorophyll 0.013 0.055 0.31 0.0044 this

work

*Pinput = 25.6 mW/cm2, vapor deposited Au counter electrode.
ǂPinput = 50.0 mW/cm2, vapor deposited Au counter electrode.

Table 2.
Photoelectrochemical parameters of DSSC with Batik and other natural dyes.
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TiO2 surface. However, the absorption pattern of SM is quite different. The elec-
tronic absorption of methanol extract of SM exhibits similar pattern to its respective
spectra on TiO2 surfaces. Two main peaks of chlorophyll a are still observed. The
Soret band experienced hypsochromic shift (blue-shifted), while the Qy band was
red-shifted. This indicates that chlorophyll a of SM adsorbed on the TiO2 surface
with limited aggregation [30, 31]. Absorption spectrum in the visible region resem-
bles the absorption spectra of chlorophyll a in a mixture of methanol or ethanol-
water upon completion of transition of monomer into aggregates [32]. A weak
shoulder around 445 nm, close to the Soret band is also observed. This may ascribe
to the presence of chlorophyllin b [33]. Chlorophyllin is chlorophyll derivative in
which the cyclopentanone ring is opened as well as the carbonyl of the phytyl ester
bond [33]. Compared to the parent chlorophyll, the Qy band of chloropyllin is much
weaker than the Soret band. The presence of chlorophyllin affects mainly the
intensity of the Qy bands of the crude extracts of algae. In general, the Qy bands of
chlorophyll contained in methanol extracts of algae are slightly lower related to the
synthetic chlorophyll a presented in the previous reference [33]. The presence of
chlorophyllin as observed in Figure 13 is predicted to facilitate aggregation due to
intermolecular bonding induced by the –COOH groups. Efficient photosensitization

Figure 13.
The electronic absorption of methanol extract of algae adsorbed on titania film and their corresponding solution
spectra of: a. Sargassum mclurei Setchell (SM) b. Hypnea espery Bory (HE), c. Amphiroa foliacea
Lamoroux (AF), and d. Halymenia agardhii De Toni (HA).
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may result from efficient electron injection through the bonding formed between
TiO2 and the pigment. Large difference in the photocurrent density of the SM and
HE cells rather than in photovoltage suggesting that the solar cell performance of
the cells are influenced by the efficiency of the electron injection from the
sensitisers into TiO2 [34].

Natural dyes can be used as a sensitizer, which will require making and purify-
ing dyes more efficiently and rapidly in order to lower production costs, reduce the
risk of solar cell toxicity, and use an environmentally sustainable manufacturing
method. Some also can be extracted from fruit waste [20, 21], thus it is green
technology. Improved efficiency are still intensively researched by employing a
cocktail of dyes [20–26, 35], adsorbed dyes on clay [36], optimizing solvent extrac-
tion [37]. Amongst, combination of dyes has shown two to three times increased
efficiency, while the use of clay has decreased the cell efficiency. It has been shown
that TiO2 is still superior compared to ZnO semiconductor as the photoanode
materials [38]. Therefore, discussion will focus on the improvement of natural dyes
PEC solar cells due to the use of nanostructured titania. TiO2 has band gap energy
(Eg) in the range of 3.0-3.2 eV. The crystalline phase of TiO2 found in nature
includes anatase, rutile, brookite, and TiO2-B. Among all the crystalline TiO2

phases, anatase is the most photoactive crystalline phase. The energy of the upper
TiO2 band gap is 3.2 eV, higher than rutile (3.0 eV). The width of the TiO2 band gap
gives the nature of photostability due to the electron recombination.

The next strategy is to take advantage of the sophistication of nanotechnology,
namely utilizing the features of 1D nanostructures such as nanofibers, nanotubes,
nanorods; which allows a toll path for electrons from the sensitizer to the back
contact of the titania photoanode [39, 40]. The TiO2 nanorod photoanode gave a
value of Voc 0.802 V, Isc 7.01 mA and efficiency of 2.9% [41], whereas TiO2

nanowire produced Voc 0.752 V, Isc 3.73 mA and efficiency of 1.81% [42]. The TiO2

nanotube photoanode gave characteristic values of Voc 0.846 V, Isc �9.63 mA and
efficiency of 4.03% [43]. Bijarbooneh et al. [44] used mesoporous TiO2 nanofibers
and obtained Voc 0.76 V, Isc 15.23 mA and were able to increase energy efficiency
from 7.28% to 8.14%. The cell performance of nanotubes titania was three-times
higher than that constructed from nanoparticle titania (P25) using mangosteen
pericarp ethanol extract as the sensitizer [45]. These studies encourage the use of 1D
nanostructured TiO2 to improve performance of the natural dyes solar cells.

Another possibility to improve the natural dyes solar cells is the invention of
perovskite material for hybrid DSSCs. Methylammonium lead (II) iodide (MAPbI3)
is a perovskite material where the A cation is the organic CH3NH3

+ cation, B is the
Pb2+ metal cation, and X is the halide anion such as I�. Since having a band gap
energy of 1.55 eV, which is equivalent to the absorption at a wavelength of 800 nm,
this material is potential as visible light absorber. The solar cells efficiency with
perovskite structure has achieved up to 25.2% [46]. This high conversion efficiency
provides the opportunity to be combined with natural dye sensitised solar cells. Dey
et al. [47] has shown that a perovskite and carotene dye layers resulted in a conver-
sion efficiency of up to 5.01%, which was almost ten times than that of solar cells
using carotene alone [20]. This new perovskite material feature is expected to be
another way to the revival of natural dyes as solar cell sensitisers. However, the
presence toxic elements of lead in the perovskite could be a challenge for
sustainability.

Recent computational study has shown potential of nanohybrid of graphene
quantum dots (GQD), a one type of carbon dots, with porphyrin as the solar cell
[48]. It was found that the electron transfer from porphyrin to GQD is faster for
larger size of GQD. Nanocomposite carbon dots-polymer [49] has also resulted
promising results for quasi solid state solar cells. The carbon dot in the electrolyte
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composition resulted in improved efficiency up to 6.05% by absorbing unused
higher energy of visible light. These findings pave a way to more efficient green
natural dyes solar cells.

Our fast-moving time demands creating and innovating science and technology
in natural dye’s application. Intrinsic properties of the natural dyes of having rich
antioxidant are rendering the potential for multifunctional antibacterial textiles.
The soft and shady colour of natural dye dyed fabrics with low impact on the
environment also drive the fashion industry into the more sophisticated functions
of sustainable fashion. It is not only for textile colouring but also for bringing
prestige and dignity. The more sophisticated natural dyes function as photosen-
sitisers for photodynamic therapy (PDT) requires intensive purification [50, 51].
Advanced nanotechnology may direct the applications to the photochromic and
sensor materials [52, 53].

5. Concluding remarks

Some works on the use of natural dyes for textiles have been presented. The use
of natural dyes supports the shifting paradigm in the world fashion to the sustain-
able fashion. Although, past researches have endorsed essential growth in the
application of the natural dyes for fabrics, but still there are a number of technical
challenges of natural dye application that must be overcome. The composite for-
mation with green resources such as chitosan, silica may result in enhance dyeing
performance to cotton fabrics. Functional such as hydrophobic surface may also be
introduced by using natural ingredients such as Sapindus rarak.

This work also presents the investigation of the absorption and electrochemical
properties of four Batik natural dyes to be considered as environmentally friendly
photosensitisers for dye-sensitised solar cells. All Batik natural dyes extract exhibit
absorption peaks in the visible wavelength ensuring their sunlight harvesting ability
and HOMO-LUMO energy levels ideal for DSSC. It is noteworthy to blend all the
Batik dyes to obtain superposition of absorption spectra covering a visible light
region from 350 to 800 nm, thus resulting in more efficient panchromatic dyes as
required for DSSC. Most of the HOMO-LUMO of the Batik dyes have satisfied the
thermodynamic requirement as a sensitizer to allow electron transport in DSSC.

Natural dye solar cell technology is still promising as an alternative green and
renewable energy. Improved efficiency could be sought through the application of
1D nanostructured titania, the hybrid formation with perovskite organic–inorganic
hybrid, and graphene quantum dots or carbon dots. Both, the organometallic
perovskite halide and the carbon dots can be used as the co-sensitizer for the
realisation of the more efficient natural dyes solar cells.
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Chapter

Photochromic Dyes for Smart
Textiles
Virendra Kumar Gupta

Abstract

Photochromism is a light induced reversible color change phenomenon in
photochromic molecule due to light and heat effect and molecular species exist in
two forms which have different absorption spectra. The fascinating color change by
photochromic molecules in response to specific wavelength of light produces num-
ber of applications such as U.V. protective fabrics, ophthalmic photochromic lenses,
optical data storing, optical switch, sensors and display. This chapter provides a
brief and conclusive review of photochromism their mechanism and application in
Textiles. Although photochromic materials are in use since 1960 in lenses and
sunglasses, but the development is slow due to technical difficulties and poor
commercial application. Now there is renewed interest in photochromic materials
which are used in nanofibers in smart textiles and in allied items.

Keywords: photochromic colorants, thermochromic colorants, U.V. radiation

1. Introduction

The wide and increasing application of photochromic and thermochromic col-
orants in different fields initiates new interest in dyes and pigments. The photo-
chromic compounds got excited when irradiated at particular wavelength in range
of 200–400 nm and few compounds in 430–455 nm range. But researchers are more
interested to develop organic rather than inorganic photochromic materials because
their response in 400–700 nm visible region. The use of photochromic and
thermochromic colorants in making smart materials such as medical thermography,
photochromic lenses [ 1], food packaging materials, liquid crystal alignment [2, 3],
optical data storage [4, 5], non linear optics [6, 7], photo switching, molecular
photonic devices and in photochromic polymers [8] are well known. There is
demand for application of photochromic and thermochromic colorants in making
smart textiles,which are designed to sense and respond to external environmental
conditions and stimuli. Photochromic and thermochromic colorants are prone to
change their colors temporarily and reversibly in presence of UV light, visible light,
acids [9], alkalis, water, mechanical strain, temperature and in electric field. These
dyes became colored when exposed to these environmental conditions temporarily
and revert back upon disappearance of external environment. The photochromic
dyes [ 10] are categorized as inorganic and organic molecules. In inorganic types the
important are metal oxide, alkaline earth metals, sulphides, copper compounds and
mercury compounds. The organic types are effective and environment friendly and
they belong to the families of spiropyrans, spirooxazines, chromomenes, fulgides,
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fulgimides and diarylethenes. Spiropyrans, spirooxazines and chromomenes are
sensitive to thermal effect and reverse to colorless state under heat or visible light
however fulgides, fulgimides and diarylethenes are thermally stable. Out of these
spiropyrans are having more scientific interest than any other class.

Spiro compounds have pyran ring and linked to another heterocyclic ring
through spiro group. Spirooxazines molecules contain nitrogen atom at the place of
carbon in spiro group. These molecules (colorless) have non planer structure and
that inhibit delocalization of Л electrons in the molecules. In presence of UV light,
molecules absorb photon energy and breaking of –C-O- bond in pyran ring takes
place and there is formation of colored planar structure molecule. The planarity of
molecule allow delocalization of Л electrons and molecule become colored. This is
short term phenomenon and after absorption of heat or visible light molecules
convert into original structure (colorless) as shown in Figure 1.

The photochromism [11, 12] may be defined as a reversible light –induced color
change or reversible transformation between two different molecular structures
with different absorption spectrum in reversible manner due to electromagnetic
radiations. Photochromic materials are kind of chromic materials in which
photochromic and thermochromic materials are of paramount importance. In
photochromism the colorless molecule became colored in presence of UV Portion of
light however in the thermochromic molecules heat is responsible for change of
color [4].

The general physicochemical reaction of photochromic molecules are as given in
equation no. 1 [13, 14].

ð1Þ

ΔhY2

ʎ1 and ʎ2 are the wavelength of maximum absorption by corresponding mole-
cules and hY1 and hY2 are the energy absorbed by the molecules during transfor-
mation. Y1 is the frequency of wave in U.V. region and Y2 is the frequency of wave
in either U.V. or visible region and Δ is heat requirement. The factors which
influence reaction 1 are [15].

a. Wavelength of incident light

b. Speed of recovery or fatigue resistance

c. Long term stability of molecule to produce high number of cycles

Figure 1.
Conversion of colorless spriopyran molecule into colored molecule.
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2. Types of photochromism

2.1 Positive photochromism

In this photochromism photochromic molecule absorb UV light whose ʎmax falls
in UV region and colorless molecule became colored and on reversal during
bleaching process in visible wavelength it become colorless.

2.2 Negative photochromism

It is opposite to the positive photochromism instead of coloration discoloration
observed on exposure to UV light i.e. the original molecule is colored and after
exposure to UV light it loss their color.

2.3 (c) Photo responsible materials

In photochromic reactions, there is conformational modifications in the struc-
ture of photochromic molecules and due to that there are change in physico-
chemical properties of two form of the photochromic molecules and the change
observed in physico- chemical properties of both molecules (colored and colorless)
are called photo responsible materials [16].

3. Mechanism of Phtochromism

Photochromic reaction leads to change in electronic absorption spectra of mole-
cules. The formation of new absorption band due to transition of electrons from
various vibrational levels in the excitation of colorless molecules from S1A level to
excited state S1B after absorption of energy photon in UV region [17] and then after
the colored molecules deactivated to ground state S0B. Subsequently there is spon-
taneous energy release process and molecules come to original S0A ground state.
Thermodynamically the molecules in B state due to higher energy are less stable and
after releasing energy became colorless and more stable. The transition from state B
to A takes place via a transition state X, whose energy is higher than the triplet state
of colored form S0B and it is thermally activated. There are six mechanism which
responsible for the photochromic effect and they are,

• Triplet triplet photochromism.

• Hetrolytic cleavage

• Hemolytic cleavage

• Trans-cis isomerismation

• Tautomerism

• Photodimerisation

The transition of molecules after absorption of light in different energy levels is
shown in Figure 2.
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4. Classification of photochromic materials

Classification of photochromic materials are based on back reaction i.e., if it
from colored state to colorless state is brought in the presence of light then it is
called P type photochromic materials (Figure 1), where as if back reaction occurred
due to heat energy, it is called T type of photochromic materials.

The p type photochromic materials exist in two reversible forms upon irradia-
tion and have good thermal stability with better fatigue resistance. In p type photo-
chromic materials [18, 19] during exposure to UV light ring opening takes place.
After ring opening, molecules absorb visible wavelength light and became colored.
This state of molecule is temporary and again it became closed ring system (color-
less). Most of the p type photochromic materials do not follow trans- cis isomerism
and which follow they have they have open ring structure in colorless form after
exposure to UV light they became closed ring structure (colored). The reverse
reaction i.e. ring opening is promoted by visible wavelength [20, 21].

In T type photochromic materials photochromic reactions takes place due to
thermal irradiation or by photo irradiation with visible light [ 22, 23]. It shows
reversible equilibrium between trans and cis isomerism of different stability.
In T type photochromism there is no breaking of bonds occur however there is
rearrangement of electrons between energy levels and alteration in geometric
arrangement of the molecules. The thermal reversal of molecule takes place in dark.
The important T type photochromic materials are perimidinespirocyclohexadienes,
spirodihydroindolizines and anils. There are some requirement in T type
photochromic materials which are,

Figure 2.
Representations of electronic, radiative and non radiative transitions in photochromic materials.
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• Smaller concentration should produce intense color with effective color
change.

• The conversion from colorless to colored form upon exposure to U.V. light
must be very quick.

• The photochromic molecules should have minimum time to loss their
absorbance half i.e., photo chromic effect should be lost as soon as removal of
activating light takes place.

• The photochromic molecules should have quick response in presence of U.V.
radiation.

• The life time of photochromic molecules should be longer (Approx. 2 years) in
both colored and colorless form. It should also have good resistance to fatigue.

• The photochromic molecules should be less vulnerable to variation in
temperature.

5. Types of photochromic materials (T types)

5.1 Spiropyrans

It is first T type photochromic molecules and widely used in the industry. It have
application in memory disks, optical switches, sensors and as a photochromic dyes
in textiles and plastics. The general structure contain a second ring structure, which
attach to pyron core at position two [24–29]. The coloring of the molecules take
place under exposure to U.V. light. The ring opening in molecular structure occur
under U.V.light and merocyanine form is created and that exist as cic-cis/trans-
trans mixture. The absorption of either U.V. or visible wavelength takes place after
ring opening and after absorption, new wavelength in visible region is produced. It
has low thermal bleaching rate and at high temperature the color became weaker. In
Figure 3 the ring opening of spiropyrans and formation of conjugated structure is
shown.

5.2 Spirooxazines

The chemical structure is similar to spiropyrans, the difference exit that instead
of pyron core, it has oxazine group [ 30, 31] (Figure 4). The spirooxazines has very
good resistance to photo degradation. The spirooxazines produces fast fading blue

Figure 3.
Photochromic reaction of spiropyrans (from closed ring structure to open ring structure).
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photo coloration. The different chemical structure of spirooxazines are shown in
Figure 5. The presence of different alkyl groups R at nitrogen atom decide the
fading and color strength of molecules [32]. In 1990s, plastic photochromic

Figure 4.
Photochromic reaction of spirooxazines (from closed ring structure to open ring structure).

Figure 5.
Different structures of photochromic oxazine (R = alkyl group, X = H, amino, hetaryl Y = H, halogen,
a = electron acceptor.
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ophthalmic lenses were manufactured using spirooxazines. Other applications are
photochromic inks, dyes and various cosmetics items.

5.3 Napthopyrans/benzochromenes

It has wide commercial applications such as in plastic photochromic lenses. The
photochromism mechanism of benzo and naphthopyron are similar to spiropyrans
[33]. They all have breaking of C—O bond in the pyron core. The photochromic
reactions of napthopyrans/benzochromenes by the light induced ring opening is
shown in Figure 6. The ring opening of molecular structure produces more planer
structure with greater conjugation of bonds. The planer conjugated structure are
capable to absorb visible region wavelength and produces color. The naphthopyrans
are less sensitive to temperature.

6. P type photochromic materials

The p type photochromic materials have applications in computing, optical
circuitry, memory technology and in ultra high density storage devices. The p type
photochromic materials are of two types such as fulgides and diarylethenes. In p
type photochromic molecules, the open ring structures are colorless and closed ring
structures are colored [34–36].

6.1 Fulgides

The fulgides and fulgimide family belong to P type photochromic materials
(Figure 7). In 1905 Stobbe synthesized some photochromic fulgides named as
phenyl substituted bismethylene succinic anhdides. Heller et al. [37] developed a
compound succinimide called fulgimide. It exhibit good photochromic properties. It
has shows absorption spectrum of both forms with efficient photoreaction, thermal
and photochemical stability. The application of fulgides are In optical switches,
sensors, dye inks and memory disks.

Figure 6.
Photochromic reactions of napthopyrans (TT trans-trans, CT cis-trans,TC trans-cis, CC cis-cis).
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6.2 Diarylethenes

It has hetrocyclic five membered rings such as thiophene or benzothiophene
rings and undergo thermally irreversible and fatigue resistant photochromic reac-
tions as shown in Figure 8. The thermal stability of both isomers of diarylethens are
due to presence of aryl groups and when aryl groups are furan or thiophene, the
closed form is thermally stable. However diarylethenes exhibit thermally reversible
reactions when the aryl group is phenyl or indole.

7. Effect of temperature

Surrounding temperature influence the performance of photochromic dyes. The
bleaching effect of photochromic dyes are accelerated by the temperature of sample
[38–40]. Dulic et al. find that ring opening process of diarylethene is temperature
dependent whereas ring closing process shows only slight dependence. Ortica [41]
reviewed the effect of temperature on the characteristics of various photochromiv
materials such as spirooxazines, chromenes and arylethenes, which are as follows,

• In thermo reversible photochromic materials, thermal bleaching increase with
increasing temperature.

• Specific temperature can induce spontaneous coloration in thermochromic
materials however decreasing temperature will not help in reducing the
complexity of photochemical reactions.

Figure 7.
Photochromic reaction of fulgides.

Figure 8.
Photochromic reactions of diarylethenes.
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• In nitro substituted chromenes, it was observed that temperature variations
influenced the coloration which developed due to substitution in the molecular
structure.

• A combination of photochromic and thermochromic materials possess
synergistic effect and give superior performance at high temperature.

8. Applications in textiles

8.1 By exhaust dyeing

8.1.1 Method 1

In this method the photochromic dyes are dispersed with dispersing agent [42]
and dissolved in water keeping the M:L ratio of dyeing 1:50. The dyebath pH is
maintained between 4.5–5.5. The dyebath temperature raised from 40 0 C to 60 °C
with 20 C/min gradient and then after it is reduced 10 C/min and final dyeing
temperature is maintained at 90 0 C and dyeing is continued at this temperature for
60 min. After completion of dyeing, soaping, rinsing and washing are done to
improve fastness properties.

8.1.2 Method 2

In this method the photochromic dyes can be applied as a disperse dye on
polyester fabrics by exhaust method of dyeing [43]. The dye is pasted with acetone
and then stirred in water with dispersing agent (1%) keeping the M:L ratio of
dyeing 1:50.The pH of the dyebath is maintained between 4.5–5.5.The aqueous
dyebath is boiled to evaporate acetone, subsequently temperature is raised to
120°C and dyeing is done at this temperature for 45 minute. After dyeing reduc-
tion clearing treatment is given at 70 °C for 20 min. and finally sample is soaped,
rinsed and washed.

8.2 By continuous dyeing

In this method photochromic dyes are dissolved in acetone and then mixed with
binder solution and padded with padding mangle at appropriate pressure. After
padding fabric is dried at 80 C and cured at 140 C for 3.0 minute in hot air oven or
stenter machine [44].

8.2.1 As a disperse dyes in printing

Photochromic dyes can be used as a disperse dyes which are insoluble in water.
The photochromic dyes are disperse with dispersing agent and wetting agent of
anionic nature. The dye dispersion is milled on a roller mill by using ceramic balls in
glass jar. The dye dispersion is mixed with sodium alginate thickener solution to get
printing paste. The polyester or nylon fabric can be printed with printing paste. The
fabric is dried at 100 °C and cured at 140 °C for 5 minute. After reduction clearing
treatment, printed samples were soaped with nonionic detergent and finally
neutralization is done.
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8.3 Application of thermochromic materials

Photochromic materials have applications in both textiles and non textiles. In the
textile field new fashionable colors in T-shirts, hand bags and caps are produced by
dyeing with photochromic dyes. There is application of photo colorable textured
yarn in knitting, weaving and embroidery. Polypropylene threads are produced by
mass coloration by adding photochromic dyes in melt polymer solution, which on
exposure to U.V. light produces different colors. Photochromic colorants are also
used in developing camouflage patterns for military protective clothing. The pat-
terns change their colors on exposure to sunlight and match with surrounding
environment. Photochromic microencapsulated fabrics are produced which change
their color on exposure to sun light. In non textile field photochromic materials are
used in ophthalmics, surface coating applications and dye lasers.

8.4 Color measurement

Due to reversible color changing properties of photochromic dyes, it is very
difficult to measure color value of the shade produced due to photochromic effect.
For measuring the color value, it is essential to control several parameters such as
temperature and time interval between U.V. irradiation of sample and measure-
ment. A.F. Little et al. [45] developed a technology to measure the color value of
photochromic textiles using independent U.V. irradiation with traditional spectro-
photometer. The temperature of sample measuring cabinet was controlled by local-
ized air heating system. The temperature of sample cabinet is maintained at 24 °C
and time interval of 30 sec. is kept between irradiation and measurement of sample
which can be seen in Figure 9.

8.5 Washing fastness test

Due to dynamic color change properties of photochromic dyes, it is difficult to
measure the fastness properties. The traditional assessment method of color fastness
using gray scale standards [46] are not appropriate, therefore it is measured by
comparative test method. In this method we measure the color difference of sample
before and after wash and compare with color difference before U.V. irradiation
and after 1 min. Exposure to U.V. irradiation. The level of photo coloration

Figure 9.
Color measurement (color bleaching) of photochromic dyes fabric samples in 30 sec. Time interval.
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developed by U.V. irradiation varies with photochromic colorant classes. It was
revealed that in selected spirooxazine colorants the degree of photo coloration
increases with initial washing and subsequently decreases. In case of napthopyrans,
the degree of photo coloration decreases continuously with successive number of
washings. In case of printing the washing fastness more depends on binder quality.

8.6 Light fastness/photostability

The conventional method of exposing the sample to accelerated fading instruments
(Xenotest or MBTF) is not applicable to photochromic colorants. In photochromic
colorants due to dynamic color change properties, for light fastness measurement a
normalized value of color value to be calculated. The normalized value is defined as the
degree of photo coloration after a particular time of exposure on the xenotest
instumemt to the fraction of initial degree of photo coloration i.e., ΔE/ΔEo.

ΔEo = color difference before and after U.V. Irradiation without exposing to
xenotest instrument.

9. Thermochromism

Thermochromism may be defined as the reversible change in the color of com-
pound due to temperature change [47]. The phenomenon of thermochromism may
occur even in small temperature interval. The thermochromism can be depicted as
shown in Figure 10.

The following type of materials can exhibit thermochromism properties [48].

• Organic compounds

• Inorganic compounds

• Polymers

• Sol gels

10. Organic compounds

It may occur as a result of equilibrium between molecular species such as acid –

base, keto-enol and different crystal structure. The organic thermochromic mate-
rials have application in fibers, optics and optical sensors. The organic
thermochromic compounds show sharp color change due to temperature variation.
The different organic thermochromic compounds may be classified as follows.

10.1 Liquid crystals

Some organic materials when pass from crystalline solid to isotropic liquid state,
they form stable intermediate phases (mesophase). Transitions between phases are

Figure 10.
Reversible color change from species a to B due to thermochromism. Here A = colored or colorless. B = colored or
colorless.
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brought either by influence of temperature or solvent respectively [49]. The chole-
steric (chiral nematic) are the most important type of liquid crystals for
thermochromic systems. Here molecules are arranged in helical form. The reflection
of light by liquid crystals are influenced by temperature. The pitch of the helical
arrangement of the molecules decides the wavelength of reflected light [50]. The
liquid crystals are microencapsulated to get the thermochromic effect. They are
applied to the fabric with the help of binder (Figure 11).

10.2 Stereoisomerism

Organic molecules which posses stereoisomerism, show thermochromism espe-
cially ethylenes. When change in temperature takes place, molecules of these com-
pounds switch between different stereoisomers. Generally the required temperature
for thermochromism to takes place is more than 150 C. So they can not be used for
textiles application [51].

In another case, the crystal violet lactone is pH dependent rather than tempera-
ture dependent. At pH above 4.0 crystal violet lactone is colorless and below 4.0
pH, it is violet.

10.2.1 Rearrangement

Due to molecular rearrangement of organic compounds more conjugated struc-
ture resulted and formation of new chromophores take place. Such type of molecu-
lar arrangement occur due to temperature variation, change in polarity of the
solvent or pH of the solution.

11. Inorganic thermochromic system

Thermochromic behavior are exhibited by solid or liquid inorganic molecules.
In such type of molecules thermochromic properties are due to following
mechanism [52],

• Phase transition

• Change in ligand geometry

• Equilibrium between different molecular structures

• Change in the number of solvent molecules in the co-ordination sphere.

These compounds show theromochromic properties at high temperature (1500 C),
therefore they are not suitable for textile application.

Figure 11.
Chiral molecules in cholesteric mesophases form.
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12. Microencapsulation

In reversible thermochromic compounds a colorless dye precursor and color
developer both are dissolved in hydrophobic non volatile organic solvent and
resulted solution is encapsulated [53]. On heating, melting of organic solvent occurs
and there is appearance of color in thermochromic compound. On cooling solvent
solidify and system comes to original color. Microencapsulation has some advan-
tages that it protect sensitive coloring agents from external environment and allows
several thermochromic colorants to be combined together and produces several
narrow color ranges.

The organic solvents used in microencapsulation are alcohols, hydrocarbons,
ester, ketones, thiols and alcohol –acrylonitrile mixture. The important
thermochromic colorants are N-acyl leuco-methylene blue derivatives,
fluoran dyes and diphenylmethane compounds. There are large number of
compounds work as color developers such as phenol derivatives specifically
bisphenol A and bisphenol B. In some recent work there are use of 1,2,3 triazoles
such as 1,2,3 benzotriazole, dibenzotriazole, thioureas and 4 hydroxy coumarin
derivatives.

13. Application of thermochromic pigments on textiles

13.1 By exhaust method

• Cationic agent 5–8% (owf)

• Thermochromic Pigments 10–15% (owf)

• Non ionic leveling and dispersing agent 10–15% (owf)

• Acrylic Binder 10–15%

Thoroughly pretreated fabric taken in water keeping M; L ratio 1:20 and we add
cationic agent at temperature of 60 °C and run in the aqueous media for 15 min to
get positive charge on fabric. After treatment fresh water is taken in the bath and
thermochromic pigments are added, temperature is maintained at 70 °C run fabric
for 10–15 min. During dyeing non ionic dispersing agent and leveling agent are
added. Finally acrylic binder is added and we run the fabric at 70 C for 15 min.The
fabric sample is soaped and washed. In microencapsulated fabric the melting tem-
perature of solvent control the temperature at which decolonization/colorization of
thermochromic colorant occur.

13.2 Continuous method (In solution)

• Cationic agent 10–15%

• Thermochromic pigment 50%

• Nonionic dispersing and leveling agent 10–15%

• Acrylic binder 20%
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13.3 Application technique

Pad Dry Cure
At room temperature (expression 70%) 80 C (3 min.) 140 C (2–3 min.)

13.4 Printing recipe

a. Thermochromic Colorant 20 part

b. Emulsion thickner 76 part

c. Acrylic binder 4 part

14. Thermochromic cellulose fiber

Marcin Rubacha et al. [54] developed a method to get thermochromic pigment
added cellulosic fiber called Lyocell. 1–10% chromicolor AQ-INK magenta type 27
pigmentation was used as a thermochromic modifier.

15. Photochromic polymers

A photo chromic polymer has photo chromic, chromophoric groups inside the
polymer backbone chain. The chromophoric group respond to external radiative
stimuli during the photo-irradiation of the polymers, there are change in physical
chemical and optical properties of polymer in reversible manner. In 1967 Lovrien
attempted to produce a polymer chain with photo irradiation sensitive properties by
incorporating azo chrysophenine into polymethacrylaic acid. In 1970 Agolini and
Gay [55] investigated photo chromic polyamides incorporating azo benzene. The
potential application of photo chromic polymers are in photo chromic glasses, UV
sensors, halographic recording media, non linear optics and memory devices.

16. Textile printing

Feczko et al. [56] printed cotton fabric by using photo chromic dyes based on
Ethyl cellulose –spirooxazine nano particles with light absorbers. They use micro-
encapsulation technique to incorporate photochromic colorants. Vikova [57]
applied photo chromic pigments on different fabrics such as cotton, polyester and
poly acrylonitrile by screen printing using pigment printing method.

17. Sol –gel coating methods

A sol is dispersion of solid particles in liquid where particles are sufficiently
small (0.1–1.0 μm). Due to inorganic nature [58] of layers formed by the sol gel
process it possess strong wear resistance and very thin nanometric sized layers. The
preparatory materials in preparing sols are inorganic metal salts or organometallic
compounds. The preparatory materials are submitted to series of hydrolysis and
polymerization reactions to produce colloidal suspension or sol, once the polymer-
ization is completed the colloidal form of the sol developed. Cheng et al. [59–61]
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prepared silica as a matrix material for fixing the photo chromic dye 5 Chloro 1,3
dihydro-1,3,3 trimethyl spiro on the surface of wool fabric through sol–gel process.

18. Mass coloration

Mass coloration or dope dyeing is method in which colorants are added in the
spinning composition before extrusion of filaments. Photo chromic polypropylene
[62] thread was prepared by this method. Vikova et al. [63, 64] prepared polypro-
pylene multi filaments by adding photo chromic pigments during dope preparation.
Concentration of photo chromic pigments was 0.25,0.5,1.5 and 2.5% by weight.

19. Conclusion

Photochromic and thermochromic materials presenting a new field of research
which are yet not fully explored in field of textiles and other allied fields in context
of application and durability. The photochromic and thermochromic colorant occu-
pied a niche position in colorant industry. Their application mainly concerned with
fashion, leisure and sports garments. Incorporation of photochromic colorants in
nanofiber based photochromic textiles can be made use of in smart textiles because
of their ability to react with external stimuli, which may work as chromic sensor.
Efforts can be done to improve properties such as light fastness and simplistic
application procedure. Presently two types of thermochromic system liquid crystals
and molecular rearrangement types have successful commercial applications. Japan
and U.S, A had developed wide range of thermochromic and photochromic mate-
rials, but innovations are required for commercial applications. The factors
influencing the equilibrium between colored and colorless form of colorant has to
be further explored. Presently only small number of commercial organizations are
engaged in research and development work of improved compositions. There is
need of study with respect to formulations, encapsulations and application of pho-
tochromic and thermochromic materials in textiles.
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