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Abstract. The rich photophysics of the excited-state intramolecular proton transfer (ESIPT) process in 2,20-
Bipyridine-3,30-diol (BP(OH)2) system has interested a lot of researchers from both the experimental and the

theoretical sides. The resemblance of BP(OH)2 with Watson-Crick canonical base pairs of DNA has led to

some interesting spectroscopic investigation. Several efforts have been made to arrive at a detailed mecha-

nism of the ESIPT process that generates the ‘‘stepwise or concerted?’’ question, which has been a contro-

versy for years. This controversy led to an enlightening discussion on excited state symmetry and symmetry

conservation during the ESIPT process. Under this context, the time has ripened to make a concise view of

the fundamental photophysics of this molecule in various organized media, like, micelles, vesicles, fibrils, etc.

Moreover, the recent application of this molecule as a fluorescent marker is seen in many self-assembled

aggregates formed by various biomolecules, which needs to be highlighted to let the researchers acknowledge

it. With this aim, the review, however, by all means, is not an exhaustive article information collection that

covers all aspects of ESIPPT, rather, it will mostly focus on the recent application of this probe in many

organized assemblies.
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1. Introduction

In the context of the various chemical and biological

processes, a significant amount of interest is there in

the excited state intramolecular proton transfer

(ESIPT) processes/reactions. This is because of the

versatile degree of the extensive application of this

ESIPT process in the design of luminescent materials,

the formation of the photostabilizers as well as elec-

tronic devices, and the construction of proton transfer

lasers.1–7 These proton transfer probes, because of

their significant degree of solvatochromism, have

found extensive application in determining the nature

of the microenvironment of different chemical as well

as biological confinements.8–15 Among the various

proton transfer probes reported, one fascinating

intramolecularly double hydrogen bonded proton-

transfer (PT) probe is Bipyridine-3,30-diol, BP(OH)2,

the photophysical behavior of which is significantly

altered in response to the alteration of the immediate

microenvironments.16–18 A bimodal degree of the

mechanistic insight of this molecule has been reported

for the excited state intramolecular double proton

transfer (ESIDPT) sequence, which has been reported

to take place as either concerted or the stepwise pro-

tocol (Figure 1 a,b).19–25 In Figure 1b, the associated

time scale for the protocol of the direct generation of

the diketo form through the abstraction of protons has

been mentioned to be in the order of 100 fs.25 How-

ever, according to some other reports, if the process

takes place in the two-step mechanism, first, the gen-

eration of the monoketo form from the dienol (DE)

occurs in the time scale of 50 fs followed by the

abstraction of the second proton in the timescale of

10 ps.25 Not to mention, the transition energy for the

S0 to S1 for the DE form (Figure 1b) has been reported

to be 29100 cm-1 with a transition dipole moment of

6.27 D.26 In other words, the explanation in favor of

the concerted process of the ESIDPT of BP(OH)2

reported the femtosecond ordered fast character of the

ESIDPT,24,27–30 whereas the explanation in favor of

the sequential mechanistic pathway indicates the for-

mation of the excited state monoketo (MK) tautomer

of 100 fs time scale as the prior step and the subse-

quent relaxation process to the diketo (DK) tautomer
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of emissive character in the timescale of 10 ps in the

next step.19 In this aspect, Zhang et al.27 and Toele

et al.28 experimentally comprehended that both the

sequential and the concerted path may demand con-

current taking place, which is mostly based on the

investigating system along with the excitation and

emission wavelengths. Here it is important to mention

that, because of the nonpolar characteristics of either

of the DE or DK forms, the emission of the probe has

been reported to be negligibly altered with the alter-

ation of the solvent polarity.17,31 However, based on

the steady-state and the time-resolved spectroscopic

investigation of BP(OH)2, Abou-Zied et al. reported

that the emission maxima of the probe in the polar

protic solvent are shifted to the short wavelength

region (blue shift) because of the perturbation of the

intramolecular hydrogen bonds.17 In terms of the

absorption spectra of this probe in water, Kundu et al.
reported a major peak around 340 nm, the signature of

the p-p* transition,32 and the characteristic second

band in the region around 400-430 nm.17 However,

both the DE and the DK form of this probe have been

reported to have a lower magnitude of the dipole

moment, because of which the alteration of the spec-

tral position of either of the absorption or emission

spectra are shifted to a less extent in response to the

alteration of the solvent polarity.32 Such altered degree

of the spectroscopic signature of this probe molecule

has been utilized to unveil the internal property of a

number of organized assemblies, like, micelles, vesi-

cles, fibrils, etc. Hence, the versatile application of this

probe molecule is worth documenting as a form of

review article representation. Briefly, this review

article aims to discuss PT reactions in model organic

molecules from a spectroscopist’s point of view, fol-

lowed by their application in several biophysical

systems to extract important dynamical information at

the subnanosecond time scale. We believe it is central

to focus on these processes from a spectroscopic eye

as they occur on fast time scales (mostly in the sub-

nanosecond), and their dynamics can be appropriately

clocked using short pulses of lasers. The review,

however, by all means, is not an exhaustive article that

covers all aspects of PT reactions, and hence more

detailed references are cited wherever the need is felt

for the explanation of things that lie beyond the scope

of this article.

2. Fundamental photophysics of BP(OH)2

The rich photophysics of the excited state

intramolecular double proton transfer process

(ESIDPT) in BP(OH)2 system has interested a lot of

researchers from both the experimental and the theo-

retical sides for a long back. The resemblance of

BP(OH)2 with canonical Watson-Crick base pairs in

DNA has the underlying motivation for the researchers

to study the ESIDPT dynamics of this molecule.33 In

1983, Bulska reported the first study of cooperative

ESIPT in BP(OH)2 system,34 where it was shown that

the ESIPT emission of BP(OH)2 was green in nature

with a large Stokes shift of 10,000 cm-1 and a quantum

yield of 22% at room temperature. This green photo-

luminescence was attributed to the radiative relaxation

of the excited diketo (DK*) form.34 Although later on,

studies by Sepiol et al.35 and Langkilde et al.36 show

that some population of DK* relaxes to a dark and

relatively long-lived triplet state, thus emphasizing the

role of the triplet state in ESIPT process for BP(OH)2

system. In this aspect, based on the theoretical calcu-

lations, Bulska suggested that the driving force for

Figure 1. (a) Different photo-tautomers involved in the ESIDPT process of BP(OH)2 showing the step-wise and concerted
mechanisms. The image is reproduced with permission from ref. 19 (Copyright 2013 American Chemical Society).
(b) Double proton transfer diagram of BP(OH)2. The image is reproduced with permission from ref. 25 (Copyright 2013
American Chemical Society).
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proton transfer in the excited state of BP(OH)2 is

probably associated with the increase in electron

density over N atoms upon photoexcitation and a

parallel decrease in electron density over O atoms of

BP(OH)2.34 The study also hinted that the C2h sym-

metry of the BP(OH)2 molecule in the ground state of

dienol (DE) form probably favored the formation of

the asymmetrical excited state which is only obtain-

able if a double proton transfer takes place.37 In 1986,

Bulska and co-workers came up with a follow-up

study,38 which was the classic ‘OH deletion experi-

ment’. Here a comparison was drawn between ESIPT

emission from BP(OH) and BP(OH)2 by doing tem-

perature resolved fluorescence measurements. A dra-

matic change in room temperature fluorescence

quantum yield of BP(OH)2 (quantum yield = 0.22) was

observed upon the removal of one OH group from

BP(OH)2 to form BP(OH) (quantum yield = 0.001).

Low temperature (77K) fluorescence measurements

showed approximately 35 times increase in the fluo-

rescence quantum yield of BP(OH), but even at 77K,

the fluorescence quantum yield of BP(OH)2 (0.60) was

significantly higher than that of BP(OH) (0.047). The

large Stokes shift in the fluorescence emission of both

BP(OH) and BP(OH)2 was attributed to the ESIPT

process. This result was in agreement with the result

obtained from INDO/S calculations on the same sys-

tem.34 This added further mechanistic support to jus-

tify the proposed driving force for proton transfer upon

photoexcitation. In 1996 Zhang et al. published

remarkable experimental observations where they

monitored the sub-picosecond dynamics of ESIPT

process with the help of femtosecond optical gating

(also called fluorescence upconversion) experiments.27

The main finding of this study was the experimental

evidence of a short-lived fluorescence band at 568 nm

(17606 cm-1 or appx. 17.6 kK) which was assigned to

the emission from the keto-enol tautomer, thus eluci-

dating the stepwise proton transfer mechanism in

BP(OH)2. Since this 17.6 kK band was short-lived, this

supported the speculation that the first proton transfer

that converted the DE form to the MK form, was on

sub-picosecond time scales. Zhang et al. made an

important observation that the emission band due to

single proton transfer in the model compound BP(OH)

studied by Bulska et al. in their classic ‘OH deletion

experiment’38 and the transient band (17.6 kK)

recorded by Zhang et al.27 in their femtosecond optical

gating studies were roughly coinciding in position.

This led them to conclude that the short-lived band

was indeed due to an intermediate MK form that was

formed upon single proton transfer. This was perhaps

the first experimental evidence to capture the

spectroscopic signature of the MK form which

required approximately 300 fs time resolution attained

by Zhang and co-workers. Before this study, the

existence of the MK form was alluded to by Bulska34

and Borowicz et al.26 through electro-optical mea-

surements. While the study in 1996 by Zhang et al.
was one of the earliest experimental evidence of the

existence of two competing mechanisms of proton

transfer – stepwise or concerted, in BP(OH)2 system,27

several efforts have been made to investigate further if

one mechanism is preferred over the other. In this

aspect, in the conclusion of their optical gating-based

study, Zhang et al. speculate on the existence of two

competing pathways for the proton transfer in

BP(OH)2, and they allude to the competitive dynamics

of proton transfer in BP(OH)2 by imagining a rather

complicated multidimensional representation of the

excited singlet potential energy surface where the

reaction coordinate has contributions from both single

and double proton transfer pathways.27 In 2009, a

theoretical study (albeit in the gas phase) by Plasser

et al.39 established a preference for the sequential

proton transfer mechanism over the concerted double

proton transfer mechanism. Both approximate cou-

pled-cluster singles and doubles (RI-CC2) and time-

dependent density functional theory (TDDFT) simu-

lations in this study showed the time evolution of the

populations of different forms of BP(OH)2 has sig-

nificant contributions from the MK form. This sug-

gests that the role of MK form is important in the early

time dynamics for ESIDPT in BP(OH)2 molecule.

3. Application of BP(OH)2 in organized
supramolecular assemblies

The rich photophysics of the BP(OH)2 has been mer-

itoriously utilized in the investigation of the various

physical properties of a number of supramolecular

confinements, like, micelles, vesicles, proteins,

cyclodextrin systems, and various binary mix-

tures.18,19,25,40–47 The use of the BP(OH)2 in the

cyclodextrin system was mainly to study the inclusion

of this probe in various cyclodextrin systems with

different binding stoichiometry. For example, the

stoichiometric ratio for the binding of the BP(OH)2

with the a-cyclodextrin (a-CD) has been deduced to

be 1:2 based on the binding of the CD system with

BP(OH)2 using the absorption and emission spectral

profile of the probe in this system.17 In terms of the

binding motif, the inclusion of BP(OH)2 to the a-CD

system has been reported to be dominated by the van

der Walls and the electrostatic interaction, where the
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probe inclusion is found to be axial and centered

between the two cavities of a-CD system. However, in

terms of the inclusion of this probe in other CD sys-

tems, i.e., b-CD, c-CD, etc., the absorption as well as

the emission profile of BP(OH)2 is found to be highly

sensitive to the cavity size of the CD system along

with the altered degree of the hydrophobicity of the

CD systems. Specifically, the decrement of the

absorption intensity peaks at the region of 400-450 nm

is reported along with the red shift of the fluorescence

emission spectra of this probe following the successive

decrement of the cavity sizes and hence elevated

degree of the hydrophobicity of various CD systems.17

In another dimension of application, De et al. inves-

tigated the status of the ground state as well as the

excited state dynamics of the BP(OH)2 in the micellar

confinement.25 They reported the binding kinetics and

the quantum yield variation of BP(OH)2 inside the

three micellar nanoconfinement formed by distinct

charge and neutral surfactants. Additionally, they

found a steady rise in the fluorescence quantum yield

of BP(OH)2 in the surfactant solution when the con-

centration of the solution reached near the critical

micellar concentration (CMC), indicating the complete

binding of the probe molecules inside the micellar

cavity. Again, depending on the nature of the micellar

environments which the surfactants provide, the

quantum yield was found to be altered (Figure 2a). For

example, the maximum quantum yield of BP(OH)2

was reported in the sodium dodecylsulfate (SDS)

solution because of the cationic form of the probes in

the region of the Stern layer of the micelle, whereas

the increased quantum yield in the neutral Triton

X-100 (TX-100) solution arises because of the expe-

rience of the probe molecules’ maximum hydrophobic

microenvironment in the palisade layer of the con-

finement formed by the TX-100. However, since the

micellar confinement formed by the cetyltrimethy-

lammonium bromide (CTAB) provides only a

hydrophobic effect, BP(OH)2 shows the least fluores-

cence quantum yield among the three micellar con-

finement studied. Once the micellization process takes

place, the enhanced fluorescence quantum yield of the

BP(OH)2 signifies the increased ESIDPT extent

experiencing the hydrophobic microenvironment.25 In

another contribution, De et al. used BP(OH)2 as a

marker to investigate the structural characteristics of

the aggregates formed by the albumin and SDS (pro-

tein-surfactant interaction) to explore the effect of this

albumin-SDS aggregate on the excited state proton

transfer of the probe.40 They reported an initial com-

petitive character of binding of the SDS with either

human serum albumin (HSA) or bovine serum

albumin (BSA) at the high-energy binding region of

the proteins. In addition to this, based on the enhanced

quantum yield of the BP(OH)2 in these SDS-albumin

aggregates (Figure 2b), they complimented the

increased extent of the excited state proton transfer of

BP(OH)2. In addition to such role of BP(OH)2 as a

probe, the dynamic transformation of supramolecular

aggregates has also been identified using BP(OH)2 as a

tracing marker. In this context, the photophysical

properties of BP(OH)2 have been used by Ghosh et al.
to probe the alteration of the aggregation characteris-

tics of surfactant micelles and vesicles formed by

alkyltrimethylammonium bromide (CnTAB, n = 12,

14, and 16) and alkyltrimethylammonium bromide/c-

holesterol (CnTAB (n = 14 and 16)/cholesterol) at

various Q values, where Q indicates the cholesterol-to-

surfactant molar ratio (Q = [cholesterol]/[surfac-

tant]).41 The alteration of the various properties of the

BP(OH)2, like, rotational anisotropy transient decay

timescales and profile (Table 1, Figure 2 c), the steady-

state fluorescence emission profile (Figure 3a), and a

lifetime of the fluorescence was utilized by them as a

marker to trace the micellar to the vesicular structural

transformation of the assemblies upon addition of

cholesterol (Chol). Here it is important to mention

that, at Q=0, no Cholesterol is present in the system,

which indicates the neat surfactant solution of either

CTAB or TTAB. Since at Q=0, the probe BP(OH)2

experiences a homogeneous environment, therefore, it

shows a single component of a lifetime (s2) with its

corresponding contribution (a2) (Table 1). However,

as Cholesterol was added, the probe BP(OH)2 expe-

rienced multiple locations with different lifetimes that

were assigned as s1 and s2 (Table 1). However, the

very different constitutional features of a vesicular

microenvironment than the micellar environment

modulate the ground state as well as the excited state

characteristics of BP(OH)2 to a different extent, the

result of which is the different degree of the altered

photophysical behavior of the probe molecules in

these two distinct supramolecular assemblies, i.e.,

micelles and vesicles.41 Again, Iyer et al. investigated

the photophysics of BP(OH)2 inside the Nafion

membrane confinement and reported the stabilization

of both the ground state and the excited state of the

BP(OH)2 in the acidic water content of the Nafion

confinement.42 The surprising fact they reported in this

contribution indicates the presence of the dianionic

enolate form in its excited state (Figure 3b) inside the

Nafion confinement under acidic conditions, which is

usually present in the neat alkaline aqueous solution.

In other contributions, Satpathi et al. investigated a

comparative study on the ESIDPT dynamics of the
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BP(OH)2 in a number of micellar confinement, like,

octyl-b-D-glucoside (OBG) micelle, SDS micelle, and

CTAB micelle.43 An altered degree of the proton

transfer time scales were reported by them in these

assemblies, which range between 11 to 30 ps, where

the origin of these altered time scales in the various

supramolecular assemblies studied has been concluded

to be due to variable degree of the water accessibility

of the probe molecules. Specifically, inside the OBG

micellar confinement, the absorption spectra of

BP(OH)2 (Figure 3c) show the ground state conversion

from DK to DE. Again, the resulting fluorescence

upconversion traces (Figure 3d) estimates a time scale

of 13 ps for the ESIDPT process of the BP(OH)2 inside

the OBG micellar confinement, thereby indicating the

sequential ESIDPT protocol inside this environment.

However, inside the anionic SDS micellar environ-

ment, the ESIDPT dynamics timescales were

Figure 2. (a) Fluorescence quantum yield plots of BP(OH)2 in aqueous solution with increasing concentration of the
surfactants, CTAB, TX-100, and SDS. kex = 350 nm. (b) Quantum yield of BP(OH)2 in 1% HSA and 1% BSA as a function
of SDS concentration from 0 to 100 mM. (kex = 375 nm.) (c) Anisotropy decays of BP(OH)2 in water and 30 mM (i) TTAB
and (ii) CTAB solutions with increasing cholesterol concentration (kex = 375 nm). Image (a) is reproduced with permission
from ref. 25 (Copyright 2011 American Chemical Society); Image (b) is reproduced with permission from ref. 43
(Copyright 2012 American Chemical Society); Image (c) is reproduced with permission from ref. 44 (Copyright 2014
American Chemical Society).

Table 1. Time-Resolved Fluorescence Decay Parameters
of BP(OH)2 in Surfactant/Cholesterol System at Different Q
Values (kext = 336 nm), where Q = [cholesterol]/[surfac-
tant].41 The information is reproduced with permission from
ref. 44 (Copyright 2014 American Chemical Society).

System Q value s1 (ns) a1 s2 (ns) a2

Cholesterol/TTAB 0 - - 1.90 1.00
0.05 1.38 0.26 2.15 0.74
0.10 1.65 0.60 2.53 0.40
0.30 1.79 0.66 3.15 0.34
0.50 1.84 0.51 3.34 0.49
1.00 1.91 0.61 3.42 0.39

Cholesterol/CTAB 0 - - 2.08 1.00
0.05 1.63 0.20 2.24 0.80
0.10 1.67 0.36 2.37 0.64
0.30 1.81 0.61 2.96 0.39
0.50 1.82 0.53 3.21 0.47
1.00 1.85 0.50 3.24 0.50
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estimated to be 30 ps. They proposed that the origin of

these altered time scales of ESIDPT dynamics of

BP(OH)2 in the various supramolecular assemblies is

the result of the variable degree of the water accessi-

bility of the probe molecules.43

The altering degree of the binding dynamics of the

BP(OH)2 has been utilized to understand its binding

chemistry with a number of bile salt aggregates having

varying degrees of hydrophobicity. This becomes

possible because of the appreciable change in the

ground state as well as the excited state binding

dynamics of BP(OH)2, which is extremely sensitive to

the structural alterations of the bile salts. For example,

the absorption spectra of the probe were recorded by

Sarkar et al. and reported that the value of the absor-

bance was increased at 340 nm in the presence of the

bile salts (Figure 4a i,ii,iii).16 This addition of the bile

salts results in the decrement of the absorbance at the

region of the wavelength of 400 to 450 nm (Figure 4a

i,ii,iii). The increased absorbance value at 340 nm in

the presence of the added bile salts is a signature of the

formation of host-guest inclusion complexes. Not to

mention, in these absorption plots (Figure 4a i,ii,iii),

the absence of the isosbestic points indicates that no

simple two-state equilibrium is there,25 which simply

concludes the variable degree of binding of the probes

to the different binding sites of the bile salt aggregates.

In the case of the fluorescence emission spectra of the

probe (Figure 4b i,ii,iii), it was reported the increased

emission intensity as well as the red shifting of the

emission maxima in the presence of the increased

concentrations of the bile salts, which has been

ascribed to be associated with the incorporation of the

probes inside the hydrophobic region of the bile salt

aggregates, an alike binding signature of the probes in

the cyclodextrin system.17,31 However, in terms of the

extent of the red-shifting of the emission maxima

(Figure 4b), it was prominent in the case of the sodium

deoxycholate (NaDC) compared to the sodium cholate

(NaCh) and sodium taurocholate (NaTc), which

Figure 3. (a) Steady state fluorescence spectra of BP(OH)2 in 30 mM (i) CTAB and (ii) TTAB with an increase in
cholesterol concentration. (b) Concerted ESIDPT of BP(OH)2 in Hydrated Nafion and Excited State Double Deprotonation
in the Dehydrated Membrane. (c) Absorption spectra of BP(OH)2 (10 lL) in presence of 0 to 70 mM of OBG surfactants.
Arrow indicates the direction of increasing OBG concentration. (d) Fluorescence up-converted decay profiles of BP(OH)2 in
different micellar environments. Decay profiles (kex = 375 nm) are collected at emission maxima. Best fits are shown as
black colored line. Image (a) is reproduced with permission from ref. 44 (Copyright 2014 American Chemical Society);
Image (b) is reproduced with permission from ref. 45 (Copyright 2012 American Chemical Society); Images (c), (d) are
reproduced with permission from ref. 46 (Copyright 2015 American Chemical Society).
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indicates the presence of a more hydrophobic envi-

ronment in case of the NaDC compared to the other

two bile salt aggregates. Hence, the spectroscopic

absorption and the emission signature of probe

BP(OH)2 marks the extent of the hydrophobic effect

on the properties of the aggregates formed by the bile

salts.

In terms of other advanced applications, the signa-

ture of the modulation of the ESIDPT of BP(OH)2 in

the crown ether systems (18-Crown-6, 18C6 and

15-Crown-5, 15C5) is worth explaining the behavior

of the probe with special attention towards the appli-

cation of the probe in the sensing of the fibrillar

morphologies form by the amino acids. Considering

this, Banik et al.48 found the absence of significant

interaction between the BP(OH)2 and the crown

ethers, as mentioned, based on the UV-visible spectra

(Figure 5a i,ii). However, an interesting feature was

observed in the fluorescence emission study of the

probes in the crown ether system, which includes the

presence of an additional emission band at * 415 nm

along with the emission band corresponding to the

diketo tautomer band at * 465 nm (Figure 5b i,ii). In

the time-resolved fluorescence emission studies (Fig-

ure 6 a-d), they found the presence of a rise component

of magnitude * 260 ps in the 18C6 system (Fig-

ure 6c), which was absent in the 15C5 system. They

have proposed that the water-assisted ESIDPT proto-

col of the probe actually forms H3O? species at the

excited state with which 18C6 can preferably

bind,49,50 the result of which is the decreased ESIDPT

dynamics.48 However, for 15C5, because of the

inability to bind with the H3O?, no rise component

was found.

On the other hand, the probe BP(OH)2 has found

its application in the amyloid field of research, where

amyloid-like fibrillar aggregates are being character-

ized using this probe. Identifying these fibrillar

morphologies is extremely important from the ther-

apeutic point of view since such fibrillar aggregates

have been reported to be toxic.51,52 In this aspect, the

study by Perween et al.53 has reported the formation

of the glycine fibrils, which was characterized with

the help of staining with a conventional fibril marker

Figure 4. (a) UV-vis absorption spectra of BP(OH)2 in aqueous 0.2 M NaCl solution with increasing concentration of
(i) NaDC (0-40 mM), (ii) NaCh (0-40 mM), and (iii) NaTC (0-40 mM). (b) Steady-state fluorescence spectra (kex = 340
nm) of BP(OH)2 in aqueous 0.2 M NaCl solution with increasing concentration of (i) NaDC (curves i-x correspond to
0-40 mM NaDC), (ii) NaCh (curves i-xii correspond to 0-40 mM NaCh), and (iii) NaTC (curves i-xiii correspond to
0-40 mM NaTC). These images are reproduced with permission from ref. 16 (Copyright 2013 American Chemical
Society).
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fluorophore thioflavin T (ThT) (Figure 7a). Although

the enormous increase in the intensity of ThT in the

samples proves the formation of amyloid-like fibrillar

structures,54,55 still a great deal of debate is in the

literature regarding the justification of using this

probe as a fibril sensor exclusively. For example,

Sulatskaya et al. reported that the signature of the

enhanced emission intensity of the ThT might not be

associated exclusively with the incorporation of the

probes inside the fibrillar etiology but also may

originate from the formation of the excimer in highly

concentrated aqueous solutions.56 This apparent

anomaly of the fibril sensing nature of the ThT was

overcome by researchers48 through their work using

BP(OH)2 as a fibril sensor, as observed in the case of

the fluorescence lifetime imaging microscopy (FLIM)

investigation of the glycine fibril (Figure 7b i, ii, 7c

i-iv, 7d). Fluorescence Lifetime Imaging Microscopy

(FLIM) is a well-known microscopic technique that

provides the opportunity to record the image-based

information for various macromolecular aggregates as

well as the binding, conformation, and composition

of biologically relevant compounds.48,52,57,58 Using this

technique, BP(OH)2 has been reported to be success-

fully applied for the sensing of the neat glycine fibrils

(Figure 7b i,ii), as well as the fibrillar etiology in the

presence of 18C6 (Figure 7c i,ii) and 15C5 (Figure 7c

iii,iv).48 In addition to the image-based visualized eti-

ology information, the lifetime of the BP(OH)2 was

also mentioned to be considerably different to indicate

the different etiologies of the glycine fibrils in the

presence of 18C6 and 15C5 (Figure 7d).

The dynamic transformation of supramolecular

aggregates has also been identified using BP(OH)2 as a

tracing marker.41 In 2014, Ghosh et al. studied the

micelle to vesicle transition induced by cholesterol

Figure 5. (i) Steady-state UV-vis absorption spectra of BP(OH)2 in crown ether concentrations of 0 and 100 mM:
(a) 18-Crown-6 (b) 15-Crown-5. (ii) Steady-state fluorescence spectra of BP(OH)2 as a function of increasing CE
concentration (0-100 mM): (a) 18-Crown-6 and (b) 15- Crown-5. (Inset shows the appearance of the 415 nm band as a
function of CE concentration.) These images are reproduced with permission from ref. 53 (Copyright 2016 American
Chemical Society).
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addition, using BP(OH)2 as a fluorescent probe.41

From steady-state absorption measurements, it was

found that an increase in surfactant concentration led

to a hypochromic shift for the absorption band in the

400-450 nm region, whereas a hyperchromic shift

was observed for the absorption band in the 340 nm

region. This was explained by suggesting that in the

presence of surfactants, the BP(OH)2 molecules were

incorporated into the hydrophobic micelle which leads

to stabilization of the DE form that results in the

increase in absorbance near the 340 nm region. The

hypochromic feature in the steady-state absorption

was explained by the reduction of hydrogen bonding

interaction between water molecules and the DK form

in the ground state because of the incorporation of the

BP(OH)2 molecules in the hydrophobic region of the

micelle.41 A potential application of this effect could

be the use of DK absorption band of BP(OH)2 as a

sensor of water in surfactant assemblies.41 This was

also nicely supported by a detailed solvent effect study

of the steady-state absorption and fluorescence spectra

of BP(OH)2, as reported by Abu-Zied,33 where no

measurable solvatochromic effect in the steady-state

absorption of BP(OH)2 was observed. This was

attributed to the low ground state dipole moment of the

DE tautomer (major form). However, an additional

structure close to 450 nm was found in the steady-state

absorption spectrum when the solvent was water. This

was absent in any other solvent, including a polar

protic solvent like MeOH, and thus it was proposed

that this feature arises due to the high tendency of

water molecules to form hydrogen bonds. In the case

of the effect of micellar confinement on the steady-

state fluorescence spectra of BP(OH)2, a hyperchromic

shift was there, as expected.41 This is because incor-

poration of BP(OH)2 molecules in the hydrophobic

region of micelle provides stabilization and slows

down the rates of nonradiative relaxation, thereby

making the decay through the fluorescence channel

more predominant. This was also quantitatively map-

ped out through concentration-dependent measure-

ments. Upon addition of cholesterol, it was found that

there occurs a micelle to vesicle transition. Based on

steady-state and time-resolved measurements, Ghosh

et al.41 found that BP(OH)2 preferably located itself in

the bilayer of the vesicle. This was supported by the

Figure 6. Time-resolved fluorescence decays of BP(OH)2 with increasing concentrations of (a) 18C6 and (b) 15C5.
(c) Time-resolved rise of BP(OH)2 in the presence of 100 mM 18C6. (d) Comparison of BP(OH)2 in 100 mM 18C6 and
15C5. These images are reproduced with permission from ref. 53 (Copyright 2016 American Chemical Society).
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studies in the micellar system, where it placed itself in

the hydrophobic part of the micelles.41 Furthermore,

fluorescence anisotropy measurements suggested an

increase in microviscosity inside the vesicular bilayer,

which was corroborated by the slowing down of the

rotational dynamics.41 This study showed how

BP(OH)2 can be used to probe hydrophobic environ-

ments, thus suggesting the potential use of this mole-

cule’s ground and excited state spectroscopic

signatures to study several other host-guest

interactions.41

4. Future perspectives

One of the promising applications that can still be

expanded for this molecule is the application as a

fluorescent marker for amyloid aggregates. As

mentioned in the discussion, it is seen that the fluo-

rescence signal of this molecule can be used to track

the formation of the fibrillar structure formation by the

natural amino acid Glycine. The formation of the

amyloid fibrillar aggregates by the natural amino acids

having aromatic moieties in their structure is very

common that is usually recorded using the fluores-

cence signal of the probe thioflavin T (ThT).59,60

However, because of the complicated photophysics of

the thioflavin T, researchers have recommended its

limited use for the detection of the amyloid aggregates

formed by the biomolecules.61–64 Under this context,

the application of the BP(OH)2 can be thought of as

the replacement of thioflavin T to investigate the for-

mation and structural aspects of amyloids formed by

amino acids and alike molecules. Additionally, since

the photophysics of BP(OH)2 is known to track the

Figure 7. (a) Fibres observed at the edge of the microscope slide of ThT ? Glycine. (b) (i) Fluorescence intensity and (ii)
lifetime images of the glycine fibril. (Scale bar is 25 lm.). (c) Modulation of the fiber morphology of glycine in the presence
of 18C6 (i, ii) and 15C5 (iii, iv). [Fluorescence intensity images: (i) and (iii), lifetime images: (ii) and (iv).] (Scale bar is
25 lm.) (d) Lifetime distribution of BP(OH)2 inside the glycine fibril and in the presence of 18C6 and 15C5. (a) The image
is reproduced with permission from ref. 58 (Copyright 2013 RSC). (b, c, d) These images are reproduced with permission
from ref. 53 (Copyright 2016 American Chemical Society).
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structural transition from one supramolecular confined

morphology to others,41 designs of directed nanoar-

chitectures can be done based on the photophysical

behavior of this probe molecule in the designed

structure.

On the other hand, in neurological disorders, the

contributions of the unprocessed amino acids cap-

able of forming fibrillar morphologies are known to

be responsible.51 To understand the molecular level

pathogenesis of such disorders, researchers have

synthesized the artificial phospholipid vesicle

membrane, the mimicking setup of the cell mem-

brane,65,66 and investigated the effect of such self-

assembled fibrillar morphologies formed by amino

acids and their derivatives on the lipid mem-

brane.67,68 Since BP(OH)2 is known to mark the

vesicle bilayer,41 the alteration of the properties of

the vesicle membrane probed by the toxic fibrillar

etiologies formed by amino acids and their deriva-

tives can be investigated using the spectroscopic

signature of BP(OH)2.

5. Conclusions

The present contribution aims to document the appli-

cation of the fundamental photophysics of the ancient

and spectroscopically important molecule BP(OH)2.

The time scales of the proton transfer dynamics of this

molecule, either in the stepwise or concerted pathway,

have been reviewed based on the documented litera-

ture reports. Additionally, how the spectroscopic sig-

nature of this molecule has been used to study the

internal organization of several supramolecular con-

finements, like, micelles, vesicles, proteins,

cyclodextrin systems, and various binary mixtures, has

been taken into due consideration in this review. In

addition to this, how the transition from one

supramolecular confined structure to another confined

structure by the surfactant molecules takes place, is

successfully tracked by the spectroscopic signature of

the BP(OH)2. The time-resolved rotational anisotropy

study using this probe molecule BP(OH)2 was found to

be applied for the investigation of the guest-host

interaction in the micelle or the vesicle system.

Moreover, the application of this probe molecule as a

marker for the amino acid aggregates is expected to

broaden the opportunity to use this molecule as an

amyloid marker. Taken together, although the photo-

physical aspects of the proton transfer in the BP(OH)2

is an old topic, however, the application of its spec-

troscopic signature to track the various dynamical

processes in several biologically important

supramolecular assemblies justifies the urge to present

the current review on the given topic.
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