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Abstract

This research investigates the excimerisation of acriflavine dye in ethylene glycol and glycerol solvents. Acriflavine, a
member of the acridine dye family, exhibits unique fluorescence properties with applications in various fields, including
cellular nucleus observation, nucleic acid analysis, and dye laser active media etc. The study explores the impact of solvent
and concentration on acriflavine's emission properties, with a focus on excimer formation, which can influence its suitability
as a dye laser active medium. UV-Visible absorption spectroscopy reveals concentration-dependent absorption profiles, with
distinctive monomer bands. Steady-state fluorescence studies demonstrate the emergence of red-shifted excimer fluorescence
bands as concentrations increase in both solvents. Temperature-dependent fluorescence studies reveal the dynamics of exci-
mer formation, suggesting dynamic diffusion as the excimerisation mechanism. Time-resolved fluorescence spectroscopy
confirms the singlet character of both monomer and excimer states, providing insights into the excimerisation process. Critical
concentration values are determined, representing the equilibrium between monomeric and excimeric forms. The study also
explores pH-induced spectral shifts, highlighting the influence of acidity on fluorescence properties. Overall, this research
deepens our understanding of acriflavine's excimerisation in ethylene glycol and glycerol, offering insights that can enhance
its diverse applications, especially in laser technologies.
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Introduction processes [5]. Acriflavine's high-emission yield qualifies it

for use as a photosensitizer [6], a fluorescent probe, and a

The photophysical characteristics of dye molecules in differ-
ent solvent environments and their interactions with solvents
are critical considerations for potential applications [1]. Flu-
orescence spectroscopy has historically served as a power-
ful tool for investigating and interpreting the photophysical
features resulting from dye-solvent interactions into practical
applications. Among fluorescent dyes, acriflavine, a mem-
ber of the acridine family, has garnered significant global
interest due to its unique fluorescence properties. It finds
applications in diverse fields such as fluorescence-based
cellular nucleus observation [2], analysis of nucleic acid
structures [3], functioning as an active medium in laser dyes
[4], and catalyzing various intermolecular electron transfer
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donor/acceptor agent in Forster resonance energy transfer
(FRET) processes for efficient sensing [7-9].

Since 1966, when organic compound-based emissions
for lasers were introduced [10], the search for effective
luminescent organic compounds has become prominent.
Among these, organic dyes stand out due to their robust
luminescence and conjugated n-bond structures [11]. Their
broad emission bands facilitate wavelength tuning within
the emission range [12], which can be further influenced by
varying dye concentration and solvent choice when used in
laser applications [13]. Adjusting dye concentration in spe-
cific solvents can lead to dye molecule aggregation, form-
ing dimers or excimers in the solvent, potentially affecting
emission wavelengths [14]. Commonly used organic dyes
for dye lasers include coumarin, xanthene, and pyrrome-
thene [15]. Acriflavine, a high quantum yield acridine dye,
has also been explored as a dye laser active medium [2].
Effective laser emissions from organic dyes rely on their
dissolution in appropriate solvents, such as water, alcohol,
ethylene glycol, and glycerol [16] etc. Thus, investigating
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acriflavine dye's emission properties in different solvents by
varying concentration and solvent composition is crucial for
optimizing its efficiency as a laser dye medium.

Our prior work has explored into the fluorescence-based
photophysical properties of acriflavine in water and alcohol,
providing historical context and chronological development
of acriflavine excimerisation [17]. In that work we elucidated
acriflavine aggregation in water and alcohol in terms of criti-
cal concentration at monomer-excimer intensity equilibrium.
It also elucidates the excimerisation process's origin (static or
dynamic diffusion) through temperature-dependent steady-
state and time-resolved fluorescence studies. These insights are
vital for acriflavine excimerisation's optical, spectroscopic, and
laser applications. Furthermore, our previous work revealed
longer wavelength excimer emission bands and shorter wave-
length monomer bands with varying acriflavine dye concentra-
tions in different solvents, offering innovative dye laser tuning
possibilities. Expanding beyond water and alcohol, commonly
used solvents like glycerol and ethylene glycol play a crucial
role in dye dissolution for laser gain media. Thus, investigating
acriflavine fluorescence properties in these solvents is vital for
understanding its lasing efficiency.

Continuing from our prior research [17], in this work, we
present a comprehensive investigation into the excimerisa-
tion of acriflavine dye within the media of ethylene glycol
and glycerol. We conducted spectroscopic analyses using
UV-visible and steady-state and time-resolved fluorescence
spectroscopy on pure acriflavine in these solvents. Our work
deepens the understanding of photoexcimerisation through
temperature-dependent steady-state and time-resolved flu-
orescence studies. This investigation offers fundamental
insights into acriflavine excimerisation in glycerol and eth-
ylene glycol, potentially enhancing its diverse applications.

Materials and Methods

Materials

The materials employed in this study encompass high-purity
acriflavine along with the solvents: glycerol, ethylene glycol
procured from Sigma-Aldrich.

Sample Preparation

The sample solutions were meticulously prepared using
acriflavine dye at varying concentrations, with glycerol
and ethylene glycol serving as the respective solvents. The

preparation procedure entailed the following steps:

(a) A total of eleven distinct concentrations (3.85 x 107
mol/l, 9.62 x 10 mol/l, 1.92 x 10™ mol/l, 3.85 x 107
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mol/l, 9.62 x 10~ mol/l, 0.0003 mol/l, 0.0011 mol/l,
0.0013 mol/1, 0.0015 mol/1, 0.0017 mol/1, 0.0019 mol/1)
of acriflavine solutions were prepared in glycerol.

(b) Simultaneously, eleven diverse concentrations (3.85x10°
mol/l, 9.62x10°° mol/l, 1.92x107 mol/l, 3.85x10 mol/l,
6.73%107 mol/l, 0.0003 mol/l, 0.0007 mol/l, 0.0011
mol/l, 0.0015 mol/l, 0.0019 mol/l, 0.0026 mol/l) of acri-
flavine solutions were prepared in ethylene glycol.

Experimental Procedures
UV-Visible Absorption Spectroscopy

The UV-Visible absorption characteristics of acriflavine
in glycerol and ethylene glycol were systematically inves-
tigated using a UV-Visible spectrophotometer (Shimadzu,
model: UV-1900i) operating within a scanning range span-
ning from 200 nm to 1100 nm. To distinguish the absorption
profiles, each specified solvent was subjected to incremental
concentrations of acriflavine, commencing from the lowest
concentration (as outlined in Section Sample Preparation).
Spectral acquisitions were pursued until a point of saturation
was evident in the respective spectrum for each solvent. All
spectra were meticulously acquired under controlled room
temperature conditions.

Steady State Fluorescence Spectroscopy

Steady state fluorescence spectra of acriflavine within diverse
solvents were acquired using two distinct methodologies:
firstly, by varying concentrations while maintaining a constant
temperature (room temperature); and secondly, by altering the
temperature while maintaining a fixed concentration.
Fluorescence spectra were captured utilizing a spectrom-
eter equipped with a 405 nm excitation source. The colli-
mated diode laser system responsible for the 405 nm excita-
tion, sourced from Laser Glow Technologies, delivered an
average power of 118.5 mW. The employed spectrometer is
a concave grating spectrometer boasting a resolution of 0.9
nm and a wavelength range spanning from 320 nm to 900
nm. It is outfitted with a Toshiba linear CCD array detector,
and data acquisition and display are facilitated through the
utilization of spectra analyte V2.26 software. To mitigate
potential inner filter effects, an optically thin sample cell
(quartz cuvette with a path length of 5 mm) was employed in
the experimentation. The solution within this quartz cuvette
underwent excitation by the laser beam, with the resulting
emitted light collected at an angle of 90° relative to the
incident beam. This collection process was facilitated by
an adjustable slit affixed to the spectrometer. To eliminate
the impact of reflected light on the collected spectra, we
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carefully designed the experimental setup. In particular, we
arranged the system to ensure that the incident laser beam
consistently maintained a 30-degree angle relative to the
cuvette plane holding the sample. The experimental setup
was securely fixed during entire experiments.

The steady-state fluorescence spectra of acriflavine were
acquired across a range of temperatures while maintaining
fixed concentrations. Specifically, concentrations of 0.0015
mol/l, 0.0019 mol/l were employed for the glycerol and eth-
ylene glycol, respectively. These acriflavine solutions were
subjected to controlled heating, raising their temperatures
up to 130 °C for glycerol and 110 °C for ethylene glycol.
Subsequently, to achieve a target temperature of -20 °C, the
identical solutions underwent a controlled cooling process
within a freezer environment characterized by a temperature
range spanning from 8 °C to -25 °C.

Time Resolved Fluorescence Spectroscopy

The time-resolved fluorescence spectra were acquired using
a fluorescence lifetime spectrometer, namely the LifeSpect
II (Edinburgh), which is housed within the Central Instru-
ment Facility (CIF) at the Indian Institute of Technology,
Guwahati. The excitation source employed was a 405 nm
pulsed diode laser (Edinburgh Photonics EPL) operating at
a repetition rate of 10 MHz, and it delivered pulses with a
duration of 90 ps. The emission slit possessed a width of

20 nm. As a detector, a microchannel plate-photomultiplier
tube was utilized, characterized by a response width of less
than 25 ps and an Instrument Response Function (IRF) of
less than 130 ps. Post re-convolution, the retrieved short-
est lifetime is approximately one-tenth of the instrument
response function.

Fixed temperature experiments were conducted under
ambient conditions.

Result and Discussion
UV-Visible Absorption Study

To assess the feasibility of forming diverse types of
aggregates across a range of concentrations spanning
from 3.85x10°® mol/l to 9.62x10 mol/l in glycerol and
3.85%10°° mol/l to 6.73x10”> mol/l in ethylene glycol,
UV-Visible absorption spectra were recorded for glycerol
and ethylene glycol, as shown in Fig. la and b respec-
tively. Notably, beyond the concentrations of 9.62x107
mol/l in glycerol and 6.73x107 mol/l in ethylene glycol,
the absorption spectra exhibited saturation. Fig. 1a and b
illustrate that acriflavine consistently exhibits two promi-
nent bands at 464 nm and 260 nm, along with two weaker
shoulders at 283 nm and 232 nm, across all concentrations
in both solvents.
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Fig. 1 UV-Visible absorption spectra of pure acriflavine solution in a
glycerol and b ethylene glycol. Acriflavine exhibits two intense bands
at 464 nm and 260 nm, as well as two weak shoulders at 283 nm and

232 nm for all concentrations in both solvents. The Lambert-Beer
plots for the intensity of the 464 nm bands are presented here along-
side their respective absorption spectra
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Fig.2 The chemical structure of acriflavine dye consists of two com-
ponents: 3,6-diamino-10-methylacridinium chloride hydrochloride
(Euflavine) and 3,6-diaminoacridine (Proflavine)

It is important to note that acriflavine dye consists of
two components: 3,6-diamino-10-methylacridinium chloride
hydrochloride (Euflavine) and 3,6-diaminoacridine (Profla-
vine). Fig. 2 shows the structures of Euflavine and Profla-
vine. The absorption peaks at 464 nm, 260 nm, and 283 nm
correspond to the monomeric absorption band of proflavine
[18, 19], while the shoulder at 232 nm is attributed to the
absorption band of euflavine [20]. The ratio of these two
components in the compound varies from 3:1 to 7:1 depend-
ing on the manufacturer [21].

The intensity of the 464 nm band was plotted against the
concentration of acriflavine solutions and is presented in
Fig. 1a and 1b, alongside their respective absorption spec-
tra. These plots reveal a clear distinction in the relation-
ship between absorbance and concentration for glycerol
(Fig. 1a; R? = 0.98186) and ethylene glycol (Fig. 1b; R* =
0.99395). The data for ethylene glycol shows a linear rela-
tionship, confirming its adherence to the Lambert-Beer Law.
In contrast, a slight deviation from linearity is observed in
the case of glycerol, indicating that it does not strictly adhere
to the Lambert-Beer law as compared to the ethylene glycol
[22]. In this study, an excitation wavelength of 405 nm was
selected. As a result, only the 464 nm band contributes to
the emission spectra of acriflavine, making it suitable for the
Lambert-Beer plot. These findings align with results of pre-
vious research [2, 17, 23]. Furthermore, an increase in con-
centration does not give rise to any new blue- or red-shifted
absorption bands in the spectra presented in Fig. 1a and b.
Since changes in concentration do not alter the absorbed
spectral distribution, it suggests the absence of primary sta-
ble aggregates or dimers in the ground state [17, 24, 25].

Steady State Fluorescence Study
Variable Concentration and Constant Temperature

The steady-state fluorescence spectra of acriflavine were
examined at room temperature across various concentrations
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in the solvent glycerol and ethylene glycol, as illustrated in
Figs. 3 and 4 respectively. In Fig. 3, the spectra are denoted
as G1-G6, corresponding to acriflavine concentrations of
0.0003 mol/1, 0.0011 mol/1, 0.0013 mol/I, 0.0015 mol/l,
0.0017 mol/l, and 0.0019 mol/l in glycerol, as outlined in
Table 1. Similarly, Fig. 4 shows spectra denoted as EG1-EG®6,
associated with acriflavine concentrations of 0.0003 mol/l,
0.0007 mol/1, 0.0011 mol/1, 0.0015 mol/1, 0.0019 mol/l, and
0.0026 mol/l in ethylene glycol, as indicated in Table 2.

In both solvents, only one peak is observed around 500
nm for the 0.0003 mol/l concentration (represented by spec-
tra G1 and EG1 in Figs. 3 and 4 respectively). For concentra-
tions of acriflavine lower than 0.0003 mol/l in both solvents
(as detailed in "Section Preparation of Sample"), the spectra
exhibit consistent characteristics with a single peak around
500 nm. Consequently, these spectra are not included in
Figs. 3 and 4. This particular 500 nm peak is identified as
the monomer fluorescence band, a characteristic observed
by other researchers previously [23, 26, 27] as well as in our
own work [17].

Figures 3 and 4 reveal the emergence of an additional
red-shifted emission band between 560 nm and 581 nm
for acriflavine solutions with concentrations exceeding
0.0003 mol/l in all solvents. This red-shifted band was
similarly observed in water, propanol, methanol, ethanol,
and butanol, spanning the wavelength range of 549 nm to
587 nm, and was previously established as the excimer
fluorescence band in our earlier study [17]. Therefore, we
attribute the red-shifted band in glycerol and ethylene gly-
col, appearing between 560 nm and 581 nm, to the excimer
fluorescence band.

G1 - 0.0003 (mol/l)
G2 - 0.0011 (mol/l)
G3 - 0.0013 (mol/l)
G4 - 0.0015 (mol/l)
G5 - 0.0017 (mol/l)
G6 - 0.0019 (mol/l)

Intensity

450 500 550 600 650 700
Wavelength (nm)

Fig.3 Steady-state fluorescence spectra of acriflavine solutions in
glycerol, ranging from 0.0003 mol/l to 0.0019 mol/l (see spectra G1
to G6). Monomer peak: 504-523 nm, intensity decreases with con-
centration. Excimer peak: 560-577 nm, intensity increases with con-
centration
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Fig.4: Steady-state fluorescence spectra of acriflavine solutions in
ethylene glycol, ranging from 0.0003 mol/l to 0.0026 mol/l (see spec-
tra EG1 to EG6). Monomer peak: 503-536 nm, intensity decreases
with concentration. Excimer peak: 558-581 nm, intensity increases
with concentration

Tables 1 and 2 present the peak wavelengths and inten-
sities of these two fluorescence bands for glycerol and eth-
ylene glycol respectively. Notably, as depicted in Figs. 3
and 4 and confirmed by data in Tables 1 and 2, the inten-
sity of the monomer peak at around 500 nm decreases,

exhibiting a red-shift within the range of 503 to 536 nm.
Concurrently, the intensity of the excimer fluorescence
band shows a consistent increase across all solvents as
the concentration increases. This trend remains consistent
without self-absorption effects until reaching optimal con-
centrations of 0.0019 mol/l for glycerol and 0.0026 mol/I
for ethylene glycol. Beyond these concentrations, both
monomer and red-shifted band intensities decline uni-
formly. We propose that this reduction is due to the onset
of the "secondary inner-filter effect” [28], resulting from
fluorescence reabsorption. Consequently, data acquisition
for fluorescence spectra was limited to the 0.0019 mol/l
and 0.0026 mol/l optimal concentrations, for glycerol and
ethylene glycol, respectively.

Fixed Concentration and Varying Temperature

To ascertain the origin of the red-shifted spectral band
spanning the wavelength range from 560 nm to 581 nm, a
comprehensive investigation was conducted using steady-
state fluorescence experiments. The experimental protocol
outlined in the "Experimental Procedures" was followed,
maintaining a fixed concentration of acriflavine within
the solvents while systematically varying the temperature.
Notably, previous works by Stevens [29] and Oladepo [30]
suggested that alterations in the system's temperature could
modulate the equilibrium between the monomer and excimer

Table 1 Wavelength, intensity, intensity ratio, and critical concentration of excimer and monomer fluorescence peaks in acriflavine solutions of

varying concentrations in glycerol

Name of the Concentration Monomer Peak Monomer Peak  Excimer Peak Excimer Peak e Critical

spectrum in (C) mol/l Wavelength (4,,)  Intensity (Z,,) Wavelength (1) Intensity (/) T Concentration (mol/l)
Fig. 3 (nm) (nm)

Gl 0.0003 504 57809 560 13635 0.23  0.0015

G2 0.0011 514 57241 561 38687 0.68

G3 0.0013 516 55856 569 44457 0.79

G4 0.0015 521 53317 574 52305 0.98

G5 0.0017 522 50086 576 55536 1.11

G6 0.0019 523 42469 577 59229 1.39

Table 2 Wavelength, intensity, intensity ratio, and critical concentration of excimer and monomer fluorescence peaks in acriflavine solutions of

varying concentrations in ethylene glycol

Name of the Concentration Monomer Peak Monomer Peak  Excimer Peak Excimer Peak I Critical

spectrum in (C) mol/l Wavelength (4,,)  Intensity (Z,,) Wavelength (1) Intensity (/) T Concentration (mol/l)
Fig. 4 (nm) (nm)

EG1 0.0003 503 57621 558 26372 0.46  0.0017

EG2 0.0007 512 56982 560 37490 0.66

EG3 0.0011 514 55552 563 44122 0.79

EG4 0.0015 522 51881 570 46716 0.90

EG5 0.0019 526 47845 575 51741 1.08

EG6 0.0026 536 45616 581 58310 1.28
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Fig.5 Steady-state fluorescence

spectra of pure acriflavine 60000 - (a)
solutions: a 0.0015 mol/l in

glycerol, temperature range: 500004
-20 °C to 130 °C, b 0.0019
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species of fluorophores. Elevating the temperature results in
heightened molecular collisions, inducing the excimer mol-
ecule to transition into a vibrationally excited state within its
first excited state. In this vibrational state, the excimer mol-
ecule accumulates ample energy to effectuate a transition to
a singlet mode of the excited monomeric state, subsequently
leading to excimer dissociation into an excited monomer
molecule [31]. Thus, a temperature increase significantly
favors the disintegration of the excimer into monomeric
constituents [17].

Figure 5a and b illustrate the variations in the inten-
sity of the excimeric and monomeric fluorescence peaks
at various temperatures for acriflavine concentrations of
0.0015 mol/l in glycerol and 0.0019 mol/l in ethylene gly-
col, respectively. At these concentrations, the monomer and
excimer fluorescence peaks appear at 521 nm and 574 nm
for glycerol, and at 526 nm and 575 nm for ethylene glycol.
The temperature-dependent variations in the intensity ratio
between the monomeric fluorescence peaks (I,) at the high-
est temperature and the excimeric fluorescence peaks (I) at
different temperatures are presented in Table 3 for glycerol
and Table 4 for ethylene glycol. Evidently, as portrayed in
Fig. 5a and b, increasing the temperature within both solvent

environments corresponds to an upsurge in monomeric fluo-
rescence intensity, associated with a diminishing intensity of
the red-shifted peak. Consequently, this alteration in inten-
sity ratios highlights the evolving equilibrium dynamics
between monomeric and excimeric states. This is pivotal
as, were the variations in peak intensities due to impuri-
ties or the presence of an alternative vibronic component
within the monomeric state, the intensity ratio would remain
unchanged.

These findings underscore a significant transformation
in the equilibrium existing between the monomeric band
around the spectral range of approximately 503 nm to 536
nm and the red-shifted band spanning 560 nm to 581 nm,
resulting from temperature perturbation. Thus, the compel-
ling deduction can be drawn that the red-shifted band's emer-
gence is intrinsically tied to the formation of the acriflavine
molecule's excimeric species. Consequently, the distinctive
red-shifted band observable within the acriflavine solution
in both solvents can be aptly designated as the excimeric
fluorescence/phosphorescence band. The definitive classi-
fication as fluorescence or phosphorescence is subsequently
established through a meticulous examination of time-
resolved fluorescence, as detailed in the ensuing section.

Table 3 The temperature-dependent variations in the intensity ratio between the monomeric fluorescence peaks (I,,) at the highest temperature
and the excimeric fluorescence peaks (Ig) at different temperatures for Glycerol at constant concentration

Concentration Temperature 1T °K) Intensity (I,;) of Monomer peak at 521 (nm) Intensity (Ig) of Excimer  Ip/Iy

(C) mol/l T (OC) peak at 574 (nm)

0.0015 130° 0.0024 58093 35509 0.6112
105° 0.0026 38740 0.6668
80° 0.0028 44972 0.7741
550 0.0030 46819 0.8059
320 0.0032 49358 0.8496
50 0.0035 51666 0.8893
-20° 0.0039 58821 1.0125
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Table 4 The temperature-dependent variations in the intensity ratio between the monomeric fluorescence peaks (I,,) at the highest temperature
and the excimeric fluorescence peaks (I) at different temperatures for Ethylene Glycol at constant concentration

Concentration Temperature /T (°K) Intensity (I,;) of Monomer peak at 526 (nm) Intensity (I) of Ie/Ty
(c) mol/l T °C) Excimer peak at
575 (nm)

0.0019 110° 0.0026 58040 37302 0.6426
80° 0.0028 41918 0.7222
559 0.0030 45611 0.7858
320 0.0032 48381 0.8335
50 0.0035 50689 0.8733
-20° 0.0039 58998 1.0165

Time Resolved Fluorescence Spectroscopy Study

The relaxation process of the excited states was investigated,
and the resulting monomer and excimer peaks, observed in
steady-state fluorescence spectroscopy, were analyzed using
time-resolved fluorescence spectra. For this study, acrifla-
vine solutions with concentrations of 0.0015 mol/l in glyc-
erol and 0.0019 mol/l in ethylene glycol were employed,
consistent with the acriflavine concentration used in the
steady-state fluorescence analysis at varying temperatures.

Figures 6 and 7 depict the fluorescence time profiles of
the monomer and excimer emissions for glycerol and eth-
ylene glycol, respectively. The quality of the model was
assessed by examining residuals versus time and the Instru-
ment Response Function (IRF) profiles of the time-resolved

fluorescence spectra, as presented in these figures. Each fig-
ure comprises four components: the upper left image dis-
plays the fluorescence time profile along with the fitting
curve, the bottom left image depicts the fitting residuals, the
right image exhibits the calculated fluorescence lifetimes,
and numerical values at the bottom provide the magnitude
of the fitting parameters.

In Fig. 6, it is evident that for glycerol solutions,
both monomer and excimer fluorescence time pro-
files are well-described by a double-exponential func-
tion. Specifically, in Fig. 6a, the monomer lifetimes are
7, = 3.737 ns, t, = 4.800 ns, while in Fig. 6b, the excimer
lifetimes are 7, = 6.966 ns, 7, = 7.922 ns. Similarly, in
Fig. 7, it is observed that for ethylene glycol solutions, both
monomer and excimer fluorescence time profiles conform

ime (ns)

Time (ns)

++ Exponential Components Analysis (Reconvolution)

IRF background

Decay Background : 0.817

(£0.133)
3@

Fitting range : [799; 4096] channels
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BY AB; fi(%) | Af; (%) | T;(ns) | At;(ns)
1 -0.0445 0.0707 20.487 32212 35737 0.067
2 0.1344 0.0708 79.513 42.075 4.800 0.013
Shift : -0.109 ns (= 4.348 ns)

a
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Fitting range : [823; 4096] channels
e : 1.201
B; AB; £ (%) | af; 0 | ti(ns) | At;(ns)
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2 -0.1202 | 0.8673 | 39.498 | 284.780 | 7.922 0.060

Shift : 0.427 ns (= 1.460 ns)
Decay Background : 3.600 (% 0.798 )
IRF background : 0

b

Fig.6 Fluorescence time profile of a 0.0015 mol/l concentration of
acriflavine solution in glycerol. The excitation source used was a
diode laser with a 405 nm wavelength and a 90 ps (picosecond) pulse
duration, a Monomer fluorescence peak at a wavelength of 521 nm. b
Excimer fluorescence peak at a wavelength of 574 nm. The numeri-
cal values annotated at the base of the images signify the magnitude

of fitting parameters, where y2 denotes the goodness of fit, B rep-
resents the amplitude of the lifetime component, f corresponds to
the fractional contribution or amplitude of decay components, and A
indicates the standard deviation associated with each parameter. The
term 'IRF' denotes the Instrument Response Function, which is less
than 130 ps
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IRF background : 0
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Fig. 7 Fluorescence time profile of a 0.0019 mol/l concentration of
acriflavine solution in ethylene glycol. The excitation source used
was a diode laser with a 405 nm wavelength and a 90 ps (picosec-
ond) pulse duration, a Monomer fluorescence peak at a wavelength of
526 nm. b Excimer fluorescence peak at a wavelength of 575 nm. The
numerical values annotated at the base of the images signify the mag-

to a double-exponential function. In Fig. 7a, the monomer
lifetimes are 7, = 1.147 ns, 7, = 4.876 ns, while in Fig. 7b,
the excimer lifetimes are 7, = 5.913 ns, 7, = 6.847 ns.

In fluorescence time profiles fitted with a double expo-
nential function, two distinct time components are observed,
as depicted in Fig. 6 a, b, and 7 a, b. The first component,
termed as the rise time or excitation time (z,), signifies the
duration of excitation. The second component, termed as the
decay time (z,), represents the subsequent relaxation pro-
cess. In our experiment, both the rise and decay times were
found to be of the order of nanoseconds duration in both
solvents. Notably, compared to the Instrument Response
Function (IRF), the rise time (z;) in both solvents appears
significantly prolonged. This observation suggests that the
excimer formation occurs slowly, likely through a dynamic
diffusion process between a photoexcited and a ground-state
monomer, as previously suggested [17, 32]. In a prior study,
we also predicted excimer formation of acriflavine dye via
dynamic diffusion in ethanol and butanol [17].

The average lifetimes for the monomer peak are found to
be 4.80 ns and 4.93 ns, while for the excimer peak, they are
6.35 ns and 5.49 ns in glycerol and ethylene glycol, respec-
tively (Fig. 8). Consequently, there are no significant differ-
ences in the decay times between the monomer and excimer
peaks. Given that these decay times are in the nanosecond
range, the excited states correspond to singlet states for both
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nitude of fitting parameters, where y2 denotes the goodness of fit, B
represents the amplitude of the lifetime component, f corresponds to
the fractional contribution or amplitude of decay components, and A
indicates the standard deviation associated with each parameter. The
term 'IRF' denotes the Instrument Response Function, which is less
than 130 ps

the monomer and the excimer. The energy level structure
and corresponding transitions for monomer and excimer
fluorescence are likely to be consistent with our previous
work [17].

Equilibrium of Acriflavine Excimerisation in Pure
Solution

After confirming the excimerisation and fluorescence
emissions of pure acriflavine solutions in both glycerol
and ethylene glycol at ambient conditions, it is essential to
establish an equilibrium state between the monomer and
the excimer. To facilitate this, we introduce a novel term,
referred to as the "critical concentration," which serves as
a quantitative measure of the equilibrium between the
fluorophore's monomeric and aggregated forms within the
solvents [17, 33]. The determination of the critical con-
centration for acriflavine's excimerisation involves evalu-
ating the intensity ratio of excimer to monomer fluores-
cence peaks (denoted as ;—;, where, where I represents

excimer fluorescence peak intensity, and [, stands for
monomer fluorescence peak intensity, as outlined in
Tables 1 and 2). This intensity ratio is plotted against the
concentration of acriflavine in both glycerol and ethylene
glycol, as depicted in Fig. 9a and b, respectively. The con-
centration at which this intensity ratio becomes unity is
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Fig. 8 Normalized fluorescence decay curves excited by a diode laser
with a 405 nm wavelength and a 90 ps (picosecond) pulse duration
for acriflavine solutions at concentrations of 0.0015 mol/l in glycerol
and 0.0017 mol/l in ethylene glycol. In glycerol: a Monomer fluores-
cence decay curve at 521 nm with an average lifetime of 4.80 ns, and

defined as the critical concentration, which has been cal-
culated to be 0.0015 mol/l for glycerol and 0.0017 mol/l
for ethylene glycol, from the plots shown in Fig. 9a and b.
At these critical concentrations, the monomer and excimer
forms of acriflavine exist in equilibrium, with their fluo-
rescence intensities being equal [33]. Importantly, it is

b Excimer fluorescence decay curve at 574 nm with a lifetime of 6.35
ns. In ethylene glycol: a Monomer fluorescence decay curve at 526
nm with an average lifetime of 4.93 ns, and b Excimer fluorescence
decay curve at 575 nm with a lifetime of 5.49 ns. The Instrument
Response Function (IRF) for the experiment was less than 130 ps

noteworthy that the critical concentration is lower for glyc-
erol compared to ethylene glycol. This discrepancy in criti-
cal concentrations is indicative of varying aggregation
strengths [33], thereby implying that excimerisation of
acriflavine is more favored in glycerol than in ethylene
glycol. This observation finds further support in the

@ Springer
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Fig.9 Plot of excimer to monomer fluorescence peak intensity ratio
(Ili) against different concentration of acriflavine in glycerol and eth-
M

ylene glycol. a In glycerol, the relationship follows a linear equation:
y = —0.0467 + 698.75x, with R?> = 0.96352 where x represents the
concentration of acriflavine in glycerol, and y represents the excimer
to monomer fluorescence peak intensity ratio. The critical concentra-
tion is determined to be 0.0015 mol/l for glycerol. b In ethylene gly-
col, the plot also follows a linear equation: y = 0.3879 + 350.93x,

Lambert-Beer plot for glycerol (as shown in Fig. 1a),
where a minor deviation from perfect linearity is evident
due to the aggregation or interaction of acriflavine mole-
cules occurring at lower concentrations compared to those
in ethylene glycol. It is also evident from Figs. 3 and 4
that, as the concentration of acriflavine increases in both
solvents, the intensity of the monomer peak decreases
while the peak wavelength shifts towards the red end of
the spectrum. Conversely, the intensity of the excimer
peak increases with increasing acriflavine concentration
in the solutions, accompanied by a red-shift in its peak
wavelength. The ensuing section will provide a detailed
elucidation and further exploration of these variations.

pH-Induced Spectral Changes in Acriflavine
Fluorescence Emission

With the increase of acriflavine concentration in the respec-
tive solvent environments, notable red-shifts are observed
in both the monomer fluorescence peak (approximately 33
nm) and the excimer fluorescence peak (around 23 nm). This
phenomenon aligns with recent findings illustrating spectral
red-shifts in the emission spectra of other fluorophores, such
as pyrene monomer, thodamine B dimer, and acriflavine
excimer, attributed to variations in pH [17, 34, 35].

To elucidate the influence of pH on the spectral proper-
ties of acriflavine in glycerol and ethylene glycol, we con-
ducted fluorescence emission experiments using acriflavine

@ Springer

with R? = 0.99038 where x represents the concentration of acriflavine
in ethylene glycol, and y represents the excimer to monomer fluores-
cence peak intensity ratio. The critical concentration is found to be
0.0017 mol/l for ethylene glycol. (Critical concentration: the concen-
tration at which the excimer to monomer fluorescence peak intensity
ratio ([l—f) becomes unity, /; = excimer fluorescence peak intensity

M
and /,, = monomer fluorescence peak intensity)

solutions with a concentration of 0.0003 mol/I (denoted as
G1 and EG1 for glycerol and ethylene glycol, respectively)
in two distinct pH conditions. At this concentration in both
solvents, only the monomer fluorescence is present. Subse-
quently, we extended our investigation to concentrations of
0.0017 mol/1 (G5) and 0.0026 mol/l (EG6) of acriflavine in
glycerol and ethylene glycol, respectively, again under two
pH conditions. At these higher concentrations, both mono-
mer and excimer fluorescence contributions are evident. The
pH of these solutions was altered by the addition of a minute
quantity of Hydrochloric Acid (HCI).

Our observations in Fig. 10 reveal significant red-shifts,
up to 14 nm in monomer fluorescence and 11 nm in excimer
fluorescence, due to changes in pH. As the concentration
of the experimental samples increases, the solutions tend
toward an acidic nature, leading to an increased accumula-
tion of hydrogen ions. This elevated hydrogen ion concen-
tration serves to stabilize the excited monomer and excimer
molecules within the vibrational level of their correspond-
ing excited states [17, 35]. Consequently, transitions from
lower vibrational levels of the upper excited state become
increasingly probable, leading to the observed red-shifts
in both monomer and excimer fluorescence peaks with
increasing concentration.

In addition to pH-induced shifts, we also consider the
possibility of ground state aggregates (dimers) contributing
to the red-shift of the excimer peak, particularly at higher
concentrations. However, the verification of ground state
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Fig. 10 Steady-state fluorescence spectra of acriflavine solutions in
glycerol (al and a2) and ethylene glycol (b1 and b2). In glycerol, al
and a2 displays the monomer and monomer + excimer fluorescence
respectively, at concentrations of 0.0003 mol/l (G1) and 0.0017 mol/l
(G5) (see Table 1). In ethylene glycol, bl and b2 displays the mono-

aggregates relies on the detection of blue-shifted absorp-
tion peaks at elevated concentrations [17]. In our absorption
spectroscopy measurements (Fig. 1), we captured spectra
up to the highest concentrations tested, namely 9.62x10
mol/l in glycerol and 6.73x107° mol/l in ethylene glycol.
Beyond these concentrations, if dimers were to form, their
excited state energy would deviate significantly from that of
the excimers, resulting in distinct fluorescence wavelengths.

mer and monomer + excimer fluorescence respectively, at concentra-
tions of 0.0003 mol/l (EG1) and 0.0026 mol/l (EG6) (see Table 2). A
spectral red-shift is evident in both monomer and excimer peaks in all
images, resulting from pH adjustment through the addition of a small
amount of hydrochloric acid (HCI) to the solutions

Consequently, at higher concentrations, the emergence of
additional fluorescence peaks at higher wavelengths would
be necessary to confirm the existence of ground state aggre-
gates (dimers). Furthermore, if the fluorescence peak wave-
lengths of the excimer and the dimer exhibit minimal differ-
ences, the latter may also contribute to the observed red-shift
in the excimer fluorescence peak [17].

@ Springer
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Conclusion

In this comprehensive investigation, we explored the exci-
merisation of acriflavine dye in the solvents: ethylene gly-
col and glycerol. Our research aimed to shed light on the
impact of solvent choice and concentration on acriflavine's
emission properties, with a particular focus on excimer
formation, which holds significance for its utilization as
a dye laser active medium. Our findings reveal a concen-
tration-dependent absorption profile characterized by dis-
tinct monomer bands. Steady-state fluorescence studies
clearly demonstrate the emergence of red-shifted excimer
fluorescence bands as acriflavine concentrations increase
in both glycerol and ethylene glycol. Through temperature-
dependent fluorescence studies, we uncovered the dynamics
of excimer formation, suggesting dynamic diffusion as the
primary mechanism driving excimerisation. Time-resolved
fluorescence spectroscopy provided valuable insights, con-
firming that both monomer and excimer states exhibit singlet
character, thereby clarifying the excimerisation process. We
also determined critical concentration values, which mark
the equilibrium between monomeric and excimeric forms.
Additionally, we explored pH-induced spectral shifts, high-
lighting the substantial influence of acidity on acriflavine's
fluorescence properties. In conclusion, this research signifi-
cantly advances our understanding of acriflavine's excimeri-
sation behavior in glycerol and ethylene glycol solvents. By
leveraging acriflavine excimer emission, this work demon-
strates the potential to enhance the fine-tuning of dye laser
wavelengths within a range from approximately 500 nm to
580 nm. These insights have the potential to enhance its
diverse applications, particularly in laser technologies. The
knowledge gained from this study contributes to the broader
field of photophysics and opens up avenues for optimizing
acriflavine's utilization in various scientific and technologi-
cal applications.
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