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Abstract The fluorescence spectra, fluorescence quan-
tum vyield, and fluorescence lifetime of Acridine Red
(AR), Pyronin Y (PYY), and Pyronin B (PYB) in aque-
ous and organic solvents were measured by steady state
fluorescence, time-correlated single photon counting,
and electronic absorption methods. The rate constants
of radiation and non radiation process (k; and k;.) were
calculated to elucidate the structural effect on the fluo-
rescence mechanism. The data for each compound are
compared with that of the corresponding rhodamine dye.
AR showed significant longer lifetime and higher quan-
tum yield than PYY and PYB, because the alkyls on N
atom enhance the internal conversion (IC), the longer
the alkyl the faster the IC. However, the structural var-
iation does not alter the rate constant of radiation pro-
cess (ky) but does change k;. significantly. The phenyl
in Rhodamine B or Rhodamine 6G shows only a slight
effect on the fluorescence properties. Ethanol is the sol-
vent in which all five compounds exhibit longest life-
time and highest fluorescence quantum yield.
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Introduction

The excellent fluorescence properties of rhodamine
dyes have gained wide spread applications in chemistry
and biology [1-4]. The factors that affect the fluores-
cence properties of rhodamine have been the subject in
many reports [5—42]. Pyronin B (PYB), Pyronin Y
(PYY), and Acridine Red (AR) are structural analogues
of rhodamine dyes (Fig. 1). Their main difference from
a corresponding rhodamine is the absence of a
carboxyphenyl moiety. They are the chromophores
and fluorophores of rhodamine dyes responsible for
the strong light absorption and fluorescence emission
in the visible region. One advantage of these dyes over
rhodamines is the absence of lactone form due to the
absence of the carboxyphenyl moiety. Acridine Red is
used chiefly for dyeing leather and mordanted cotton.
It is highly fluorescent in solution but its fluorescence
properties (quantum yield and lifetime values in differ-
ent solvents) are not available in literature. Pyronin Y
is used for staining RNA while Pyronin B is used in
the methyl green-pyronin method for coloration of
nucleic acids.

The comparison of fluorescence properties of AR,
PYB and PYY with each other and with that of rhoda-
mines can provide important information on how the
alkyls on N and phenyls attached on xanthene core af-
fect the fluorescence efficiency and lifetime. It is sur-
prising that the comparison has not been found in
literature.

Based on this consideration, we measured the fluorescence
spectra, fluorescence quantum yields (®¢), and fluorescence
lifetimes of PYY, PYB, and AR and compared the data with
that of corresponding rhodamines reported by us previously
[43].
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Fig. 1 The chemical structures of
AR, PYB, PYY, R6G, RB and
PYB dimer
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Materials and Methods
Materials

The dyes in the study (structures are shown in Fig. 1) include
Acridine Red (AR), Pyronine B (PYB), and Pyronine Y
(PYY), Rhodamine 6G (R6G), Rhodamine B (RB). All dyes
were purchased with analytical grade or better and used as
received. The purity was checked by TLC and only one spot
was detectable.

Sample Preparation

All solvents of analytical grade were dried and redistilled im-
mediately before use. Deionized water was purified by Milli-
Q system (Millipore, USA). pH in aqueous solution was main-
tained at 7.4 by using 0.1 mM phosphate buffer.

Methods

Absorption spectra were recorded on a StellarNet Black
Comet BLK-CXR-SR fiber optic spectrometer using 1 cm
matched quartz cuvettes. Fluorescence spectra were per-
formed by using a FLS 920 fluorospectrometer of
Edinburgh Instruments with excitation at 485 nm (21 °C).
The emission and excitation slits were both 1.0 nm. The fluo-
rescence was measured at 90° to the incident excitation beam.
The fluorescence intensity at all wavelengths was calibrated
against the detector response and the excitation light intensity.
Wavelength was calibrated against the detector response and
the excitation light intensity. The fluorescence quantum yield
was measured by using

0 Fs A() n2

=@l 80 s

Pr=Prg, Agnd’

in which F is the integrated fluorescence intensity, A is the
absorbance at excitation wavelength, n is the refractive index
of the solvent used, the subscript 0 stands for a reference
compound and s represents samples. R6G in ethanol was used
as the reference (#7=0.95) [39], since it is esterified and has
no deprotonation process. ®¢values of RB, R6G thus obtained
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in ethanol also match the reported values [39, 44—48]. Several
measurements for a @ value were performed and averaged by
choosing different concentration and excitation wavelength.
Measurements of the fluorescence lifetimes were performed
with standard time-correlated single-photon counting method.
The excitation light was a portable diode laser (EPL-515,
Edinburgh Instruments), laser beam was guided into the sam-
ples, and fluorescence (the wavelength at the emission maxi-
mum of a dye) was detected with a PMT (Hamamatsu R928)
cooled to —21 °C. The repetition rate is 10 MHz whilst the
count rate did not exceed 20 kHz (0.2 %) in order to avoid
pile-up effects. The bandwidth for excitation as well as for
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Fig. 2 Top: Fluorescence spectra in ethanol with excitation at 485 nm
(absorbance 0.090). Bottom: Fluorescence decay curves in ethanol with
excitation at 509 nm (70 ps) and monitoring at emission maximum
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Table 1  The absorption and fluorescence properties in different solvents
AR PYB PYB-dimer PYY RB R6G
Solvent: DMF
Aabs/IM 535 557 555 552 559 534
Aem/NM 562 581 582 579 587 562
Av/inm 27 24 27 27 28 28
L 0.87 0.35 0.36 0.35 0.43 0.80
T¢ns 3.87 1.73 1.71 1.94 224 3.87
2 1.08 1.07 1.04 1.07 1.12 1.05
Kie, 10° 7! 0.034 0.38 0.37 0.34 0.25 0.05
kg, 107 57! 022 0.20 0.21 0.18 0.19 0.21
Solvent: Water (pH 6.8)
Agbs/IM 528 552 552 546 554 526
Aem/DIM 562 572 572 566 579 552
Av/inm 34 20 20 20 25 26
Oy 0.51 0.18 0.20 022 0.23 0.69
T¢ns 4.18(79 %), 1.61 1.32(95 %), 4.27 1.30(98 %), 4.53 1.98 1.78 422
i 1.05 1.06 1.06 1.14 1.32 1.09
Kie, 107 57! 0.12 0.62 0.62 0.39 0.43 0.073
kg, 107 57! 0.12 0.14 0.15 0.11 0.13 0.16
Solvent: THF
Aabs/NM 538 555 556 549 554 536
Aem/nM 564 579 579 572 582 560
Av/nm 26 24 23 23 28 24
Dy 0.88 0.32 0.35 0.42 0.43 0.67
T/ns 3.66 248 2.49 2.00 (93 %), 1.07 3.57(89 %), 1.71 38
X 1.11 1.1 1.09 1.03 1.04 1.11
Kie, 107 57" 0.033 027 0.26 0.29 0.16 0.087
kg, 10° 57! 0.24 0.13 0.14 0.14 0.12 0.18
Solvent: CH;CN
Aabs/IM 526 553 552 547 555 522
Aem/NM 550 575 575 571 583 550
Av/inm 24 22 23 24 28 28
Dy 0.74 0.29 0.28 0.50 0.40 0.91
Ty/ns 4.10 1.44 1.40 2.06 1.86 4.17
X 1.10 1.13 1.14 1.06 1.12 1.03
ki, 10% 57! 0.063 0.49 0.51 0.24 0.32 0.022
kg, 107 57! 0.18 0.20 0.20 0.24 0.22 022
Solvent: EtOH
Aabs/IM 534 553 553 547 546 530
Aem/nM 562 574 574 569 572 553
Av/nm 28 21 21 22 26 23
oy 1.00 0.47 0.46 0.48 0.74 0.95
T¢ns 3.87 2.01 1.98 232 3.06 4.17
i 1.10 1.08 1.06 1.07 1.12 1.01
Kie, 10° 57 0.00 0.26 0.27 0.22 0.085 0.012
kg, 107 57! 0.30 0.23 0.23 0.21 0.24 0.23
Solvent: Dioxane
Aabs/NM 534 554 554 543 557 533
Aem/NM 561 582 581 570 588 562
Av/nm 27 28 27 27 31 29
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Table 1 (continued)

AR PYB PYB-dimer PYY RB R6G
Py 0.71 0.01 0.03 0.14 0.34 0.77
Ty/ns 3.88(93 %), 1.42 1.34(77 %),0.39 1.27 (92 %), 3.46 1.02(60 %), 3.16 1.56 1.95
X2 1.07 136 1.06 1.07 1.06 1.07
Kic, 107 57! 0.075 0.74 0.76 0.84 0.42 0.12
ke 107! 0.18 0.030 0.020 0.14 0.22 0.20

emission was <2 nm. The prompt response function of the
system had an fwhm is less than 70 ps. The convolution meth-
od was used to fit the I(t) = A+Be" /" or I(t) = A+B eV )+
B,e" ") to obtain the fluorescence lifetime.

Results and Discussion

Figure 2 shows the fluorescence spectra and lifetime decay
curves of the five dyes measured under the same conditions.
The differences in emission intensity and lifetime are very
obvious, although they all share the same fluorophore
(Fig. 1). Table 1 lists their fluorescence and absorption prop-
erties. A large change occurred in their fluorescence quantum
yield and lifetime values (Table 1) upon the variation of sub-
stitution on the fluorophore. To understand the reason, a more
detailed study is given below.

UV-vis Absorption Spectra

Figure 3 compares the UV—vis absorption of the five dyes,
PYY, PYB, AR, R6G and RB in ethanol. The spectral shapes
are all similar for these dyes. The main band of the absorption
spectra for the dyes is located at 542(£11) nm with a shoulder
at 500(=10) nm, and a minor band sits at 350(=10) nm. The
carboxyphenyls in R6G and RB only show a slight influence
on their absorption spectra, since the carboxyphenyls are not
m-conjugated with the main 7-system but act like substituents.
Solvents, either less polar THF or highly polar DMF, also do
not exhibit profound effect on the spectral shape.

The absorption maximum value is increased in the same
order in all solvents: R6G < AR <PYY <PYB =PYB dimer <
RB (Fig. 3). A relatively large jump in absorption and emis-
sion maxima occurs at the transition from AR to PYY (Fig. 4);
this corresponds to the replacement of the H on N atom by a
CH; group (Fig. 1). This red shift is intensified from PYY to
PYB, when the CH; on the N atoms is substituted by a
CH,CHj; group. This change indicates that the stronger
the electron donating capability of a substituent on N
(H < CHj3 < CH,CHs;) leads to a larger red-shift. This is
mainly due to that the energy gap between HOMO-
LUMO becomes smaller.

However, the carboxyphenyl in R6G and RB shows differ-
ent effects on the absorption maximum, the former causes a
blue shift compared to AR, while the latter leads to a red shift
compared to PYB. This is because PhnCOOCH,CHj; in R6G is
a neutral electron withdrawing group, while PhCOOH in RB
is easily deprotonated to negatively charged PhACOO which
makes it electron donating.

Fluorescence Spectra

The normalized fluorescence spectra are shown in Fig. 3.
Compared to absorption spectra, each dye shows only the
emission band which is mirror symmetrical to its maximum
absorption band, and the emission maximum of each fluores-
cence spectrum is slightly red shifted from its absorption with
a Stokes shift (Av) of 25+4 nm. The small Stokes shift sug-
gests that the molecular structure of a dye in the excited state is
very similar to that in its ground state. The shape of emission

Fig. 3 Normalized absorption
(Left) and fluorescence (Right)
spectra of different dyes in
ethanol. The excitation
wavelength is 485 nm for all
emission spectra
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Fig. 4 Change of absorption and 560 590
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bands is all similar for these dyes, which means the excited
state fluorophore structure for all the dyes are very similar.
The main band of emission spectrum for a dye is located at
562(%11) nm together with a shoulder at 620(£20) nm. Similar
to the absorption cases, the emission maximum is increased in
the same order in all solvents: R6G < AR < PYY < PYB =
PYB dimer < RB (Fig. 4). The reasons for this change have
been discussed in the previous section.

Fluorescence Quantum Yield and Lifetime

Figure 2 shows the typical fluorescence decay curves. The
fluorescence lifetime values could be obtained by mono expo-
nential fitting with chi squared values between 1.00 and 1.10,
except that in dioxane. A mono exponential decay indicates
that only one emitting species exists. In dioxane, biexponential
fitting are needed to fit the decay curves, suggesting the exis-
tence of two emitting exponents. Dioxane is a base and proton
acceptor, it could cause the following reaction (Fig. 5).

Figure 6 shows how the structure and solvent affect the
fluorescence quantum yield and lifetime. PYB and its dimer
PYB-d have the same ®;and t¢in all solvents, i.e., the aggre-
gation due to Fe*" coordinating shows no influence on the
fluorophores. In other words, the 3d electrons in Fe** do not
have spin-orbit coupling with the 7t-systems of the connected
fluorophores.

Both ®¢ and Ty decrease in the same order in all solvents:
R6G > AR >> RB > PYY > PYB = PYB dimer (Fig. 6). A
relatively large decrease occurs from AR to RB (Fig. 6); this

Fig. 5 The excited state reaction *r
of AR or PYY with dioxane
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corresponds to the replacement of the H on N atom by a CH;
group (Fig. 1). This decrease is intensified from PYY to PYB,
when the CH; on N atom is substituted by a CH,CHj group.
This result indicates that the larger decrease in ®¢ and Ty is
caused when the substituent on N is changed in the order: H <
CH; < CH,CHj. Note that the N atoms are sp> and conjugated
with the 7t-system, the two alkyl groups are on the 7-planar
ring.

The fluorescence properties of an organic compound
is determined by the photophysical processes associated
with S;, the lowest lying excited state. In the absence of
photochemical reactions, S; can return to the ground
state (Sg) through three competing processes: fluores-
cence (FL), internal conversion (IC, i.e., heat releasing
via vibration and rotation of chemical bonds), and inter-
system crossing (ISC). The corresponding rate constant
for each process is kg, ki, and kige. T = (ketkietkise) ",
while (Df = kf /(kf+kic+kisc) = kf *Tr.

To understand which process (ISC, IC or FL) con-
tributes to the structural effect on the fluorescence, the
radiation constant (ky) is calculated and listed in
Table 1. One can see that ky in each solvent does not
show significant changes for all the dyes, indicating that
the presence of phenyl or alkyls on N do not change
the radiation process for the fluorophore. Therefore ei-
ther IC or ISC must be responsible for the difference in
photophysical properties of these dyes.

We then tried to detect the triplet state and measure its
properties with the laser flash photolysis technique for these
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dyes. Take PYB as an example, with laser excitation at
532 nm only transient species absorbing at 420 and 450 nm
were found, but their lifetimes are only a few nanoseconds and
not affected by the presence of oxygen. This means that the
quantum yield of triplet formation for the dye is less than 0.01,
i.e., kisc/(kf+kic+kisc) = Kisc*Tr<0.01, or k;.<0.25x
107 Mgl Compared to kq~0.20 % 10 M ! 57!, ISC makes
negligible contribution to the difference in the dyes fluores-
cence parameters.

k;. values are calculated by k;. = ®;./tg, with ;.=1- D¢ -
®r=1- Py the values are listed in Table 1. k. for the dyes are
obviously changed significantly. We then conclude IC process
plays the mail role of changing the fluorescence properties
when substitution occurs on the fluorophore.

From H, CHj; to CH,CHj, the rigidity of the fluorophore is
lowered which usually cause the decrease in ®¢and ¢ values.
Also the increase of the chain length causes more vibrational
and rotational movements from S state, i.e., the rate of inter-
nal conversion (k;.) is enhanced and leads to the decrease in ®¢
and T values.

On the other hand, the electron donating capability be-
comes stronger from H, CH; to CH,CHj;. This favors the
excited state charge transfer from NR; to the 7t-ring and may
cause the decrease in ®¢ and T¢ values.

The presence of carboxyphenyls, however, causes slight
increase in ®¢ and T¢ values. This is due to the large steric
hindrance caused by the presence of COOR which presents
the phenyl from rotating.

Solvent effect is remarkable (Fig. 6 and Table 1). For any
particular dye, ® and T values are generally highest in etha-
nol but lowest in dioxane. OH groups in ethanol molecules
can form hydrogen bonding (O—H—N) with N atoms of the
fluorophore. The presence of H-bonding strengthens the rigid-
ity and reduces vibration or rotation. It has been known that
this type of hydrogen bonding favors the enhancement of
fluorescence emission.

When dioxane or THF is used as a solvent, the photochem-
ical process in Fig. 5 competes with the radiation process and
therefore lowers ®¢ and T values.
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Conclusions

We have measured the fluorescence properties of AR, PYY,
and PYB in different solvents and compared them with that of
RB and R6G. Based on the comparison, we could examine the
effect of phenyl and alkyls on the fluorescence properties. AR
showed significant longer lifetime and higher quantum yield
than PYY and PYB. The shorter lifetime and lower quantum
yield of PYB and PYY is mainly due to the enhanced non
radiation process by alkyl groups, the longer the alkyls the
faster the non radiation is. However, the structural change
does not lead to the variation of the rate constant of radiation
process (kg) or intersystem crossing (kis.) for all compounds.
The presence of the phenyl in PY'Y and PYB shows only slight
effect on fluorescence properties. The fluorescence properties
of PYB dimer show no difference from that of PYB itself. Due
to hydrogen bonding effect, ethanol is the best solvent in
which each compound exhibits longest lifetime and highest
fluorescence quantum yield than that in other solvents.
Dioxane, on the other hand, is the least favored solvent for
the fluorescence efficiency of the rhodamine dyes. These ob-
servations advance the understanding on rhodamine fluores-
cence mechanism, and help in design and synthesize new
rhodamine fluorescent material which can be applied in bio-
logical, chemical and environmental science.
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