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HIGH-TEMPERATURE FLUORESCENCE
OF LOW- AND HIGH CONCENTRATION
AQUEOUS ATP SOLUTIONS!

The results of experimental studies of the luminescence of an aqueous solution of adenosine
triphosphate (ATP) at room temperature are presented. High-temperature fluorescence of low-
and high-concentrated solutions is experimentally detected. The shape of the fluorescence spec-
trum, the lifetime of excitations, and the temperature-based behavior of the emission intensity
indicate the formation of rather stable dimer-like complexes in a high-concentration solution,

which can form excimer states.
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cimer.

1. Introduction

Adenosine is a purine nucleoside that consists of ade-
nine connected with ribose. Being a part of the intra-
cellular medium, adenosine can play the role of a neu-
romodulator. In addition, it is a component of nucleic
acids, some enzymes, etc. The derivates of adenosine
(e.g., AMP, ADP,and ATP) are all important compo-
nents of biochemical pathways in organic compounds.

ATP (Fig. 1) contains a m-system, so it absorbs
in the UV-region. It is wel known that, at ambient
temperature, the excitation of ATP aqueous solutions
is relaxed through the conversion, and the lumines-
cence is not observed [1]. However, at low tempera-
tures, the fluorescence and/or phosphorescence with
a high quantum yield do/does occur [2].
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It is worth to note that, during 10-15 last years,
a large number of papers reported to the investiga-
tions of the luminescence in various systems based
on adenine or adenosine molecules at ambient tem-
perature. As an example of these studies, we mention
the luminescence in thin solid layers obtained by the
adsorption of adenine on a highly oriented pyrolytic
graphite surface (HOPG) [3] or the string-type sys-
tem (poly-Adenine) [4]. The fluorescence of a highly
concentrated aqueous solution of AMP at room tem-
perature was recorded for the first time in [5]. The au-
thors of work [6] studied the very weak fluorescence in
a water solution of four bases: adenine, cytosine, gua-
nine and, uracil. In the last 15 years, there were some
publications in which the dimerization of adenine has

I The paper was presented at the XXIVth Galyna Puchkovska
International School-Seminar “Spectroscopy of Molecules
and Crystals” (August 25-30, 2019, Odesa, Ukraine).
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Fig. 1. Structural formula of ATP

been studied in detail from both an experimental and
a theoretical standpoints. Different conditions for the
appearance of dimers were considered both in solu-
tions [7] and in solids.

It turned out that the process of self-formation of
stable adenine dimers (or even chains or monolayers)
is due to the formation of strong hydrogen adenine-
adenine bonds. These bonds, in fact, are responsible
for the formation of DNA pairs in living objects and,
thus, can also aggregate AMP molecules in aqueous
solutions into di- or trimers.

The above examples of systems are one- and two-
dimensional formations in which adenine molecules
are substantially restricted in motion. It is possible
to make a preliminary assumption that the appear-
ance of the adenosine fluorescence at room tempera-
ture may be due to a partial spatial fixation of the
aromatic ring, which reduces the efficiency of the ir-
radiation excitation channel and increases the quan-
tum yield of fluorescence. Such fixation may have a
different nature due to the presence of a rigid envi-
ronment in the form of a substrate or frozen solvent
or, for example, due to the formation of adenine-
adenine dimers. In [7], a detailed theoretical study
of the possible relative arrangement configurations
of adenine molecules in dimers was carried out, and
the authors concluded that the configuration with a
parallel arrangement of aromatic rings is the most
energy-efficient one.

Here, we will report the experimentally discovered
high-temperature fluorescence of an ATP aqueous so-
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lution with a high quantum yield. It appears at very
high, close to saturated, solution concentrations. Our
results differ from those in [5], especially as we sug-
gest another mechanism of detected fluorescence.

2. Equipment and Materials

Chemically pure crystalline ATP (adenosine-5'-
triphosphoric acid disodium salt, 99% purity, Bio-
Chemika) was used as the test material. Aqueous so-
lutions were prepared by adding a weighed amount
of an ATP powder to bi-distillate to obtain the
concentration C = 2 x 1072 M. Serial two-beam
spectrophotometers were used to record the absorp-
tion spectra: Specord 210 Plus (Analytik Jena) and
SPECORD UV-VIS (Carl Zeiss). Recording was per-
formed in standard quartz cuvettes 1 x 1 cm in size
(transmission range 190-1100 nm) at room temper-
ature. An SF-26 spectrometer was used to record
the absorption spectrum in a 5-cm cell. Fluorescence
spectra at room temperature were recorded on an FP-
8200 JASCO fluorescence spectrometer; and standard
quartz cells were used. The ATP molar extinction
coefficient according to manufacturer’s certificate is
15400 1- mol~!- cm~!.

3. Experimental Results

The control over a water purity before the dissolution
was carried out by recording the absorption spectrum
(absorption registration region is 200-350 nm) and
the luminescence with an excitation interval of 200—
400 nm and the emission one of 210-700 nm.

The corresponding absorption spectrum of water is
shown in Fig. 2, and the Excitation-Emission Map
(EEM) is presented in Fig. 3. No sign of a specific
signal other than that from the Raman scattering was
detected. The control over the solution concentration
was carried out by the standard method — measuring
the optical density at the wavelength A = 260 nm.

The UV absorption spectrum of ATP is well known
and presented in Fig. 4. It was recorded for the sam-
ples with 2 x 1072 M concentration in a cell 5 cm in
length (curve ) with the use of an SF-26 spectro-
photometer, 2 x 1072 M (curve 2), 1.1 x 1073 M
(curve 3) recorded in a l-cm-long cell with the use
of a SPECORD UV-VIS spectrophotometer, and
4 x 107* M recorded in a 1-cm-long cell with the
use of a SPECORD 210 Plus. The spectrum contains
two absorption bands, with peaks at 260 and 218 nm
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Fig. 2. Water absorption spectrum before the ATP solution
preparation, SPECORD 210 Plus
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Fig. 3. Water EEM before the preparation of an ATP solution

(4.766 and 5.856 €V), which belong, respectively, to
the first and second electronic transitions of the ade-
nine m-electron system. The difference between the
energies of these two levels is, thus, about 1.1 eV. The
positions of the maxima do not depend on the con-
centration, and no new absorption bands appear, as
the concentration of the solution increases.

3.1. Intrinsic fluorescence of an ATP
aqueous solution at room temperature

Traditionally, a sample is excited at the absorption
band maximum. Such an excitation of ATP at the
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Fig. 4. ATP absorption spectrum C = 2x 1072 M, L = 5 cm,
SF-26 (1); C =2 x 1073 M, L = 1 cm SPECORD UV-VIS
(2); C =1.1x1073 M, L = 1 cm, SPECORD UV-VIS (3);
C=4x10"*M, L =1 cm, SPECORD 210 Plus (4)
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Fig. 5. EEM, ATP water solution, C = 10~% M, T' = 20 °C

wavelength A = 260 £ 5 nm leads to a slightly notice-
able emission [6]. However, we detected a lumines-
cence, while exciting it at the edge of the absorption
band — at 225 and 275 nm (see Fig. 5). The maximum
of the detected fluorescence was at approximately
340 nm (2.94 pym™1!), it corresponds to E = 3.65 eV
and is in good accordance with [6] (see Fig. 6). It is
seen from Fig. 7 that the ratio of the intensities can
be written as:

max Intensity excited at 260 nm _, loas

max Intensity excited at 225 nm

The excitation function maxima correspond to en-
ergies of 5.6 eV and 4.5 eV, respectively, and the dif-
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Fig. 6. Normalized adenosine fluorescence intensity (water
solution, T' = 273 K, Aex = 261 nm, dashed, right; EG solution
T = 78 K, dotted, right), excitation function (water solution,
T = 273 K, Aem = 320 nm, dashed, left), absorption (solid,
left), abscissa — wavenumber, yum~1 [6]
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Fig. 7. Intensity of the fluorescence of ATP, T = 20 °C,
C=2x10"*M

40000

35000

a.u.

30000

N [
o (¢4
o o
o o
o o
1 1

15000 +

10000 —

UV-vis absorption

5000

04 -

-5000

T T T T T T T T 1
180 200 220 240 260 280 300 320 340 360
Wavelength, nm

Fig. 8. Modeled absorption spectrum, ATP in water, Gaus-
sian 03, DFT PBEPBE 6-311G+(d,p)
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ference is 1.1 €V, which correlates with the data ob-
tained from the absorption spectrum. However, we
noticed a slight red shift of the excitation spectrum
relative to the absorption one. Such red shift taken
on the same instrument with identical bandwidths
was found for every base [6]. Other examples of such
behavior were reported for purines and pyrimidines
under various conditions in [8-12].

Figure 8 and Table show the absorption spectrum
of ATP obtained by a simulation using quantum-
chemical calculations. It shows a quite good corre-
spondence with experimental data, viz. two powerful
bands at 225 and 263 nm. However, there was no ex-
perimentally detected longwave band at 307 nm.

The cross-sections of absorption and emission spec-
tra give the Spg — Sp1 transfer energy equal to
about 4.3 eV.

The fluorescence lifetime was estimated to have two
components: 7 = 4.4 x 1072 sec and 75 = 12.0x
x107Y sec (Fig. 9, curve 1).

3.2. Fluorescence of a high-concentration
aqueous ATP solution

The fluorescence of a highly concentrated aqueous so-
lution of ATP was found to be significantly different

Results of quantum-mechanucal
modelling (Gaussian 03 DFT)

Wavenumber, Energy, Oscillator
nm eV force, fosc
306.8 4.05190678 0.1256
301.34 4.125323555 0.0116
269.49 4.612879884 0.001
266.91 4.65746881 0.0059
262.61 4.733730627 0.0312
261.41 4.75546077 0.0065
260.83 4.766035349 4.00E-04
256.15 4.85311341 0.0038
251.76 4.937738322 0.0011
249.07 4.991066768 0.001
246.78 5.037381473 7.00E-04
245.84 5.056642532 0.0076
239.42 5.192235402 0.0057
234.62 5.298461342 0.0695
232.15 5.354835236 0.012
231.27 5.375210793 0.025
231.09 5.379397637 0.0119
230 5.404891304 0.002
226.97 5.477045425 0.0048
225.82 5.504937561 0.1269
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Fig. 10. EEM, T =293 K, C =2 x 10-2 M

from the fluorescence discussed above (see Fig. 10,
the concentration C' = 2 x 1072 M). Figure 11 shows
the excitation and emission spectra of the fluores-
cence. The fluorescence spectrum has a high-intensity
band with a half-width of about 100 nm. It is un-
structured and has a Gaussian-like shape with a max-
imum at approximately 390 nm (25640 cm~1!), which
corresponds to £ = 3.18 eV. The intersection of the
long-wave edge of the absorption spectrum of the
highly concentrated solution and the short-wave edge
of its fluorescence spectrum gives the excited state
energy of about 4 eV (corresponding to 3.2 ym~1).
The fluorescence lifetime for a highly concentrated so-
lution also has two components — 7, = 4.2 x 107 sec,
7 = 40.4 x 1079 sec (Fig. 9, curve 2). The flu-
orescence intensity also reveals a temperature de-
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Fig. 11. Fluorescence of an ATP water solution, (1) — Aem =
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Fig. 12. Fluorescence spectrum of ATP, when heated and
cooled in the temperature interval 7" = 20-100 °C, C = 2 X
x 1072 M, Aex = 280 nm

pendence. Figures 12-15 show the fluorescence spec-
tra recorded, when the cuvette is heated and cooled
back. The shape of the emission band and the posi-
tion of its maximum are independent of the temper-
ature. Figure 15 shows the dependence of the fluo-
rescence intensity on the temperature (the intensity
value was taken near the emission maximum). Hea-
ting the solution from room temperature (20 °C) to
95 °C results in a significant (almost to a half) flu-
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Fig. 13. Fluorescence spectrum of ATP under the heating in
the temperature interval 7" = 20-100 °C, C = 2 x 10~2 M,
Aex = 280 nm
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Fig. 14. Fluorescence spectrum of ATP under the cooling in
the temperature interval 7 = 100-5 °C, C = 2 x 1072 M,
Aex = 280 nm
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Fig. 15. ATP fluorescence intensity, when heated and cooled

in the temperature interval 7' = 20-100 °C, C =2 x 10=2 M,
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orescence intensity decrease. At the subsequent cool-
ing back, the fluorescence is restored to almost the
starting level, with a temperature hysteresis taking
place. In addition, the fluorescence intensity showed
a dependence on the dilution rate of the stock high
concentration solution, decreasing with a decrease in
the sample concentration of AMP and reaching the
noise level at a dilution of 4000 times relative to the
starting concentration.

4. Analysis of Experimental Results

We have experimentally obtained the following:

e It has been confirmed that it is possible to excite
the ATP fluorescence at room temperature.

e The absorption spectrum does not show the de-
pendence on the solution concentration in the con-
centration region of 2 x 1072+1.1 x 10~* M, and no
additional absorption bands were detected.

¢ The absorption spectrum coincides with the flu-
orescence excitation spectrum. However, a slight red
shift of the fluorescence excitation function relative
to the absorption spectrum was detected.

e The fluorescence emission spectrum of a low-
concentration solution has a maximum at 340 nm
(29400 cm™!). For the high-concentration one, it is
at 390 nm (25640 cm~1!). The difference is about
3500 cm ! (0.5 eV).

¢ The difference of energies between Spg — Sp1 elec-
tronic transitions in low- and high-concentration so-
lutions is 0.3 eV.

e The fluorescence excitation lifetime for the low-
concentration (C' = 2 x 10~% M) solution has two
closely related components 71 = 4.4 x 107 sec and
7o = 12.0 x 1079 sec. The fluorescence excitation
lifetime for the high-concentrated solution also has
two components — 73 = 4.2 x 107° sec and 74 =
= 40.4 x 107% sec (C' = 2 x 1072 M), which differ
by an order of magnitude.

¢ In addition, the fluorescence spectrum intensity
for the high-concentration solution shows the tem-
perature dependence. When heated, the fluorescence
intensity decreases, while maintaining a constant po-
sition of the spectral maximum. At the cooling back,
the fluorescence intensity increases. We detected a
temperature hysteresis.

For low-concentration solutions, our results corre-
spond to [6]. The authors detected an excitation func-
tion red shift corresponding to the absorption spec-
trum. The maximum of the excitation function was

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 1



High-Temperature Fluorescence of ATP

established at 275 nm. But, despite this, they excited
the fluorescence at 260 nm, following tradition. So,
they recorded a very low signal and had to, in their
own words, “collect it by scanning the specimen sev-
eral times and utilizing the techniques of digital signal
accumulation and right-angle fluorescence detection
from finite absorbing solution”. The nature of this red
shift is a disputable question for the moment. Pro-
cesses that may explain this type of a shift include
the existence of two or more tautomeric structures
for the first absorption band, some of which are fluo-
rescent with different lifetimes, and some are not; the
variable efficiency of radiationless deactivation pro-
cesses as a function of the excitation energy, and the
emission from an n-7* or w-7* state hidden in the
red edge of the absorption band. The set of short life-
times 711, 72, and 73 may correspond to different tau-
tomers [6]. At the same time, we have considered the
presence of specific 10-times-longer lifetime compo-
nent (74 = 40.4 x 1072 sec) in the high-concentration
specimen intensity decay. Apparently, this red shift
is the reason for why the high-temperature fluores-
cence of an ATP aqueous solution was considered in-
significant for many years and was not experimentally
recorded.

The room-temperature fluorescence of a high-
concentration solution differs from that of a low-
concentration one; it has another shape of spectrum
and the maximum position shifts at 3500 cm™!. Fi-
gure 16 shows a photo of the luminescent solution
in a spectrophotometric cuvette; it has a bright
violet-blue color, while the fluorescence of the low-
concentration sample is completely in the ultraviolet
region.

In our opinion, all these facts can be explained
by the presence of certain dimer-like complexes in
the high-concentration specimen, which are able to
form an excimer state. This statement corresponds
to authors’ conclusion in [5]. According to calcula-
tions [7], two adenine m-electron systems in a dimer
are most likely to have a sandwich orientation with
an extremely short distance of about 2 A, and the
monomers are possibly linked by hydrogen bonds re-
sponsible for the DNA formation or even by weak
van der Waals forces. Obviously, for the formation of
dimeric ATP complexes, a close relative arrangement
of molecules is required, that appears at a high con-
centration of the solution. Such objects, once formed,
remain in the solution even upon a further concentra-
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Fig. 16. Photo of the cuvette taken through the open top
of the cuvette. Fluorescence of an aqueous solution of ATP,
the radiation source is in the photo from below, ¢ = 20 °C,
C =2x10"2 M, Aex = 280 nm

tion decrease, as observed experimentally. If the con-
centration of such complexes is low, they no longer
manifest themselves in the absorption spectra.

5. Conclusions

We can state that the high-temperature fluorescence
of an ATP water solution is a proven experimental
fact. At a low concentration of the solution, the op-
tical centers are ATP monomers, and the quantum
yield of fluorescence is quite low, with a maximum at
340 nm. The energy of the excited state is estimated
at 4.3 eV; the decay time is in a region of 4-15 ns. At
a high concentration of the solution, the optical cen-
ters are excimers formed in dimer-like complexes. The
quantum yield of excimer fluorescence is supposedly
higher, but this suggestion will be considered addi-
tionally. The maximum excimer fluorescence occurs
at 390 nm. The non-structural shape of the emission
spectrum, the characteristic lifetime of the excita-
tion (40 ns), the characteristic temperature behav-
ior of the emission spectrum (a decrease in the fluo-
rescence intensity under the heating; hysteresis), and
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the

specific red-shift of the emission maximum (about

3500 cm~!) are the main signs of the excimer forma-
tion in a high-concentrated ATP water solution. The
difference between the first electronic excited levels of

the

monomer and excimer states is, according to our

estimates, about 0.3 eV.
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BUCOKOTEMIIEPATYPHA ®JIFOOPECHEHIIIA
BICOKOKOHIIEHTPOBAHOI'O BOJHOI'O

PO3YNHY ATO

B crarri HaBeeHO pe3ysibTaTU €KCIIEPUMEHTAJIBLHOIO OCJIi-

JPKEHHsI JIIOMIHECIIEHIIIT BOJHOTO PO3YUHY aJieHo3uHTpudocda-

Ty (AT®) 3a KiMHaTHOI Temueparypu. BusBiena BECOKOTEM-

neparypHa JioMineciennis (diroopecieniiisi) BUCOKOKOHIIEH-
TpoBaHoro pozunHy AT®. Bona mae dyHKIio 30y1KeHHsT B
Y®-o6nacri, Bigminny Bif criekrpa nornmaanasgs AT®. Busue-

HO TEMIIEPATYPHY MOBEIIHKY Ii€l JIoMiHeCIeHIIiT, 3po6JIeHO BU-

CHOBOK IIPO Te, IO IEHTPAMU JIIOMiHECHEHIIil, Ha HAII IIOIVIs/I,
e ATd-exkcumepu, sIKi yTBOPIOIOTHCS TIPU BUCOKIH KOHIIEHTPA-
milt ATO.

Koot caosa: BUCOKOTEMITEpATYPHA (DIIFOOPECIECHITIS, aIeHO-

sunTpudoOcdar, BOAHUNE PO3YUH, EKCUMED.
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