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Proof of principle of a purine D—A-D’ ligand
based ratiometric chemical sensor harnessing
complexation induced intermolecular PETT

Justina Jovaisaite,
Maris Turks,
Gediminas Jonusauskas

*@ Dace Cirule,” Andris Jeminejs, Irina Novosjolova,”
© Paulius Baronas,

a

9 Regimantas Komskis,® Sigitas Tumkevicius,

*< and Saulius Jursenas®

A comprehensive photophysical study of a series of purines, doubly decorated at C2 and C6 positions

with identical fragments ranging from electron acceptor to donor groups of different strengths, is presented.

The asymmetry of substitutions creates a unique molecular D—A-D’ structure possessing two independent

electronic charge transfer (CT) systems attributed to each fragment and exhibiting dual-band fluorescence.

Moreover, the inherent property of coordination of metal ions by purines was enriched due to a presence of

nearby triazoles used as spacers for donor or acceptor fragments. New molecules present a bidentate

coordination mode, which makes the assembly of several ligands with one metal cation possible. This

property was exploited to create a new concept of a ratiometric chemical fluorescence sensor involving the

photoinduced electron transfer between branches of different ligands as a mechanism of fluorescence

modulation.

Introduction

Organic m-conjugated systems with electron accepting cores
coupled with electron donating functional groups are generally
known as push-pull materials that have been of high interest
for years due to their charge transfer (CT) character, tuneable
optical properties and HOMO-LUMO gap, and non-linear opti-
cal response.’ The donor-acceptor-donor’ (D-A-D') type of
push-pull compounds stands out with their uniqueness as
two different electron donating parts are combined, allowing
both to maintain the symmetry of molecules or to realize
asymmetric structures. A wide variety of possible D-A-D’
chemical structures and configurations provides an opportu-
nity to tune energy levels and molecular geometries that further
assist in the development of organic solution based as well as
soft and semiconducting materials. The latter strategy has
already found its application in the development of organic
solar cells,>™ as well as third generation organic light emitting
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diodes (OLEDs).*® Furthermore, the D-A-D’ structure based
intramolecular chemical sensors have been reported for multi-
modal detection of metal cations® or acids."

The electron donating parts such as anisole and dimethyl-
aniline are considered to be general for push-pull systems" and
may be selected based on their strength. Purines, on the other
hand, are known to be ambipolar;'* however, using them as
electron accepting units may provide several advantages.

Purines as nitrogen heterocycles are starting materials
widely available in the natural product pool and are readily
accessible for chemical modifications that can alter their
photophysical properties dramatically. The electron donating
functional groups may be coupled at the C2, C6 or C8 positions
of the purine core. Some of the desired optical properties of the
purine push-pull derivatives have been achieved due to
the progress in synthetic methods and their integrity.'>'* For
instance, the azole-type substituents at the C2 and (or) at the
C6 position of the purine core enabled reaching fluorescence
quantum yields (QYs) of around 60%'* (in the case of
7-deazapurines, similarly substituted compounds exhibit more
than 70% of QYs'*'®) while by complementing typical donor
groups at C2 and C6 of the purine by a substituent at C8,
fluorescence quantum yields of near unity were easily
achieved.'” In addition to high fluorescence quantum yields,
more advantages of push-pull purine systems can be realized
and successfully applied. The purine derivatives have already
been demonstrated as emitters in OLEDs,"®2° as pH*' sensors
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or even as imaging tools for cell compartments® and their
environment.** Additionally, the purine derivatives are natural-
like molecules that can be more easily recognized by cells.**

During the last decade a few examples of purines bearing
traditional complexing structures like crown ethers,>® pincer
forming substituents®® and salicyl-imine side chains®> have
been reported and applied as metal ion sensors. Alternatively,
derivatives containing an external C8-complexing arm which
works in tandem with the purine N7 have been developed.***”
To the best of our knowledge, there are only a few recent
examples of the purine-based metal ion sensors that make
use of both Cé-substitent and the purine N7.>%7°

Herein, we present the design, synthesis and photophysical
properties of four 2,6-bis-(1,2,3-triazol-1-yl)purine derivatives
(see Synthesis and product characterization in the ESIf).*!
Our design extends the use of the metal ion complexation
mode between a ligand attached to C6 and the N7 intrinsic
for the purine ring. Moreover, with the 2,6-bis-substituted
systems we demonstrate the utility of complex forming ligands
at the purine C2 position for the first time. The investigated
compounds bear an electron accepting methyl carboxylate (com-
pound 1) or an electron donating phenyl ring (2),**** and
4-methoxyphenyl (3) or 4-N,N-dimethylaminophenyl (4) functional
groups at the C4 position of each triazole ring (Fig. 1).

The combination of two chemically identical electron donat-
ing branches at the purine C2 and C6 positions (compounds 2,
3 and 4), allowed the creation of unique donor-acceptor-donor’
(D-A-D’) systems with two distinct electron transitions from
each of the electron donating branches. The latter molecular
design results in dual fluorescence in polar aprotic solvents
that is altered by the strength of the electron donating proper-
ties of the substituents. The close proximity of D-A-D’ mole-
cules upon complexation with metal ions enables the
intermolecular interbranch photoinduced electron transfer
(PET) with subsequent complete quenching of a blue side band
of dual fluorescence. This allows demonstrating a new concept
of a ratiometric fluorescence sensor.

Results and discussion
Independent CT states of D-A-D’ purines

The photophysical characterization of each compound was per-
formed in aprotic solvents of different polarities (ethyl acetate (EA),

Fig. 1 Chemical structure of bis-triazolyl-purine nucleoside derivatives
with electron accepting (1) and electron donating (2, 3, 4) substituents.

dimethoxyethane (DME) and acetonitrile (ACN)) and summar-
ized in Table 1 The representative
absorption and fluorescence spectra in ACN are given in
Fig. 2a and b.

The absorption spectra in ACN of all studied derivatives have
two intense UV-blue bands, which in the case of 1 have their
maxima at around 250 nm and 300 nm, typical of other purine
analogues, substituted at C2 and C6 or at C8 positions.***
Once the conjugation is expanded by the addition of electron
donating functional groups, the lowest absorption band gradu-
ally red shifts (from 298 nm (1) to 364 nm (4)).

As revealed by TD-DFT modelling

, the lowest energy transitions (for com-
pounds 2, 3 and 4) are of the charge transfer (CT) nature related
to both electron donating substituents and bis-triazolyl-purine
as an electron acceptor. The schematic view of HOMO—1,
HOMO, LUMO, LUMO+1 energies for each compound are given
in the Fig. 2a inset . The analysis of molecular
orbitals shows that HOMO—1 and HOMO correspond to sub-
stituents coupled at the purine C2 and C6 positions, respec-
tively, and are energetically separated by ca. 130 meV. Intense
higher-energy absorption bands (for compounds 2, 3 and 4
peaking from 244 nm to 290 nm) consist of several transitions,
including strong locally excited (LE) states in each of electron
donating branches, the purine core itself and higher energy CT
transitions.

More pronounced changes are observed in the fluorescence
spectra (Fig. 2b). Compound 1 has the blue LE fluorescence
peaking at 358 nm, which, as expected, does not depend on the
polarity of the surrounding media . However, in
accordance with the CT nature of the lowest absorption states
of 2, 3 and 4, the emission spectra in ACN are broadened and
strongly bathochromically shifted (from 358 nm (1) to 653 nm (4)),

Table1 Steady-state spectroscopic data for compounds 1-4 obtained in
ethyl acetate (EA), dimethoxyethane (DME) and acetonitrile (ACN)

Compound Solvent /%, nm &, M 'em ™' g, nm  QY?
1 EA 297 357 0.10
DME 298 357 0.07
ACN 251, 298 26103, 15766 358 0.18
2 EA 306 386 0.01
DME 306 408 0.02
ACN 244, 306 47681, 22568 435 0.03
3 EA 323 441 0.18
DME 256, 323 386, 443°  0.20
ACN 257, 321 43396, 14819 393, 490°  0.17
4 EA 288, 363 436, 585°  0.05
DME 289, 363 452, 603°  0.02
ACN 290, 364 31929, 6264 513, 653° 0.001

“ Absorption maxima. ® Molar extinction coefficients at wavelengths of
absorption maxima. ¢ Fluorescence maxima, obtained by excitation of
compounds 1 and 2 at 300 nm, 3 at 320 nm and 4 at 360 nm.
4 Quantum yields were determined by the comparative method relative
to 9,10-diphenyl anthracene in cyclohexane. ¢ Dual fluorescence peak
wavelengths were obtained by fitting emission spectra with the Gaus-
sian peak function
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Fig. 2 (a) Absorption spectra normalized to maxima of red side absorp-
tion bands of compounds 1 to 4 in ACN. The inset is a representative
scheme of HOMO, HOMO-1, LUMO and LUMO+1 energies, obtained
using the BMK functional at the 6-31g(d,p) basis set level in a vacuum. (b)
Normalized fluorescence spectra of 1 to 4 in ACN (107> M). The repre-
sented fluorescence spectrum of 4 is a two Gaussian peak function fit of
the experimental spectrum

along with positive solvatochromism in other solvents

also observed in similarly modified 2,4-bis(triazolyl)
pyrrolo[2,3-d]pyrimidines.”® The most impressive emission fea-
ture is present in compounds 3 and 4, as the incorporation of
strong electron donors results in dual fluorescence. In the case of
3, two CT emission bands are observed in DME and ACN, while
for 4, dual CT emission was recorded in all of the three tested
solvents along with more explicit spectral separation between
fluorescence bands. It is evident that the dual character of
fluorescence is enhanced with increased electron donating ability
of substituents as well as increased polarity (dielectric constant) of
solvents.

Time-resolved fluorescence experiments in ACN show that
both emitting states have their characteristic fluorescence
decay transients and should be fitted separately (see Fig. 3 for
3 and 4

). For instance, the blue side emission of com-
pound 3 has a lifetime of 2.41 ns, while the red side - 4.4 ns.

Fig. 3 Time-resolved fluorescence maps of compounds 3 (a) and 4 (b) in
ACN (107> M).

More unusual behaviour is observed for compound 4 as the
emission lifetime at the blue side of spectra (6 ns) is longer
than the red one (2.71 ns). The latter behaviour (of compound 4
fluorescence decay) suggests that both CT states might be
independent of each other.

Many examples of organic molecules exhibiting dual fluores-
cence can be found in the literature. Most commonly, for
donor-acceptor systems two fluorescence bands are attributed
to emission from the LE states, which occurs in the (near)
Franck-Condon region, while the low-energy emission is
mostly referred to the CT state, accompanied by excited-state
structural relaxation and charge re-distribution.*® The CT states
can also be classified into several other states like the twisted
internal charge transfer (TICT)*”° and planar internal charge
transfer (PICT)*® states that depend on the molecular configu-
ration. However, to all in common, CT states are usually
inaccessible by direct excitation, and thus can only be formed
from the LE state and therefore exhibit fluorescence at longer
wavelengths with longer fluorescence lifetimes.>® Usually,
fluorescence from the LE state does not depend on solvent
polarity, while, on the contrary, because of molecule being
more polar in the CT state, strongly red-shifted or broaden
CT emission spectra are often observed.?” In the present case,
both the emitting states of 3 and 4 are solvent dependent, with
the red side emitting species being more polar. Additionally,
“pure” LE-like spectra of compound 1 are in the deep blue
region, peaking at 357-358 nm. As the observed blue side
fluorescence for 3 and 4 is already shifted to longer wavelengths
by at least 30 nm, the origin of the dual emission of studied
compounds is from two CT states.

Several unusual cases of the dual emission from two CT
states have already been shown; however, each case is specific.
For example, for the D-A-D’ systems (which can be successfully
applied for the third generation organic light emitting diodes)
two CT states of one molecule have been attributed to both
intramolecular CT and intermolecular CT, caused by exciplex
emission,® or to different conformers of the D-A-D’ system.’
Additionally, it was shown that two transitions are possible
from D and D’ fragments.*® Furthermore, it was discovered that
two independent CT emitting states can exist in one molecular
system and can be attributed to D-A and A-D’ moieties and are
controlled by conformations and stabilized by the polarity of
the surroundings.®
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Fig. 4 Excitation spectra of 3 (a) and 4 (b) recorded in ACN (107> M) at
different wavelengths — 400 nm and 477 nm for 3; 400 nm and 600 nm for 4.

To further prove the independent origin of the observed CT
emission bands in the current work, excitation spectra were
recorded for 3 and 4 (Fig. 4). States responsible for the blue and
red side emissions have different excitation spectra. The red
emission is related to the lowest absorption CT states
(>325 nm (3), >360 nm (4)), while the blue emission corre-
sponds to higher excited states (ca. 310 nm (3) and ca. 330 nm
(4)). Thus the origin of the dual CT emission may be assigned to
an interplay of charge transfer between one of the electron
donating branches and bis-triazolyl-purine as an acceptor in
separate molecules, which is a unique feature of asymmetric
D-A-D’ systems.”"®

According to electron density distribution in HOMO —
LUMO and HOMO—1 — LUMO (Fig. 5a

), we attribute the
blue emission to transition within the C2 branch (for further
simplification, we name it a “blue” branch), while the red side
band of emission is caused by charge transfer in the C6 branch
(a “red” branch). See Fig. 5b for the representative fluorescence
spectra for both transitions.

Fluorescence ratiometric chemical sensor

In the current work, the uncommon molecular feature of the
dual independent emission of the D-A-D’ asymmetric com-
pound was exploited for the creation of a ratiometric chemical
sensor, since the change of the intensity ratio between two
fluorescence peaks in the presence of analytes is an operating
principle of a self-calibrating sensor.*’** Here we combine the
selective bonding and the dual nature of the fluorescence to
create a fluorescence sensor based on a purine D-A-D’ system.
We further selected compound 3 as the best candidate for
cation sensor due to its highest fluorescence QYs (around 20%)
along with a sufficient spectral separation between fluores-
cence bands in ACN.

Steady-state absorption and fluorescence titration experi-
ments were performed using alkali (Na* and K"), alkaline earth
(Ca®") and transition (Fe**, Cu", Zn*") metal ions .
The steady-state absorption spectra upon titration with cations
remained almost unchanged. However, the main changes upon
complexation with metal ions are observed in the fluorescence
spectra, where the blue side emission is completely quenched
(Fig. 6a ). The dependence of the
fluorescence intensity at 400 nm on the equivalents of Zn**
and Ca*" upon titration is shown in Fig. 6a inset

Fig. 5 (a) Spatial distribution of HOMO - LUMO and HOMO-1 - LUMO
molecular orbitals of compound 3, obtained using a BMK functional with a
6-31g(d,p) basis set in a vacuum. (b) The contribution of emission caused
by distinct charge transfer to the fluorescence spectra of 3 in ACN. The
dashed line represents the experimental spectrum. The filled blue and red
emission spectra were obtained by spectral deconvolution, performed
with the two Gaussian peak function.

, which implies another appealing fact
that complexation at room temperature occurs between one
metal ion and three to five purine molecules. The interaction of
3 with metal ions leads to only negligible changes of the “red”
branch emission at 500 nm, most probably due to the specific
site of coordination of each metal ions. It is worth noting that 3
was not sensitive to alkali metal ions (Na" and K*).

The NMR titration experiments of compound 3, performed
using Ca(ClO,),-4H,0 and Zn(ClO,),-6H,0 in CD;CN at 50 °C
, prove the complexation with the equivalence
point reached at the purine : M>* ratio of 3: 1. Interestingly, changes
of the chemical shift (AS) during titration with Ca** and Zn*" salts
showed different patterns. With calcium perchlorate the largest Ad
values were observed for H-C5’ of both triazoles, whereas with zinc
perchlorate the purine H-C8 and one of the triazoles H-C5' under-
went the largest shift. This indicates that Ca** is coordinated
between both triazoles, while Zn** complexes between the triazole
at C6 and N7 of the purine (Fig. 6b and c). The coordination and its
pattern with Zn** ions was additionally proved by the NMR titration
experiments with a model compound, bearing a sole triazole
substituent at C6

. The latter molecule revealed an identical

complexation pattern (chemical shift change) as compound 3
. In fact, compounds 2 and 4 also form the same
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Fig. 6 (a) The fluorescence titration experiment of compound 3 (107> M)
upon addition of Zn?* metal ions from 0 to 0.5 equivalents in ACN; inset —
the dependence of the fluorescence intensity at 400 nm on the equiva-
lents of Ca®* and Zn?* metal ions. (b) The suggested complexation mode
of compound 3 to Ca®* and Zn?* salts based on NMR titration results,
where Ar = 4-methoxyphenyl; R = 3'5'-di-O-acetyl-2'-deoxy-B-p-
ribofuranosyl, and (c) the illustration of the purine — Zn?* (3:1) octahedral
complex. (d) The sensing mechanism of PET upon complexation with
metal ions and excitation of the “blue” branch. The scheme represents PET
occurring between two distinct molecules.

complexes with metal ions, confirming the generality of using
bis-triazolyl purines as chemosensors

So far, it is evident that the complexation of 3 with metal ions
causes an assembly (“aggregation”) of several ligand molecules,
along with complete quenching of the “blue” branch emission. In
addition, metal ions do not induce changes of fluorescence life-
times upon complexation . Therefore, three sen-
sing mechanisms, related to intermolecular distances, should be
considered - Forster resonance energy transfer (FRET), Dexter
exchange energy transfer (EET) and PET. These processes should
happen on a sub-picosecond time scale, similar to that reported
for covalently bounded compounds.** Even if the essentials for
FRET and EET are realized in our system (a close proximity
between energy donor and acceptor and spectral overlap between
acceptor absorption and donor emission®>*®), these mechanisms
were ruled out as no increase of the red fluorescence band intensity
together with no changes of emission lifetimes were observed.

Thus, we suggest that upon interaction with cations, mole-
cules pack closely with each other and in the case of the “blue”
branch being excited, the intermolecular interbranch PET takes
place. Importantly, estimated energies of HOMO and HOMO—1
are favorable for the latter process. This is an exceptional
property of the D-A-D¢ based system, determined by chemically
identical, though assymetrically linked donor moeities. Fig. 6d
summarizes the following suggested mechanism: the electron
is transferred from the HOMO level of the unexcited molecule

(“red” branch) to the HOMO—1 of the excited one (‘“blue”
branch), thus the blue side emission is quenched.

To get a deeper insight into the mechanism of PET, we
employed the transient absorption spectroscopy experiments.
Two representative metal ions of Ca>* and Zn>* (0.5 equivalents
of each) and compound 3 diluted in ACN were used in experi-
ments, performed by excitation at 320 nm (both branches were
excited) and 350 nm (only the “red” branch was excited). The
results are presented in Fig. 7 .

To all samples in common, there are two main regions of the
excited state absorption (ESA) that will be further referred to as
region I (with spectral components named as a at 395 nm, b at
425 and ¢ at 465 nm) and region II (ca. 600 nm). Starting from a
few tens of picoseconds, the transient absorption spectra are
the same for all samples and are similar to cation-radical
absorption of anisole, peaking at 430 nm,*” while the red side
ESA at around 590 nm is analogous to the purine anion-radical
absorption spectra.*®

Once the samples are excited (at 320 nm or at 350 nm), the
initial spectral feature at 465 nm (band c) evolves with an
excitation pulse and may be attributed to the excited ligand
of 3 or to the excited complexes of 3 with Ca®>" or Zn>" in the
ground state geometry. The relaxation of component ¢

in a few hundred femtoseconds corresponds to the
structural relaxation of the excited samples together with the
rearrangement of surrounding solvent molecules. The transient
absorption experiments on the compound 3 embedded in the
PMMA matrix (frozen ground state geometry) show no spectral
shifts of the band ¢ even up to 10 ps delay

If the samples are excited at 320 nm (both “blue” and “red”
branches), two distinct peaks at ca. 395 nm (band a) and
ca. 425 nm (band b) and the region II grow with the same time

Fig. 7 Transient absorption maps of compound 3 with 0.5 equivalent of
Zn?* cations in ACN, obtained by excitation of the sample at (a) 320 nm
and (b) 350 nm. The respective excited state absorption transients, fitted at
(c) 395 nm and (d) at 425 nm. A slight overlap with band c is observed in
kinetics (d), which produces a short and weak component at the beginning
of decay.
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constant of a few hundred femtoseconds corresponding to
the lifetime of the band c. In the case of excitation at 350 nm
(only the “red” branch), the band a is not present (Fig. 7b

During the relaxation of the band ¢, the formation of the
radical pair with intermolecular electron transfer from the
“red” chromophore ground state to the excited “blue” chro-
mophore ground state occurs. The observed 12 ps decay of ESA,
located at ca. 395 nm (band a) and 630-650 nm (region II),
corresponds to the radical recombination time constant
(Fig. 7a. ). It is worth noting that no
signal increase with the time constant of 12 ps was observed in
the entire experimental spectral range, indicating that neither
FRET nor EET occurs in the present system.

Thus, the easily accessible modification of the purine ring
allowed creation of a unique molecular structure with two
chemically identical, though, asymmetrical electron donating
branches linked through a triazole, which assists in the coor-
dination with metal ions. This allowed us to realize the favor-
able conditions for the efficient PET - the energy difference
between HOMO and HOMO-1 of each branche is small
enough; in addition, the coordination with cations ensures
the close proximity between those ‘non-communicating”
branches. The further modification of triazoles as spacers
and coordinating elements opens endless opportunities to
selectively sense the desired analytes. On the other hand, the
alteration of the electron donating moieties would provide
possibilities for boosting sensitivity and combining the appro-
priate optical properties. The study in alcohols and water
revealed a somewhat different behaviour of ligand 3 upon
complexation; the upcoming article will be devoted to compre-
hensive investigations of photophysics and sensing mechanism
of compounds 1-4 in protic environments.

Conclusions

In conclusion, we demonstrate the possibility of constructing a
ratiometric fluorescence cation sensor based on the asymme-
trically functionalized purine with electron donating groups.
The observed dual-band fluorescence is produced by two non-
communicating electronic transitions within the same ligand.
PET occurs between D and D’ fragments of neighbouring
ligands assembled upon complexation with metal ions and is
responsible for the quenching of the blue fluorescence band.
We believe that the reported strategy can be general for a wealth
of D-A-D’ compounds across a wide spectral window and
specific selectivity for chemical species, which can be further
altered by the modification of spacers used for the coordination
or electron donating substituents.
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