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Abstract

The absorption and fluorescence spectral properties of 4-amino-6-oxopyrimidine (1), which has a simple streptopolymethine merocyanine
skeleton, clearly showed that the molecule 1 formed the aggregate 1,, and showed an exciton band, appearing at an absorption of 350 nm due to
the red-shifted HOMO-LUMO transition. Upon light irradiation of the exciton band, a fluorescence band at 398 nm (@ =0.10) was observed,
and its decay lifetimes were determined. Based on these spectral features, the aggregated 1, was found to be formed by J-type aggregation. The
molecular orientation 1 in the crystal was revealed as being both parallel —m stacking and hydrogen bonding chains.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Highly organized dye aggregates with particular optical
and photophysical properties have important consequences in
nature, such as photosynthetic light-harvesting systems [1-3],
basic materials [4—6], and in optical materials [7-9]. In partic-
ular, an exciton interaction among dye aggregates caused by
electronic coupling among the constituent molecules plays an
important role in their photophysical properties, and is cur-
rently the focus of wide attention, given the connection of
their electronic properties to nanoscale structured systems [10].
The well-known merocyanines are this class of dyes having an
exciton interaction in solution and crystalline states [11], in
mesoporous films [12], in the aggregated dimer [13,14], and
in the supramolecular aggregates [15]. On the other hand, for
a simple streptopolymethine merocyanine, there seem to be no
experimental efforts aiming at a general understanding of the
excitonic nature of its aggregates.

A simple streptopolymethine merocyanine is composed of
electron donating nitrogen and electron accepting oxygen,
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linked by a conjugated odd number of methine carbons. In terms
of resonance theory, their m-electronic structure lies between
those of the neutral and charge-separated forms (Scheme 1a).
Due to the asymmetrical contribution of the two forms, merocya-
nines are peculiar in their optical and photophysical properties,
such as pronounced solvatochromism [16,17], photo-isomerism
[18], and large hyperpolarizabilities [19,20]. Although theoret-
ical studies of a streptopolymethine merocyanine predict that
exciton interaction is present among its aggregates [21], very
little experimental evidence has been reported so far.

Motivated by the attractive potential of the simple strep-
topolymethine merocyanine [22—-24], we initiated optical studies
of the excitonic properties of self-associated 4-amino-6-
oxopyrimidine (1) as a basic constituent molecule (Scheme 1b)
for the following reasons. First, the simple streptopolymethine
merocyanine moiety is included in the molecular structure of
1. The fixed w-like merocyanine skeleton in molecule 1 would
eliminate the chemical instability and the thermal isomerism
[25] as observed in the streptopolymethine merocyanine. Sec-
ond, since molecule 1 has several hydrogen bonding sites,
self-association of 1 forms an ordered aggregated structure.

In this paper, we report the aggregated 1,, has an exciton inter-
action by forming a J-type aggregate. Molecule 1 in concentrated
solution was found to emit fluorescence upon excitation of the
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Scheme 1. (a) Neutral and charge-separated forms of streptopolymethine mero-
cyanine. (b) Molecular structure of 4-amino-6-oxopyrimidine (1).

exciton band, as well as in the crystalline state. The optical prop-
erties related to the molecular orientations of the aggregate 1,
are reported.

2. Experimental
2.1. Materials and reagents

4-Amino-6-oxopyrimidine (1) was prepared according to the
literature [22—24]. The purity of the compound 1 was checked
by means of HPLC, and estimated as 99.9% or higher. Ethanol
(fluorometry grade) was purchased from Kanto Chemical, and
distilled from CaHj prior to each measurement. Anthracene
was purchased from Wako Pure Chemical Industries Ltd., as
a standard grade, and was used without further purification.

2.2. Measurements

The UV absorption spectra of 1 were recorded on a Jasco
V-550 double-beam spectrometer. Fluorescence spectra of 1 in
solution and solid states were recorded on a Jasco F-750 and
F-4500, respectively. The fluorescence quantum yields were
determined by using anthracene (@ =0.3) as the standard [26].
The emission lifetime was determined by the single-photon
counting method with an FL-900 CDT spectrophotometer (Edin-
burgh Analytical Instruments, UK).

2.3. Crystal structure of 1

2.3.1. X-ray diffraction data collections and structure
determination

Single crystals of 1 suitable for X-ray diffraction studies
were obtained by recrystallization from ethanol. The X-ray
data were collected on a Rigaku RAXIS-RAPID Imaging Plate
diffractometer with graphite monochromated Mo Ka radiation
(A=0.71069 A). The structure determination was performed
using the direct method technique with SIR 97 and a full-matrix
least squares refinement based on F2. All-non-hydrogen atoms
were refined anisotropically, while the hydrogen atoms were
identified from the difference Fourier map and isotropically
refined (CCDC 631240).

2.3.2. Crystal data

C4H50N3, M=111.10, monoclinic, P2i/n (no. 14), a=
4.7647(3) A, b=11.457(1) A, ¢=8.7032(7) A, B=96.756(4)°,
U=471.80(6)A3, Z=4, T=113K, D.=1.564gcm ™3, i (Mo
Ka)=1.19cm™!, 205 =55.0°, 4030 reflections were col-
lected, of which 1073 were unique, 93 parameters, GOF = 1.50,

R1=0.035 (I>2(0)]), wRy = 0.097 (I>2(0)I), residual elec-
tron density: 0.34 and —0.25 eA 3,

3. Results and discussion

The UV absorption spectra of 1 at various concentrations
in ethanol are shown in Fig. 1. In a dilute solution of 1, the
absorption maximum appeared at 256 nm with a shoulder around
273 nm. The absorption spectrum tails off at 343 nm. These
spectral features did not change in the concentration range of
0.19-6.5 x 10~* M. However, by increasing the concentration
of 1 above 1.3 x 1073 M, the absorption spectra significantly
changed. The optical density of the absorption maximum at
256 nm decreased by 2.5% with increasing concentration. In
addition, a new absorption band at 360 nm appears with increas-
ing concentration. These absorption spectra changes apparently
originated from the self-association of 1. We have observed
aggregated species in the ethanolic solution of 1, such as
dimer ([2M + Na]* =245.04), trimer ([3M +Na]* =356.07), and
tetramer ([4M + Na]* =467.10) by ESI-mass spectrum (Fig. 1S).
As generally known for molecules such as polynucleotide DNA,
the dipole—dipole interactions between chromophoric bases in
the preferred molecular orientations lead to a hypochromic shift
as a function of the distance and the direction of the transition
moments [27]. Therefore, the former hypochromic shift can be
attributed to the presence of a parallel arrangement of transition
dipole in the aggregate 1,,. Since molecule 1 has electron donat-
ing nitrogen and accepting oxygen, the electrostatic interactions
in the aggregated 1, would also affect other transitions. To con-
sider the corresponding new absorption band, we carried out
theoretical calculations, and measured the absorption spectra in
various solvents.

State energies of the excited states of the monomer 1 were
calculated by the INDO/S CI method with the use of the
B3LYP/6-31+G(d,p) optimized ground state structure. The the-
oretical calculations show that the electronic structure of the
lowest-lying singlet excited state (3.96eV) is of an essentially
forbidden !(n*), and that of the next excited state (4.34¢eV)
is of a strongly allowed ! (wm*) having a HOMO-LUMO tran-
sition (Table 1S and Fig. 2S). These results provide evidence
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Fig. 1. Absorption spectra of 1 at different concentrations in ethanol: (a)
0.16 mM (optical path length; 10 mm), (b) 3.2 mM (optical path length; 0.5 mm),
(c) 0.48 mM, (d) 0.65 mM, (e) 1.3 mM, (f) 1.9mM, (g) 2.9 mM, (h) 4.8 mM, (i)
6.5mM, (j) 9.6 mM, and (k) 13.0 mM (optical path length; 50 mm).
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Scheme 2. Exciton splitting of the electronic excited states for a molecular
dimer. Coplanar transition dipoles inclined to an interconnected axis by an angle
0 <54.7° (left), in line transition dipoles (middle), and oblique transition dipoles
(right). The double head arrows represent the polarization axis for the molecular
electronic transition considered.

that the absorption maximum is located at 276 nm, correspond-
ing to the HOMO-LUMO transition in the dioxane solution
of 1. This band appeared at 272nm in acetonitrile solution
(Fig. 3S and Table 2S). Upon changing the solvent compo-
sition from dioxane to water, the band responsible for the
HOMO-LUMO transition shifted toward shorter wavelengths
with an increase of the absorption intensity (Fig. 4S). The
observed spectral features of 1 account for a negative solva-
tochromism [28]. Namely, by increasing the solvent polarity,
the band for the HOMO-LUMO transition was accompanied
by a shift to shorter wavelength. The solvatochromic proper-
ties of 1 are consistent with theoretical predictions that the
dipole moment of the ground state (Sp: 4.8 D) is more polar
than that of the excited state (Sp: 2.1 D) (Table 1S). Therefore,
the HOMO-LUMO transition for molecule 1 is found to be
sensitive to the surrounding polarity, namely, electrostatic inter-
actions. With the aggregated 1,,, the corresponding new band is
considered to be due to a red-shifted HOMO-LUMO transition.

We have observed that the absorption band in the shorter
wavelengths undergoes hypochromic shift, and that a new
absorption band appears in high concentrations of 1. These
observations could be explained by the molecular exciton model
[29]. A schematic energy diagram limited to the red-shifted
dimer cases is illustrated in Scheme 2. According to exciton the-
ory [29], the dipole—dipole interactions in the dimers predicts a
splitting of the excited states. The energy levels of exciton bands
of the dimer depend on the geometry of the monomer unit in the
aggregate. Coplanar-displacement dimers with interconnected
axes by an angle of 6 <54.7° (left), linear head-to-tail dimers
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Fig. 2. Excitation and fluorescence spectra of 1 at various concentrations in
ethanol: (a) 3.1 mM, (b) 6.2 mM, (c) 9.9 mM, (d) 12.3 mM, and (e) 15.4 mM. The
excitation and monitored wavelengths were 350 nm and 400 nm, respectively.

(middle), and oblique head-to-tails dimers (right), all of them
called J-type dimers or J-aggregates [4,6,30], show a red-shift
transition. They are also characterized by emission bands.

In the diluted ethanol solution of 1, fluorescence could not be
detected. Despite the fact that the temperature was maintained
at 77 K, the monomeric 1 did not show any indication of fluores-
cence. The characteristic excitation and fluorescence spectra of
the aggregate 1,, were obtained as shown in Fig. 2. Upon exci-
tation of the absorption band for the aggregated 1,, at 350 nm,
the fluorescence band was located around 398 nm. The fluores-
cence band grew with increasing concentration in the range of
3.1-20 x 1073 M. The excitation spectra monitored at 400 nm
appeared as arather broad band around 351 nm with a shoulder at
356 nm. The relationship between the excitation and the fluores-
cence spectra is not a clear mirror-image. Additionally, it should
be noted that the excitation spectra of the aggregated 1,, signif-
icantly differs from the absorption spectra of the monomeric 1,
but corresponded to the absorption band for the aggregated 1,,.
The fluorescence originated from the lowered absorption band
among dye aggregates, coinciding with the typical characteris-
tics for a J-aggregate [4,30]. Therefore, the observed absorption
band in the aggregated 1, is attributed to exciton bands of the
J-type aggregate.

To obtain additional insights about the fluorescence from
the aggregated 1,, we measured the fluorescence spectra as
a function of the excitation wavelength at several concen-
trations. The obtained results are summarized in Table 1

Table 1

The selected excitation and fluorescence spectral data of 1 at several concentrations in ethanol as a function of the fluorescence wavelength and the excitation
wavelength?®

Excitation 33x1073M 20x1072M Fluorescence 33x1073M 2.0x 1072M

wavelength (nm) ApL (im)  Avp® em™)  ApL (nm)  Avplb (em™) wavelength (nm) Aex (mm)  Avgx” (em™!)  Apx (nm)  Avgx? (em™!)
340 398 3181 397 3289 395 354 4064 350 3542

345 399 3090 397 3238 400 356 3998 351 3550

350 399 3047 398 3181 420 ¢ < 351 3565

2 Full details of data see: Fig. 5S and Table 3S.
b FWHM: the full-width at half maximum of the peak.
¢ Not determined.
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(Fig. 5S and Table 3S). It was found that the fluorescence and
the excitation spectra depend on the wavelength of the irradiat-
ing light. By changing the excitation wavelength from 340 nm
to 350 nm, the peak maximum of the fluorescence band slightly
shifted to longer wavelengths with decreasing peak width. These
spectral features were similar to those of the fluorescence bands
for both low and high concentrations. On the other hand, when
we fixed the light monitored at 400 nm, the peak maximum of
the excitation spectra appeared at around 356 nm for a concen-
tration of 3.3 mM ethanol in 1. For the higher concentration, the
peak maximum of the excitation was located at 351 nm.

The present results on the differences of the excitation bands
between low and high concentrations indicate two possibilities.
First, the aggregated 1, formed solely a J-type aggregate with
several vibronic structure at the given concentration. Next, the
presence of several J-type aggregates among the self-assembled
1 is considered. To decide which of the two explanations is
more plausible, we measured the fluorescence lifetime in the
aggregated 1,,.

The fluorescence intensity linearly increased with increas-
ing concentration. On the other hand, the fluorescence quantum
yield lies nearly at 0.10 in the range of 0.1 to 2 x 1072M
(Fig. 6S). The fluorescence decay profiles in the concentrated
ethanol solution of 1 are shown in Fig. 3. The fluorescence
was found to decay with two components. The fluorescence
decay lifetimes and its amplitude are summarized in Table 2.
In 1.5 x 1072 M ethanolic solution of 1, a short component
has a decay lifetime of 2.1 ns (27%), and the following com-
ponent has 4.8 ns (73%). With increasing the concentration to
2.0 x 1072 M, the fluorescence decay lifetime and the ampli-
tude of a short component were 2.9 ns and 50%, respectively.
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Fig. 3. Decay profiles for fluorescence of the aggregated 1,, ((a) 1.5 x 1072 M
and (b) 2.0 x 1072 M) in degassed ethanol monitored at 415 nm upon excitation
of 345 nm light.

Table 2
Fluorescence decay lifetime (r) and amplitude (A) of fluorescence from the
aggregated 1,

Concentration (x1072M) 7, (ns) Ay (%) 12 (ns)  As (%) ¥
1.5 2.1 27 4.8 73 1.04
2.0 29 50 5.8 50 1.28

The decay lifetime of the longer component was 5.8 ns, while
decreasing its amplitude by 50%.

In contrast to a single component for other well-known J-
aggregated systems [31,32], the present aggregated 1, exhibited
two fluorescence decay components. However, our observations
seem to be similar to the dye, which exhibited two or three
different kinds of excitionic interactions by changing the content
of dye adsorbed on solid thin films [33]. The excitation spectra
with a vibronic shoulder are believed to be the exciton band
resulting from the coexistence of a different kind of aggregate
in a rigid environmental matrix [33]. Our observation of the
two components of fluorescence decay is in accord with the two
kinds of excitation bands (Table 1). This is also in agreement
with the observation that the concentration dependence of the
absorption spectra has no isosbetic point (Fig. 1).

Since the absorption and fluorescence spectral properties of
the J-type aggregate depend on the geometry of the monomer
unit in the aggregate, we performed an X-ray structural analy-
sis on 1. Upon recrystallization from ethanol, suitable crystals
for X-ray diffraction studies were obtained, and the results are
shown in Fig. 4. The interatomic distances of N2—-C1 and N3-C3
are 1.392 and 1.380 A, respectively, indicating that these inter-
atomic bonds consist largely of o bonding. Therefore, molecule
1 has a simple merocyanine skeleton. In the crystal packing,
m—r stacking of molecule 1 aligned in parallel was observed
by an inter-planar distance of 3.2 A (Fig. 4b). Additionally,
molecule 1 paired with itself by N2-HI---O1 (2.763 A) self-

(a)

H2

(c)
N1 : 01 N1 z i o1
o1 N1 o1 ; I N1

Fig. 4. (a) The ORTEP drawing of 1 together with the number scheme. The
ellipsoids are drawn at the 50% probability. Selected inter-atomic distances
(A): C1-01, 1.262(1); C1-C2, 1.396(1); C2-C3, 1.390(1); N1-C3, 1.339(1);
N2-C1,1.392(1); N3—C3, 1.380(1). Perspective view of (b) m—r stacking and (c)
an infinite one-dimensional molecular arrangement by N2-H1- - -O1 (2.763 A)
and N1-H2- - -N3 (3.005 A) hydrogen bonds.
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complementary hydrogen bonding to form a centrosymmetric
dimer. The dimer was further connected with other dimer pairs
by the N1-H2- - -N3 (3.005 A) hydrogen bonding, resulting in a
1D chain (Fig. 4c¢). It still remains to be determined whether the
polarization axis of the band for the HOMO-LUMO transition
led to an exciton coupling among the aggregated 1,,; however, it
was found to be hardly assigned with the polarization direction
by utilizing polarization spectrum. Nevertheless, the crystals
of 1 obtained from ethanol were also found to show charac-
teristic spectra (Fig. 7S). A diffuse reflection spectrum of 1
showed that the absorption tails off near 390 nm. Upon excitation
with 340 nm light, the emission maximum appeared at a longer
wavelength of 413 nm, which is shifted by 15nm (912cm™1)
as compared with that of the concentrated ethanol solution.
By monitoring at 465 nm, the excitation maximum appears at
380nm with a shoulder around 390 nm. These results clearly
indicate that the J-type aggregates among the self-assembled 1
are present in the crystalline states.

4. Conclusions

The aggregated molecule 1 having the simple merocyanine
skeleton showed an exciton coupling by formation of the J-
type aggregate. Based on the optical studies and semi-empirical
INDOY/S CI calculations, the exciton band was formed by the red
shift from the strongly allowed wm* (HOMO-LUMO) state. The
exciton state is also characterized by fluorescence emerging at
longer wavelengths. The present J-type aggregate behavior of
1 is in sharp contrast to that of merocyanine derivatives, hav-
ing a tendency to form the H-aggregate due to formation of
the anti-parallel stacked dimer [11,14,15]. For molecule 1, the
aggregated structure was formed by parallel m—m stacking and
hydrogen bonded chain arrangement with head-to-tail or oblique
geometries in the crystalline state.
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