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bstract

The absorption and fluorescence spectral properties of 4-amino-6-oxopyrimidine (1), which has a simple streptopolymethine merocyanine
keleton, clearly showed that the molecule 1 formed the aggregate 1n, and showed an exciton band, appearing at an absorption of 350 nm due to

he red-shifted HOMO–LUMO transition. Upon light irradiation of the exciton band, a fluorescence band at 398 nm (ΦFL = 0.10) was observed,
nd its decay lifetimes were determined. Based on these spectral features, the aggregated 1n was found to be formed by J-type aggregation. The
olecular orientation 1 in the crystal was revealed as being both parallel �–� stacking and hydrogen bonding chains.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Highly organized dye aggregates with particular optical
nd photophysical properties have important consequences in
ature, such as photosynthetic light-harvesting systems [1–3],
asic materials [4–6], and in optical materials [7–9]. In partic-
lar, an exciton interaction among dye aggregates caused by
lectronic coupling among the constituent molecules plays an
mportant role in their photophysical properties, and is cur-
ently the focus of wide attention, given the connection of
heir electronic properties to nanoscale structured systems [10].
he well-known merocyanines are this class of dyes having an
xciton interaction in solution and crystalline states [11], in
esoporous films [12], in the aggregated dimer [13,14], and

n the supramolecular aggregates [15]. On the other hand, for
simple streptopolymethine merocyanine, there seem to be no

xperimental efforts aiming at a general understanding of the

xcitonic nature of its aggregates.

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

Motivated by the attractive potential of the simple strep-
opolymethine merocyanine [22–24], we initiated optical studies
f the excitonic properties of self-associated 4-amino-6-
xopyrimidine (1) as a basic constituent molecule (Scheme 1b)
or the following reasons. First, the simple streptopolymethine
erocyanine moiety is included in the molecular structure of

. The fixed w-like merocyanine skeleton in molecule 1 would
liminate the chemical instability and the thermal isomerism
25] as observed in the streptopolymethine merocyanine. Sec-
nd, since molecule 1 has several hydrogen bonding sites,

elf-association of 1 forms an ordered aggregated structure.

In this paper, we report the aggregated 1n has an exciton inter-
ction by forming a J-type aggregate. Molecule 1 in concentrated
olution was found to emit fluorescence upon excitation of the

mailto:g2k@ms.ifoc.kyushu-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2007.07.019
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lowest-lying singlet excited state (3.96 eV) is of an essentially
forbidden 1(n�*), and that of the next excited state (4.34 eV)
is of a strongly allowed 1(��*) having a HOMO-LUMO tran-
sition (Table 1S and Fig. 2S). These results provide evidence
cheme 1. (a) Neutral and charge-separated forms of streptopolymethine mero-
yanine. (b) Molecular structure of 4-amino-6-oxopyrimidine (1).

xciton band, as well as in the crystalline state. The optical prop-
rties related to the molecular orientations of the aggregate 1n

re reported.

. Experimental

.1. Materials and reagents

4-Amino-6-oxopyrimidine (1) was prepared according to the
iterature [22–24]. The purity of the compound 1 was checked
y means of HPLC, and estimated as 99.9% or higher. Ethanol
fluorometry grade) was purchased from Kanto Chemical, and
istilled from CaH2 prior to each measurement. Anthracene
as purchased from Wako Pure Chemical Industries Ltd., as
standard grade, and was used without further purification.

.2. Measurements

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

.3. Crystal structure of 1

.3.1. X-ray diffraction data collections and structure
etermination

Single crystals of 1 suitable for X-ray diffraction studies
ere obtained by recrystallization from ethanol. The X-ray
ata were collected on a Rigaku RAXIS-RAPID Imaging Plate
iffractometer with graphite monochromated Mo K� radiation
λ = 0.71069 Å). The structure determination was performed
sing the direct method technique with SIR 97 and a full-matrix
east squares refinement based on F2. All-non-hydrogen atoms
ere refined anisotropically, while the hydrogen atoms were

dentified from the difference Fourier map and isotropically
efined (CCDC 631240).

.3.2. Crystal data
C4H5ON3, M = 111.10, monoclinic, P21/n (no. 14), a =
.7647(3) Å, b = 11.457(1) Å, c = 8.7032(7) Å, β = 96.756(4)◦,
= 471.80(6) Å3, Z = 4, T = 113 K, Dc = 1.564 g cm−3, μ (Mo
�) = 1.19 cm−1, 2θmax = 55.0◦, 4030 reflections were col-

ected, of which 1073 were unique, 93 parameters, GOF = 1.50,

F
0
(
6
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1 = 0.035 (I > 2(σ)I), wR2 = 0.097 (I > 2(σ)I), residual elec-
ron density: 0.34 and −0.25 eÅ−3.

. Results and discussion

The UV absorption spectra of 1 at various concentrations
n ethanol are shown in Fig. 1. In a dilute solution of 1, the
bsorption maximum appeared at 256 nm with a shoulder around
73 nm. The absorption spectrum tails off at 343 nm. These
pectral features did not change in the concentration range of
.19–6.5 × 10−4 M. However, by increasing the concentration
f 1 above 1.3 × 10−3 M, the absorption spectra significantly
hanged. The optical density of the absorption maximum at
56 nm decreased by 2.5% with increasing concentration. In
ddition, a new absorption band at 360 nm appears with increas-
ng concentration. These absorption spectra changes apparently
riginated from the self-association of 1. We have observed
ggregated species in the ethanolic solution of 1, such as
imer ([2M + Na]+ = 245.04), trimer ([3M + Na]+ = 356.07), and
etramer ([4M + Na]+ = 467.10) by ESI-mass spectrum (Fig. 1S).
s generally known for molecules such as polynucleotide DNA,

he dipole–dipole interactions between chromophoric bases in
he preferred molecular orientations lead to a hypochromic shift
s a function of the distance and the direction of the transition
oments [27]. Therefore, the former hypochromic shift can be

ttributed to the presence of a parallel arrangement of transition
ipole in the aggregate 1n. Since molecule 1 has electron donat-
ng nitrogen and accepting oxygen, the electrostatic interactions
n the aggregated 1n would also affect other transitions. To con-
ider the corresponding new absorption band, we carried out
heoretical calculations, and measured the absorption spectra in
arious solvents.

State energies of the excited states of the monomer 1 were
alculated by the INDO/S CI method with the use of the
3LYP/6-31+G(d,p) optimized ground state structure. The the-
retical calculations show that the electronic structure of the
ig. 1. Absorption spectra of 1 at different concentrations in ethanol: (a)
.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) 1.9 mM, (g) 2.9 mM, (h) 4.8 mM, (i)
.5 mM, (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
θ ◦
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< 54.7 (left), in line transition dipoles (middle), and oblique transition dipoles
right). The double head arrows represent the polarization axis for the molecular
lectronic transition considered.

hat the absorption maximum is located at 276 nm, correspond-
ng to the HOMO–LUMO transition in the dioxane solution
f 1. This band appeared at 272 nm in acetonitrile solution
Fig. 3S and Table 2S). Upon changing the solvent compo-
ition from dioxane to water, the band responsible for the
OMO–LUMO transition shifted toward shorter wavelengths
ith an increase of the absorption intensity (Fig. 4S). The
bserved spectral features of 1 account for a negative solva-
ochromism [28]. Namely, by increasing the solvent polarity,
he band for the HOMO–LUMO transition was accompanied
y a shift to shorter wavelength. The solvatochromic proper-
ies of 1 are consistent with theoretical predictions that the
ipole moment of the ground state (S0: 4.8 D) is more polar
han that of the excited state (S2: 2.1 D) (Table 1S). Therefore,
he HOMO–LUMO transition for molecule 1 is found to be
ensitive to the surrounding polarity, namely, electrostatic inter-
ctions. With the aggregated 1n, the corresponding new band is
onsidered to be due to a red-shifted HOMO–LUMO transition.

We have observed that the absorption band in the shorter
avelengths undergoes hypochromic shift, and that a new

bsorption band appears in high concentrations of 1. These
bservations could be explained by the molecular exciton model
29]. A schematic energy diagram limited to the red-shifted
imer cases is illustrated in Scheme 2. According to exciton the-
ry [29], the dipole–dipole interactions in the dimers predicts a

plitting of the excited states. The energy levels of exciton bands
f the dimer depend on the geometry of the monomer unit in the
ggregate. Coplanar-displacement dimers with interconnected
xes by an angle of θ < 54.7◦ (left), linear head-to-tail dimers

t
a
t

able 1
he selected excitation and fluorescence spectral data of 1 at several concentration
avelengtha

xcitation
avelength (nm)

3.3 × 10−3 M 2.0 × 10−2 M Fl
wa

λFL (nm) �υFL
b (cm−1) λFL (nm) �υFL

b (cm−1)

40 398 3181 397 3289 39
45 399 3090 397 3238 40
50 399 3047 398 3181 42

a Full details of data see: Fig. 5S and Table 3S.
b FWHM: the full-width at half maximum of the peak.
c Not determined.
ig. 2. Excitation and fluorescence spectra of 1 at various concentrations in
thanol: (a) 3.1 mM, (b) 6.2 mM, (c) 9.9 mM, (d) 12.3 mM, and (e) 15.4 mM. The
xcitation and monitored wavelengths were 350 nm and 400 nm, respectively.

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

In the diluted ethanol solution of 1, fluorescence could not be
etected. Despite the fact that the temperature was maintained
t 77 K, the monomeric 1 did not show any indication of fluores-
ence. The characteristic excitation and fluorescence spectra of
he aggregate 1n were obtained as shown in Fig. 2. Upon exci-
ation of the absorption band for the aggregated 1n at 350 nm,
he fluorescence band was located around 398 nm. The fluores-
ence band grew with increasing concentration in the range of
.1–20 × 10−3 M. The excitation spectra monitored at 400 nm
ppeared as a rather broad band around 351 nm with a shoulder at
56 nm. The relationship between the excitation and the fluores-
ence spectra is not a clear mirror-image. Additionally, it should
e noted that the excitation spectra of the aggregated 1n signif-
cantly differs from the absorption spectra of the monomeric 1,
ut corresponded to the absorption band for the aggregated 1n.
he fluorescence originated from the lowered absorption band
mong dye aggregates, coinciding with the typical characteris-
ics for a J-aggregate [4,30]. Therefore, the observed absorption
and in the aggregated 1n is attributed to exciton bands of the
-type aggregate.
To obtain additional insights about the fluorescence from
he aggregated 1n, we measured the fluorescence spectra as

function of the excitation wavelength at several concen-
rations. The obtained results are summarized in Table 1

s in ethanol as a function of the fluorescence wavelength and the excitation

uorescence
velength (nm)

3.3 × 10−3 M 2.0 × 10−2 M

λEX (nm) �υEX
b (cm−1) λEX (nm) �υEX

b (cm−1)

5 354 4064 350 3542
0 356 3998 351 3550
0 –c –c 351 3565
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Table 2
Fluorescence decay lifetime (τ) and amplitude (A) of fluorescence from the
aggregated 1n

Concentration (×10−2 M) τ1 (ns) A1 (%) τ2 (ns) A2 (%) χ2

1
2

T
d

a
t
s
d
o
w
r
i
t
k
w
a

t
u
s

K. Goto et al. / Journal of Photochemistry a

Fig. 5S and Table 3S). It was found that the fluorescence and
he excitation spectra depend on the wavelength of the irradiat-
ng light. By changing the excitation wavelength from 340 nm
o 350 nm, the peak maximum of the fluorescence band slightly
hifted to longer wavelengths with decreasing peak width. These
pectral features were similar to those of the fluorescence bands
or both low and high concentrations. On the other hand, when
e fixed the light monitored at 400 nm, the peak maximum of

he excitation spectra appeared at around 356 nm for a concen-
ration of 3.3 mM ethanol in 1. For the higher concentration, the
eak maximum of the excitation was located at 351 nm.

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

ggregated 1n.
The fluorescence intensity linearly increased with increas-

ng concentration. On the other hand, the fluorescence quantum
ield lies nearly at 0.10 in the range of 0.1 to 2 × 10−2 M
Fig. 6S). The fluorescence decay profiles in the concentrated
thanol solution of 1 are shown in Fig. 3. The fluorescence
as found to decay with two components. The fluorescence
ecay lifetimes and its amplitude are summarized in Table 2.
n 1.5 × 10−2 M ethanolic solution of 1, a short component

as a decay lifetime of 2.1 ns (27%), and the following com-
onent has 4.8 ns (73%). With increasing the concentration to
.0 × 10−2 M, the fluorescence decay lifetime and the ampli-
ude of a short component were 2.9 ns and 50%, respectively.

ig. 3. Decay profiles for fluorescence of the aggregated 1n ((a) 1.5 × 10−2 M
nd (b) 2.0 × 10−2 M) in degassed ethanol monitored at 415 nm upon excitation
f 345 nm light.

f
s
a
a
1
�
b
m

F
e
(
N
a
a

.5 2.1 27 4.8 73 1.04

.0 2.9 50 5.8 50 1.28

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

In contrast to a single component for other well-known J-
ggregated systems [31,32], the present aggregated 1n exhibited
wo fluorescence decay components. However, our observations
eem to be similar to the dye, which exhibited two or three
ifferent kinds of excitionic interactions by changing the content
f dye adsorbed on solid thin films [33]. The excitation spectra
ith a vibronic shoulder are believed to be the exciton band

esulting from the coexistence of a different kind of aggregate
n a rigid environmental matrix [33]. Our observation of the
wo components of fluorescence decay is in accord with the two
inds of excitation bands (Table 1). This is also in agreement
ith the observation that the concentration dependence of the

bsorption spectra has no isosbetic point (Fig. 1).
Since the absorption and fluorescence spectral properties of

he J-type aggregate depend on the geometry of the monomer
nit in the aggregate, we performed an X-ray structural analy-
is on 1. Upon recrystallization from ethanol, suitable crystals
or X-ray diffraction studies were obtained, and the results are
hown in Fig. 4. The interatomic distances of N2–C1 and N3–C3
re 1.392 and 1.380 Å, respectively, indicating that these inter-
tomic bonds consist largely of σ bonding. Therefore, molecule
has a simple merocyanine skeleton. In the crystal packing,

–� stacking of molecule 1 aligned in parallel was observed
y an inter-planar distance of 3.2 Å (Fig. 4b). Additionally,
olecule 1 paired with itself by N2–H1· · ·O1 (2.763 Å) self-

ig. 4. (a) The ORTEP drawing of 1 together with the number scheme. The
llipsoids are drawn at the 50% probability. Selected inter-atomic distances
Å): C1–O1, 1.262(1); C1–C2, 1.396(1); C2–C3, 1.390(1); N1–C3, 1.339(1);
2–C1, 1.392(1); N3–C3, 1.380(1). Perspective view of (b) �–� stacking and (c)

n infinite one-dimensional molecular arrangement by N2–H1· · ·O1 (2.763 Å)
nd N1–H2· · ·N3 (3.005 Å) hydrogen bonds.
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omplementary hydrogen bonding to form a centrosymmetric
imer. The dimer was further connected with other dimer pairs
y the N1–H2· · ·N3 (3.005 Å) hydrogen bonding, resulting in a
D chain (Fig. 4c). It still remains to be determined whether the
olarization axis of the band for the HOMO–LUMO transition
ed to an exciton coupling among the aggregated 1n; however, it
as found to be hardly assigned with the polarization direction
y utilizing polarization spectrum. Nevertheless, the crystals
f 1 obtained from ethanol were also found to show charac-
eristic spectra (Fig. 7S). A diffuse reflection spectrum of 1
howed that the absorption tails off near 390 nm. Upon excitation
ith 340 nm light, the emission maximum appeared at a longer
avelength of 413 nm, which is shifted by 15 nm (912 cm−1)

s compared with that of the concentrated ethanol solution.
y monitoring at 465 nm, the excitation maximum appears at
80 nm with a shoulder around 390 nm. These results clearly
ndicate that the J-type aggregates among the self-assembled 1
re present in the crystalline states.

. Conclusions

The aggregated molecule 1 having the simple merocyanine
keleton showed an exciton coupling by formation of the J-
ype aggregate. Based on the optical studies and semi-empirical
NDO/S CI calculations, the exciton band was formed by the red
hift from the strongly allowed ��* (HOMO–LUMO) state. The
xciton state is also characterized by fluorescence emerging at
onger wavelengths. The present J-type aggregate behavior of

is in sharp contrast to that of merocyanine derivatives, hav-
ng a tendency to form the H-aggregate due to formation of
he anti-parallel stacked dimer [11,14,15]. For molecule 1, the
ggregated structure was formed by parallel �–� stacking and
ydrogen bonded chain arrangement with head-to-tail or oblique
eometries in the crystalline state.
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11] F. Nüesch, M. Grätzel, Chem. Phys. 193 (1995) 1–17.
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