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Aggregation-induced emission of 5-(benzylidene)pyrimidine-2,4,6-triones

5-(Benzylidene)pyrimidine-2,4,6-triones with different substituents on the phenyl rings: 5-(4’-dimethyl-
aminobenzylidene) barbituric acid and 5-(4’-methoxybenzylidene) barbituric acid were synthesized, and their
spectral-luminescent properties were investigated. A decreasing fluorescence efficiency in the solid-state is
general and is mainly attributed to the intermolecular vibronic interactions, which induce the nonradiative de-
activation process. Whereas the isolated dye molecules are virtually non-luminescent in dilute solutions, they
become highly emissive upon solution thickening or aggregation in poor solvents or in the solid-state, show
an increase of luminescence intensity, the phenomenon of the aggregation-induced emission (AIE phenome-
non). The development of efficient luminescent materials is a topic of great current interest. The emission
color is changed from red (maximum at 630 nm) to green (maximum at 540 nm) by varying the substituent on
the phenyl ring from dimethylamino to the methoxy group. Theoretical calculation shows that the dye mole-
cules' aggregation-induced emission characteristics result from intermolecular interactions. Utilizing such fea-
tures, the molecules can be employed as fluorescent probes for the detection of the ethanol content in aqueous
solutions.

Keywords: aggregation-induced emission, barbituric acid, fluorescent probes, fluorescence peak intensities,
luminophore, dye molecules, substituent phenyl ring, solid state, intramolecular rotations.

Introduction

Whereas light emissions of luminophores are normally investigated in the solution state, they are practi-
cally used as materials commonly in the solid-state [1]. The formation of aggregates with an ordered or ran-
dom structure in the solid-state is facilitated by the close proximity of molecules that experience strong m-n
stacking interactions. The nonradiative decay of the excited state of molecules is often caused by aggrega-
tion-caused quenching (ACQ) of light radiation in the condensed phase.

Various chemical, physical, and engineering approaches and processes have been developed to elimi-
nate the effect of ACQ, but attempts have met with only limited success [2].

It would be good if a system can be developed in which light emission is enhanced, rather than
guenched, by aggregation because no additional effect will need to be placed to artificially interrupt the very
natural process of luminophore aggregation.

Recently, Tang and co-workers found that the fluorescence of some molecules was weak in dilute solu-
tions but became strong when they were in aggregate states [2—4]. The restriction of intramolecular rotation
is responsible for such effects. This effect is called Aggregation-Induced Emission (AIE). Utilizing the AIE
characteristics, many authors explored potential applications of the AIE luminogens as chemical sensors [5],
biological probes [6, 7], smart nanomaterials [8-10], and solid-state emitters [11-15].

We are interested in expanding the AIE system to cover the whole visible spectral region. In this work,
we designed and synthesized two derivatives of barbituric acid (Figure 1) and reported their AIE effect.
Firstly, the AIE in derivatives of barbituric acid was reported by Barashkov, Bolotin, and Tang in 2004 [16].
Later, these derivatives became the subjects of the number of publications [17, 18]. By changing the substit-
uent on the phenyl group, the conjugation and hence the emission color of the luminophore can be varied.
The molecules can be employed as fluorescent probes and can detect the ethanol contents in ethanol-water
mixtures [19-23].
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Figure 1. Molecular structures of the pyrimidine-2,4,6-triones derivatives 1 and 2

Experimental

Materials and Instrumentation. Tetrahydrofuran (THF; Labscan), methanol (RDH), N, N-dimethyl-
formamide (DMF, Labscan), and other solvents were used as received without further purification. Barbitu-
ric acid (pyrimidine-2,4-6-trione), 4-dimethylaminobenzaldehyde, 4-methoxybenzaldehyde were purchased
from Aldrich and used without further treatment.

UV absorption spectra were measured on a Milton Roy Spectronic 3000 Array spectrophotometer. Pho-
toluminescence (PL) spectra were recorded on Perkin Elmer LS 55 Fluorescence spectrometer or Hitachi
Fluorescence Spectrophotometer F-2000. Particle size measurements were performed on a Beckman Coulter
Delsa 440SX Zeta potential analyzer. Scanning electron microscope (SEM) image was taken on a JEOL
JSM-7500F electron microscope.

Synthesis. Dye 1 and 2, namely 5-[(4-dimethylamino)benzylidene]pyrimidine-2,4,6-trione and 5-[(4-
methoxy)benzylidene]pyrimidine-2,4,6-trione, were prepared by coupling reaction of barbituric acid with
4-dimethylaminobenzaldehyde and 4-methoxybenzaldehyde in an ethanol solution of sodium hydroxide
(Scheme 1). A typical procedure for the synthesis of 1 is given below.

8.96 g (0.07 mol) barbituric acid, 120 mL ethanol, 11.92 g (0.08 mol) 4-dimethylaminobenzaldehyde
and 1.2 mL 10 % aqueous solution of sodium hydroxide were added into a 250 mL round-bottom flask. After
stirring for 4 h at 80-85 °C, the solution was filtered. The residue was washed with hot water and then etha-
nol, and dried in vacuum. Dye 1 was obtained as red powder with a yield of 88 %. 'H NMR (400 MHz,
DMSO-dg), 0 (ppm): 3.12 (s, 6H), 6.80 (d, 2H), 8.15 (s, 1H), 8.42 (d, 2H), 10.92 (s, 1H), 11.03 (s, 1H).
13C NMR (100 MHz, DMSO-dg), 6 (ppm): 39.71, 109.53, 111.20, 119.98, 139.05, 150.31, 154.18, 155.48,
162.70, 164.70. Dye 2 was prepared similarly from 8.96 g (0.07 mol) of barbituric acid and 10.88 g
(0.08 mol) of 4-methoxybenzaldehyde and isolated as yellow-green powder with a yield of 86 %. *H NMR
(400 MHz, DMSO-dg), ¢ (ppm): 3.86 (s, 3H), 7.15 (d, 2H), 8.43 (d, 2H), 8.24 (s, 1H), 11.04 (s, 1H), 11.17 (s,
1H). ¥C NMR (100 MHz, DMSO-dg), 6 (ppm): 55.70, 113.95, 115.54, 125.16, 137.48, 150.20, 154.98,
162.17, 163.46, 163.92.

Results and Discussion

Synthesis and Absorption. To enrich the family of AlE-active molecules, we obtained two pyrimidine-
2,4,6-triones (1 and 2) with different substituents on the phenyl rings according to Figure 1. While the dye-
containing dimethylamino group appears red, that with methoxy substituent is greenish-yellow.
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Figure 1. Synthesis of dye 1 and 2

Figure 2 shows the absorption spectra of 1 and 2 in different solvents. In chloroform, 1 absorbs at
468 nm. The spectrum shifts to shorter wavelengths when the solvent is changed to ethyl acetate and THF. In
methanol, the absorption maximum (/) is located at a wavelength similar to that in chloroform. To correlate
the position of the 14 with the solvent, we performed additional measurements and checked the orientation
polarizabilities (Af) of the solvents. The results are summarized in Table 1. In solvents with “lower” and
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“higher” polarities, such as chloroform and methanol, 1 shows redder absorption. Since 1 has a high dipole
moment, it can be better solvated in highly polar solvents. The good solvation of the molecule enables better
planarity and hence shifts the Aa, to the longer wavelengths. On the contrary, the solvating ability of chloro-
form is comparatively less, but it disturbs little the hydrogen bonding between molecules of 1. Thus, the Aa is
found in the redder region. A similar change in the absorption behavior with the solvent polarity is also ob-
served in 2. The Aa is located at much shorter wavelengths because the electron-donating ability of the meth-
oxy group of 2 is weaker than the dimethylamino moiety in 1, which has thus lowered its conjugation.
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Figure 2. UV spectra of (A) 1 and (B) 2 in different solvents. Concentration: 25 pM.

Table 1

Absorption of 1 and 2 in Nonhalogenated and Chlorinated Solvents with Different Polarities?

Aap (NM)
Solvent Af 1 >
Ethyl acetate 0.199 450 367
THF 0.210 452 368
DMF 0.275 460 370
Acetonitrile 0.305 461 372
Methanol 0.308 465 375
Chloroform 0.148 468 388
Note: 2 In solutions with a dye concentration of 25 pM.

Abbreviation: As = absorption maximum, Af = orientation polarizability = [(e — 1)/(2¢ + 1)]/[(n? - 1)
(2n% + 1)] (¢ and n are the dielectric constant and refractive index of the solvent) [16, 17].

Light Emission. We then investigated the photoluminescence (PL) of 1 in different organic solvents. In
chloroform, 1 exhibits a weak emission at 535 and 630 nm, which can hardly be observed (Figure 3). In
more polar solvents, such as THF and methanol, the PL spectrum varies little but displays only broadband at
507 and 539 nm, respectively. The small influence of solvent polarity on the luminescence of 1 suggests that
its dipole is too small and leads to a normal n-n” instead of an intramolecular charge transfer singlet-excited
state observed in highly polarized molecules.

The peak at 630 nm in chloroform is due to the aggregate emission of 1 because it is intensified when
the solution is concentrated (Figure 2B). The absence of such emission in THF and methanol suggests that 1
is still molecularly dissolved in the solutions. A much higher dye concentration is required for aggregate
formation in these solvents.
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Figure 3. Photoluminescence spectra of 1 in different solvents.
Concentration (uM): (A) 5 and (B) 10. Excitation wavelength: 350 nm

To have a more detailed investigation, we prepared solutions of 1 in THF with different concentrations
and measured the PL change (Figure 4). When the solution concentration becomes higher, the broad peak
centered at ~500 nm is intensified and progressively shifts to the longer wavelengths. At a concentration of
250 uM, the PL is located at 628 nm, which is 100 nm red-shift from that at 100 uM. The peak intensity is
10-fold higher, revealing that the emission of 1 is enhanced instead of quenched by aggregate formation. In
other words, 1 displays a phenomenon of aggregation-induced emission (AIE). Dye 2 is also AlE-active. In
chloroform, it emits at 552 nm, which intensifies when the solution concentration is increased (Figure 5).
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Figure 4. Photoluminescence spectra of THF solutions of 1 with different concentrations.
Excitation wavelength: 350 nm

All the above data indicate that 1 and 2 emit weakly in the dilute solutions but become strong emitters
upon aggregation in concentrated solutions [24, 25]. If so, they should also emit intensely in the solid state,
since the molecules are in close vicinity in the condensed phase. As expected, powders 1 and 2 give strong
red and green lights upon photoexcitation, whose emission maxima are located at the same wavelengths as in
concentrated solutions (Figure 6).
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Figure 5. Photoluminescence spectra of chloroform Figure 6. Emission spectra of solid powders of 1 and 2.

solutions of 2 with different concentrations. Excitation wavelength (nm): 452 (1), 368 (2)
Excitation wavelength: 330 nm

Figure 7 shows the visual observations of THF solutions and solid powders of 1 and 2 under UV irradi-
ation. Whereas the THF solutions of 1 and 2 are transparent, strong red and green emissions are observed in
their solid powders.

A B Cc D

Figure 7. Photographs of (A and C) dilute THF solutions and (B and D) solid powders
of 1 (left) and 2 (right) taken under UV light

To determine 1 and 2 are AlE-active, we added water into their THF solutions and studied their PL.
Since water does not dissolve 1 and 2, the dye molecules should be aggregated in THF/water mixtures with
high water fractions. Figure 8A depicts the PL spectra of 1lin THF/water mixtures with different water con-
tents. The emission of the solution is enhanced in water and reaches its maximum intensity at 60 % water
content (Figure 8B). However, a further increase in the amount of water led to a decrease in the PL intensity,
probably due to the change in the packing order of the aggregates from a crystalline to an amorphous state.
In the mixture with “lower” water content, the molecules of 1 can slowly assemble in an ordered manner to
form more emissive crystalline clusters. In contrast, the dye molecules can abruptly agglomerate in the mix-
ture with a very high water fraction to form less emissive amorphous powders.
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Figure 8. (A) Photoluminescence spectra of 1 in THF/water mixtures with different water contents.
(B) Plot of fluorescence peak intensities versus water contents in THF/water mixtures.
Concentration: 2.5x1073 M; excitation wavelength: 350 nm

The PL of 2 in THF also becomes stronger when water is added. The peak intensity remains almost un-
changed in the presence of up to 70 % water in the solvent mixture, but after that, it starts to increase rapidly
(Figure 9). At 90 % water content, the intensity is more than 800 times higher than that of a pure THF solu-
tion. Similar to 1, the emission becomes weaker as more water is added.

water content
(vol %)
0
—70
—80
90
—95

Emission intensity (au)

54'10
Wavelength (nm)

T
400 470

T
610

680

Peak intensity (au)

600

450

300

150

04

A
— o— 0 0 00 00
T T T

0

20 40 60
Water content (vol %)

80 100

Figure 9. (A) PL spectra of 2 in THF/water mixtures with different water fractions. (B) Plot of fluorescence peak inten-
sities versus water contents in THF/water mixtures. Concentration: 5x10 M; excitation wavelength: 368 nm

As shown in Figures 8, 9, the emission intensity of solutions 1 and 2 rises with an increase in the con-
centration of the non-solvent, while the wavelength of the maximum of the luminescence remains un-
changed. This is the main difference between the AEE effect and the solvatochromism effect, in which the
luminescence wavelength changes with an increase in the concentration of the non-solvent [26, 27].

It should be noted that even at water content as high as 90 %, the THF/water mixtures 1 and 2 remain
visually transparent and macroscopically homogeneous. This suggests that the aggregates of molecules
should be nanosized. Indeed, we measured the aggregate sizes and found that the particles of 1 and 2 in
THF/water mixtures with 90 % water are in the range of 140-200 nm (Figure 10).
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Figure 10. Particle distributions of (A) 1 and (B) 2 in THF/water mixtures with 90 % water. Concentration: 10 M

Mechanism. For some molecules, such as siloles, the AIE feature is believed to be the result of intra-
molecular rotation restriction, which shuts down nonradiative relaxation processes and thus boosts their PL
emissions. To evaluate this possibility, we doped 1 and 2 into poly(methyl methacrylate) films (1 %), which
function as a kind of solid solvent to separate the dye molecules and impede molecular motions at the same
time. PL signals cannot be captured from the doped films. Thus, in contrast to their silole congeners, the AIE
feature of 1 and 2 should result from intermolecular interactions rather than the restriction of intramolecular
rotations.

We carried out quantum chemical calculations using the ZINDO method to further study the structures
and optical properties of the dye molecules. Figure 11 shows a sandwich model of an aggregate of 1 formed
by intermolecular hydrogen bonds and donor-acceptor interactions. The preferred distance between mole-
cules of 1 in the same plane is 2.6 A, indicating the existence of strong edge-to-edge interaction or J-
aggregation. The HOMO is mainly located on the dimethylamino group, while the LUMO is situated on the
pyrimidine-2,4,6-trione ring. The absorption band undergoes a bathochromic shift when more molecules are
clustered together. For instance, the aggregate formed by 10 molecules of 1 absorbs at 442 nm, close to its
experimental value.

Figure 11. Aggregate formation of molecules 1 via intermolecular hydrogen bonds
and D-A interactions in different planes (A, B, and C)
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Fluorescence probe. The AIE characteristic has encouraged us to use it as a fluorescent probe to detect
the ethanol content in water solution [16]. Since 1 is slightly soluble in ethanol, we prepared a solution of 1
in N-methylpyrrolidone and investigated the PL change by adding ethanol/water mixtures with varying etha-
nol content. The emission intensity increases when the mixture’s ethanol fraction is changed from 67 to 40 %
(Figure 12). This is understandable since the solvation of the solution becomes poorer progressively, which
encourages the aggregation of the molecules of 1. Through such measurements, a linear dependence of the
fluorescence intensity on the ethanol content was established (Figure 12B).
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Figure 12. (A) Change in photoluminescence of 1 in N-methylpyrrolidone solution upon addition of ethanol/water
mixtures with different ethanol contents. Concentration of 1: 0.13 %,; excitation wavelength: 405 nm.
The ratio between N-methylpyrrolidone and ethanol/water mixture was kept at 3:1 by weight in all measurements.
(B) Dependence of fluorescence intensity at 644 nm on the ethanol contents for ethanol/water mixtures

Conclusions

In this work, 5-(benzylidene)pyrimidine-2,4,6-triones with different substituents on the phenyl rings
were synthesized, and their optical properties were investigated. Whereas the isolated molecules of 1 and 2
are virtually non-luminescent in dilute solutions, they become highly emissive upon solution thickening or
aggregation in poor solvents or the solid-state, demonstrating the AIE phenomenon. The color of the AIE of
the dye molecules can be varied by changing the substituent on the phenyl ring. While 1 with a dimethyla-
mino group exhibits red emission, the molecule substituted with methoxy functionality (i.e., 2) emits green
light upon photoexcitation. Analysis by theoretical calculation reveals the strong dependence of the emission
of 1 and 2 on their molecular packing. The dye molecules can act as a fluorescent probe and determine the
ethanol content in an aqueous solution.
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C.C. Menauranuesa, JI.A. bupumxkanosa, 1.C. Uprubaesa, H.H. bapamkos, }0. Caxno

5-(BeH3nauaeH) MUPUMHUINH-2,4,6-TPHOHAAPBIHBIH
arperaTThIK-HHAYKIUAJIAHFAH IMHCCHSICHI

OeHMT CaKMHANAPBIHAA OPTYPIi aIMacTBIPFBIITApel 6ap S-(OeH3WTHICH)TUPHUMUINH-2,4,6-TpHOHIAPABIH
CIIEKTPIIIK-TFOMHHECIIEHTTIK KACHeTTepi CHHTE3ZENAI >KoHe 3eprTrenmi: S5-(4'-muMeTHiaMuHOOEH3HMITHICH)
0apOUTYp KBIIIKBUIBI KoHE 5-(4'-MeTokcHOeH3MiIeH) 6apOuTyp KbIIKBUIBL. KaTThl Kyiiaeri GiyopecieHius
THIMJIUTITIHIH TOMEHICYl ©Te JKaIbl CHNATKa W€ CHAKTHI PaJHallisUIBIK €MeC JIe3aKTHBAIUS MPOIECTepiH
TYIBIpaThIH MOJIEKYJIaapajblK TepOeric acepiecyiMeH TyciHmipineni. OKiiayiaHFaH OOSFBINI MOJIEKyJaaap
CYWBUITBUIFAH CPITIHIUICpAC iC KY3iHIEC JIIOMUHECICHIMIAHOAW B, OJap CPITIHII KOHIICHTPAIUSICHIHBIH
JKOFapblIaybIMEH HeMece Hallap epiTKinITepAae HemMece KaTThl Kyiiie arperaTrTalybIMeH KaTTHI Coylie
IIBIFApabl, JTIOMUHECLCHINS KapKbIHABUIBIFBIHBIH JKOFApbUIAYBIH, arperaTThIK-MHAYKIMSIIAHFAH SMUCCHS
KyOBbUIBICHIH KopceTeni (AUD kyObuibicel). THiMAl TFIOMHHECIIEHTTI MaTepUaIAap bl 93ipiaey ©3¢KTi TaKbIPbII
Gonbin TabblIaabl. DEHUNT CaKUHACBIHIAFbl OpbIHOAcAp NMMETHIAMHUHOJAH METOKCHUTONKA ©3repreH Kesze
CoyJIeNeHy Tycli KbI3buiIaH (MakcumMyM 630 HM) skacsutra (MakcuMyM 540 HM) esrepeni. TeopHsUIbIK ecentey
GOSFBILI MOJICKYJIATAP/BIH arperaTThIK—MHAYKIMIIAHFaH SMUCCHSCHIHBIH CHITATTaMallapbl MOJIEKYJIaapaJibIK
e3apa OpEKETTeCyNiH HOTIKeci eKkeHiH kepceremi. OChbl  KAaCHETTIH apKachlHIA MOJCKYJanapibl
(biyopeclieHTTI 30HATap peTiHAe KOJAaHyFa OoNamsl KOHE CYJbl CPITIHAUIEpAETi 3TaHON KypaMbIH
aHBIKTayFa 00JaIbL.

Kinm ce30ep: arperaTThIK—MHIYKIWSUIAHFAH 3MUCCUS, 0apOUTYp KBIIIKBUIB, (IIyOPECHCHTTI 30HATap,
(hTyopecueHIUSHBIH €H JKOFaphl KapKBIHABUIBIFBI, (Gocdop, OOSFRII MoJeKymanapbl, (HEHHI CaKHHACHIH
AIMACTBIPFBILI, KATTHI KYH, MOJIEKYJAIIIiIiK aifHaIbIMaap.

C.C. Menpguramuesa, [I.A. bupuvmxanosa, U.C. Uprubaesa, H.H. bapamkos, 10.E. Caxno

ArperanoHHO-UHIYUMPOBAHHAS IMUCCHSI
5-(DeH3MIUIeH)IMPUMUIUH-2,4,6-TPHOHOB

CHHTE3UpOBaHBl M HCCIIEIOBAHbl CHEKTPaIbHO-TIOMHUHECIICHTHBIE CBOWCTBA 5-(OCH3MIMICH )TMPHUMHUINH-
2,4,6-TpHOHOB C Pa3IWYHBIMH 3aMECTHTEISIMH B (DEHHJIBHBIX KOJbIAX: 5-(4'-IuMMeTHIaMHHOOCH3MITHICH)
GapburypoBast kuciora u 5-(4'-meroxcubensmnuaen) Gapouryposast kuciora. CHikenue 3((eKTHBHOCTH
(iryopeclieHIIMM B TBEPAOM COCTOSIHUM HOCHT JOBOJIBHO OOIIMH XapakTep M, B OCHOBHOM, OOBSICHSETCS
MEXMOJIEKYJISIPHBIMI KOJIE0ATETbHBIMH B3aUMOICHCTBUSIMH, KOTOPbIE MHAYIMPYIOT MPOILECcCH Oe3bI3Iyda-
TENBHON JIe3aKTUBAIMH. Torja Kak N30JIMPOBAHHEIE MOJIEKYJIB KPACUTEIS IPAKTHYECKH HE TIOMHHECIUPYIOT
B pa30aBJICHHBIX PacTBOPaX, OHM CTAHOBSTCS CHJIBHO M3JIyYalOIIMMH IIPU YBEJIMYECHHH KOHLCHTPAIMHU pac-
TBOpPA WJIM arperalyy B IIOXUX PACTBOPHUTENSX WJIM B TBEPAOM COCTOSIHUH, NPOSBIISIOT YBEIWYECHHE HHTCH-
CHBHOCTH JIOMHHECLICHIINH, SIBICHUE arperalioHHO-UHIYIIMPOBaHHOW sMuccn (sBienne AND). Pazpabot-
Ka () (HeKTUBHBIX JTIOMHHECIIEHTHBIX MaTePHAJIOB SIBISIETCS aKTyalbHOH TeMoil. [Ipy u3MeHeHnu 3aMecTuTe-
751 B pEHUIIBHOM KOJIBIE C JUMETHIAMHHO- HA METOKCUTPYIIITY LIBET U3JIyYESHHS MEHSETCS C KPAaCHOTo (Mak-
cumyM nipu 630 HM) Ha 3eneHbli (MakcumyM npu 540 HM). TeopeTndeckuii pacdeT MOKa3bIBaeT, YTO Xapak-
TEpUCTHKN arperaidoHHO-UHIYIINPOBAHHOW SMUCCHH MOJIEKYJ KPACHTENs SBISIOTCS Pe3yIbTaTOM MEXMO-
JIEKyJSIpHBIX B3auMoJieiicTBuil. brnaromapsi 5ToMy CBOWCTBY MOJEKYJIbI MOKHO HMCIOJb30BAaTh B KauecTBE
(ITyOpeCIIeHTHBIX 30HI0B U ONIPEACIISATH COAEPKAHUE STAHONA B BOJHBIX PACTBOPAX.

Knrouesvle cnosa: arperalliOHHO-UHAYLUPOBaHHAs dMHCCHs, 6apOUTYpOBast KUCIOTa, (pIIyOpECIeHTHBIC 30H-
JIbl, THTEHCUBHOCTH NMHKOB (DIIyOpECLeHIINH, TIOMHUHOGOP, MOJIEKYJIbI KPACUTENsI, 3aMEeCTUTENb (DEHUILHOTO
KOJIbIIa, TBEPJOE COCTOSIHNE, BHYTPUMOJIEKYJIIPHbIE BPAILIEHHS.
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