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A class of five compounds (1-5) having aromatic fumaronitrile as electron acceptor, phenylacetylene
as linker and carbazole, indole, or diphenylamine moieties as electron donors, has successfully formed
fluorescent organic nanoparticles (FONs) in THF/water mixtures. FONs formed from these compounds
emit from the visible region to the near IR region. The fluorescence intensity of compound 1 is increased
by 19 times upon the formation of nanoparticles compared to its THF solution. A large Stokes shift of
256 nm has been observed during the formation of nanoparticles of compound 4. The potential application
of these FONSs in dye sensitized solar cells, optoelectronic device fabrication, and biomedical imaging is

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In the recent past, several fluorescent inorganic and compos-
ite nanoparticles have been prepared and investigated for various
applications such as in light emitting devices [1,2], in photo-
voltaics [3], as biological nanosensors [4], and the drug delivery
technologies [5]. For these applications, major efforts to gener-
ate inorganic semiconductors and metal nanoparticles have been
made with considerable success, but relatively few approaches
have been reported to organic nanostructures [6]. Recently, sev-
eral articles report that fluorescent organic nanoparticles (FONs)
show size dependent absorption and emission characteristics [7,8].
Systematic research on FONs has been initiated by Nakanishi and
coworkers [9-11]. Upon formation of nanoparticles, arylethynyl
compound [12], pentaphenylsilole [13], and 1-cyano-trans-1,2-
bis-(4’-methylbiphenyl)ethylene [7] give enhanced fluorescence,
compared to the generally observed fluorescence quenching in
the solid state [14]. The emission enhancement in nanoparticles
is probably because of the effects of intramolecular planarization
and a specific intermolecular aggregation in the solid state.

There is considerable interest in the development of materials
and devices that exhibit wavelength tunability and efficient light
emission in the near IR (NIR) wavelength region [15]. The first
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report of NIR emission from an organic light-emitting device
(OLED) based on a lanthanide complex [16] has lead to the pursuit
of applications in the defense, telecommunication, and biomedical
imaging fields [17]. Light emitting nano-materials, if properly
emissive, could provide a source of white light at a greatly reduced
cost for application in full color electronic displays. Organic NIR
emitting particles have the advantage of low cost, flexible synthesis
and lowered toxicity and their availability should stimulate new
applications in various fields. In this article we have reported the
first preparation of NIR emitting FONs and studied their optical
properties to assess their potential applications. We herein report
two different sub-classes of compounds that form FONs-one class
of compounds that retains optical purity upon the formation of
FONs accompanied by increased fluorescence intensity and the
other class of compounds that show a large red shift of emission
into the near IR but diminished fluorescence intensity upon the
formation of FONs. We have chosen to study electron donor
acceptor compounds containing an aromatic fumaronitrile core
because fumaronitrile core based compounds have shown useful
emission properties in electroluminescent (EL) devices [18,19].
Palayangoda et at. [20] have reported aromatic fumaronitrile
core based carbazole compounds form fluorescent nanoparti-
cles. We have reported [21] the synthesis and photophysics of
the aromatic fumaronitrile core based electron donor-acceptor
compounds 2,3-bis(4-(1H-indol-1-yl)phenyl)fumaronitrile (1),
2,3-bis(4-(2-phenyl-1H-indol-1-yl)phenyl)fumaronitrile (2),
2,3-bis(4-(diphenylamino)phenyl)fumaronitrile (3), 2,3-bis(4-
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Fig. 1. Structures of compounds 1-5.

(2-(4-(diphenylamino)phenyl)ethynyl)phenyl)fumaronitrile (4),
and 2,3-bis(4-(2-(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-
ethynyl) phenyl)fumaronitrile (5). Here we report the formation
and properties of fluorescent nanoparticles formed from these
compounds 1-5 (Fig. 1).

Nanoparticles of compounds 1-5 were prepared by a simple
reprecipitation technique [20,22]. Identical concentrations of solu-
tions (1 x 10> M) were prepared for all THF/water mixtures (1:4,
1:8, 1:12, and 1:16). The suspension of nanoparticles formed was
visibly transparent and stable at ambient temperature. Spectral
properties of all samples were unchanged after three months.

2. Experimental
2.1. Fluorescence lifetime (t) measurement

The compounds in THF and THF/water mixtures were put in
quartz cuvettes. Fluorescence decay profiles of the argon-degassed
samples were measured using a single photon counting spectroflu-
orimeter. The model of the spectrofluorimeter is HORIBA Jobin Yvon
Fluorolog FL3-11. The resolution of the instrument is nanosecond
and the excitation source is nano-LED. Decays were monitored
at the corresponding emission maximum of the samples. In-built
software allowed the fitting of the decay spectra (x=1-1.5) and
produced the fluorescence lifetimes.

2.2. Preparation of nanoparticles

Samples of predetermined concentrations of 1-5 in THF were
made. The appropriate volumes of these solutions were placed
in different vials and the required amount of water was rapidly
injected into those vials while maintaining the final concentrations
of the solutions the same. Four different THF/water ratios i.e., 1:4,
1:8, 1:12, and 1:16 for each compound were made. In all samples
the formation of nanoparticles could be observed by irradiation
using 365 nm UV lamp. In some samples formation of nanoparticles
could be seen by the naked eye because of change of color of the
transparent solution.

2.3. SEM images of nanoparticles

Scanning electron microscopy (SEM) images were recorded on
a FEI-FP2031/11 microscope at 15eV using INCA Penta FETX3
detector. Samples for SEM were prepared by placing few drops
of nanoparticle suspension onto a glass cover slip placed on an
aluminum stub. The samples were allowed to dry at room temper-
ature before observing under the scanning electron microscope. To
enhance the contrast and quality of the SEM images, the samples
were sputter-coated with gold/palladium.
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Fig. 2. Absorption spectra of 1 nanoparticles solution (1 x 10-> M) recorded at dif-
ferent THF and THF/H, O mixtures.

2.4. Fluorescent microscopy (FM) images of nanoparticles

Fluorescent microscopy images were recorded on a Qimaging
Epi Fluorescence Microscope using QICAM camera. The data were
collected using Metaphor software in computer. The samples were
prepared by putting a droplet of nanoparticles suspension on a glass
slide and covering with a cover slip.

2.5. Confocal microscopy images of the nanoparticles

Confocal microscopy images were obtained using an Olympus
FluoView 1000 microscope. The same method employed to prepare
the samples for FM images was used to prepare the samples for
confocal microscopy images.

The excitation source was a diode blue laser (405 nm), and flu-
orescence was detected using standard three confocal channels
(three photomultiplier detectors). The emission filter (BA535-565)
at 405 nm laser light for green emission and the emission filter (BA
650 IF) at 488 nm laser light were used for the image recording.

3. Results and discussion
3.1. UV-vis spectra and nanoparticles of compounds 1-3

UV-vis spectra of 1 in THF and as nanoparticles suspended in
solvents differing in the THF/water ratio are displayed in Fig. 2.
Compound 1 shows two distinct peaks about 300 nm and about
410nm in THF. With the addition of water the absorption tran-
sition associated with the indole moiety (about 300 nm) slightly
red shifts. This may be due to the electronic coupling between the
neighboring molecules as they approach each other in THF/water
mixture because of the hydrophobic nature of 1. 1,3-Diphenyl-
5-(2-anthryl)-2-pyrazoline-based nanoparticles exhibit a similar
behavior [23]. The peak around 410 nm, which can be assigned
to the transition from S, to intramolecular charge transfer (ICT)
state, shifted to red. As the ratio of water is further increased, a
new absorption band around (470 nm) appears. This is assigned to
a transition from S, to an ICT state [24] that forms as the molecules
of 1 are assembled even more closely and begin nucleating into
nanoparticles. The comparative intensity around 470 nm increases
with the fraction of water. It is likely that intramolecular inter-
action originates from overlapping of the indole moiety and the
nitrile group of the neighboring molecules vide infra, which fur-
ther increases as the nucleation progresses [25-28]. The molecular
overlap is also strengthened by an increase in the molecular dipole



K. Panthi et al. / Journal of Photochemistry and Photobiology A: Chemistry 215 (2010) 179-184 181

E— 700000
1.2x10" {F—THFm,0_1:4 600000 [—mr]
THFH,O_1:8 e
o |—THFHO 1:12 sy
2 1.0x10 1 THF/H,0_1:16
D
c
£ 6
£ 8.0x10 1
@
s 6
S 6.0x10 -
3]
o
5 4.0x10°
=]
v 6
2.0x10 4
D
00 i= |

T T T T T T T
450 500 550 600 650 700 750
Wavelength (nm)

Fig. 3. Emission spectra of 1 nanoparticles solution (1 x 10~ M) recorded at differ-
ent THF and THF/H,O mixtures. Sample solutions were excited at 440 nm. (inset:
the enlarged spectrum of 1 recorded in THF).

and the ICT state becomes more prominent. These results in the
red-shifted absorption vide infra [23,24,29]. Additionally; Mie scat-
tering may also be responsible for the red shift in the absorption
transition [7].

There are significant differences between the fluorescence spec-
trum of 1 in THF and the spectra of 1 nanoparticles formed in
the THF/water medium (Fig. 3). The emission of 1 in THF around
550 nm is due to the radiative deactivation of ICT excited state
to ground state. On increasing the fraction of water the emis-
sion intensity is enhanced and is accompanied with a slight red
shift. The ICT state of the 1 nanoparticles is responsible for the
broad emission (500nm to 700 nm) that appears at the higher
water ratio. It is likely that an n-electron from nitrogen of the
indole moiety transfers to the nitrile moiety of the same molecule,
resulting in the ICT state. This leads to an increase in the dipole
moment of 1 in the nanoparticle state, which in turn enhances
the intermolecular interaction. A similar charge transfer phe-
nomenon was observed in 1-phenyl-3-((dimethylamino)styryl)-
5-((dimethylamino)phenyl)-2-pyrazoline-based nanoparticles [6].
The size of nanoparticles increases with an increase in the fraction
of water [8]. This allows the intermolecular electronic interac-
tions to extend over a large number of molecules and to increase
in magnitude. This is likely the reason for the significantly red-
shifted emission of the 1 nanoparticles compared to that from
the individual molecules of compound 1. A red-shifted emission
is expected for an aggregate state [21,23,30,31] arising from the
extended orbital overlap of closely stacked molecules in nanopar-
ticles [18]. According to the molecular exciton model, head-to-tail
alignment of transition dipole (J aggregation) shifts emission to
the red region and enhances fluorescences. The main reason for
an enhanced emission in J aggregation is the planarization of the
molecule in nanoparticles [24]. Similar results were observed for
compound 3 in THF and as nanoparticle suspensions. Compounds
1 and 3 have the same linker and are planar.

The red-shifted absorption of 1 and 3 in THF/water ratios indi-
cate J-type of aggregation. Compound 2 does not show any effect on
continued addition of water to the THF solution other than slight
intensity change in absorption and emission. It does not have a
sufficiently strong electron donor (ED) to form ICT. In compounds
1 and 3, the emission intensity of nanoparticles in suspension is
stronger than that in THF (Fig. 3 and Supporting Information). It
has been observed that for compound 1 the intensity of emission
for nanoparticles has increased by 19 times but in compound 3 the
intensity has increased only by 9 fold. We were able to maintain
the color purity with an increase in fluorescence intensity in com-
pounds 1 and 3 upon formation of nanoparticles. For compound 2
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Fig. 4. Absorption spectra of 4 nanoparticles solution (1 x 10~> M) recorded at dif-
ferent THF and THF/H, O mixtures.

there is no significant change in intensity and red shift of absorption
and emission during the formation of nanoparticles.

3.2. UV-vis spectra and nanoparticles of compounds 4 and 5

For compounds 4 and 5, significant red shift of absorption and
emission has been observed for nanoparticles compared to their
THF solutions (Figs. 4 and 5, Table 1 and Supporting Information).
In THF solution 4 forms ICT and 5 forms TICT both in ground state
and excited state as THF stabilizes the CT [21]. But when they form
nanoparticles on addition of water they are pushed out of solvent
cage. Compound 4 forms ICT in nanoparticle form as it is more
planar but compound 5, a non-planar structure [21], and forms
intermolecular charge transfer state. Both 4 and 5 show diminished
emission intensity as nanoparticles in THF/water suspension com-
pared to that of THF solution. The main reason for an enhanced
emission in ] aggregation is the planarization of the molecule in
nanoparticles. It is likely that the 4 and 5 molecules undergo ]
aggregation facilitating inter- or intramolecular charge transfer, but
retains the non-planar or twisted structure.

Nanoparticle suspensions of 4 emit in the near IR region with a
huge Stokes shift. This is the first time to our knowledge where NIR
emission from organic nanoparticles has been reported. Since com-
pound 4 is planar, intramolecular electron transfer from electron
donor to electron acceptor is significant even in the nanoparticle
forms. Again in the nanoparticle form intermolecular electronic
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Fig. 5. Emission spectra of 4 nanoparticles solution (1 x 10~> M) recorded at differ-
ent THF and THF/H, O mixtures. Sample solutions were excited at 440 nm.
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Table 1
Absorption maximum (Amayx ), emission maximum (Amax)?, molar extinction coefficient (¢), red shift of emission, and lifetime (7) of compounds 1-5 in THF and THF/H,0
mixtures.
Compound Ratio of solvents Amax (nm) e(M'cm1) Amax (Nm) Red shift (nm) (emission) Lifetime (7) (ns)
THF/Water_1:0 410 23174 542 - 2.97
THF/Water-1:4 387-472 16222 572 30 3.26
1 THF/Water-1:8 400-470 14167 572 30 534
THF/Water_1:12 400-470 10741 572 30 4.83
THF/Water_1:16 400-470 9127 572 30 4.69
THF/Water_1:0 306 45734 359 - 1.33
THF/Water_1:4 306 87118 363 4 0.18
2 THF/Water-1:8 306 66363 363 4 0.02
THF/Water_1:12 306 51371 363 4 0.16
THF/Water_1:16 306 33720 363 4 0.05
THF/Water-1:0 471 20749 644 - 0.34
THF/Water_1:4 490 30188 644 0 1.36
3 THF/Water_1:8 490 25254 644 0 1.81
THF/Water-1:12 490 26008 644 0 1.73
THF/Water_1:16 490 26145 644 0 1.76
THF/Water-1:0 436 49357 490 - 5.19
THF/Water-1:4 442 60337 746 256 1.04
4 THF/Water_1:8 450 53651 716 236 9.7
THF/Water_1:12 457 29034 693 203 12.69
THF/Water-1:16 470 39764 692 202 14.31
THF/Water_1:0 345 43749 418 - 1.99
THF/Water-1:4 345 53560 524 106 3.22
5 THF/Water-1:8 345 47687 620 202 3.75
THF/Water_1:12 345 40313 609 191 2.85
THF/Water_1:16 345 37956 605 186 1.81

2 Emissions are measured by exciting at the absorption maximum of each compound.

interactions extends over a large number of molecules and also
increases in magnitude arising from the extended orbital overlap
of closely stacked molecules in nanoparticles.

It has been observed that for compound 4 the emission for
nanoparticles has been red shifted by 256 nm (Fig. 5). In compounds
4 the formation of nanoparticles can be seen by the naked eye as
a noticeable change of color due to the large red shift of absorp-
tion and emission. Thus, in compounds 4 and 5, with the formation
of nanoparticles, the tuning of emission toward the near IR region
from visible region was achieved.

Interestingly, the absorption spectra of compound 4 are more
blue shifted in all solvents compared to the absorptions of com-
pound 3, even though the former compound has one more
phenylethynyl moiety to increase conjugation length. Likewise, the
emission maxima of compound 4 are also at higher energies than
that of compound 3. The two additional phenylethynyl moieties in 4
increase its rotational flexibility so that the electrons from the nitro-

gen atom of the diphenylamine group cannot be easily transported
towards the cyano group. In nanoparticles of 3 and 4, the emission
of 4is red shifted (up to 256 nm) but in compound 3 there is no red
shift in emission of nanoparticles but the intensity has increased
9 fold. Similar results were observed for compound 5 having
two more phenylethynyl moieties than the 1,2-dicyano-trans-1,2-
bis-4(3,6-di-tert-butylcarbazolyl)phenylethylene compound that
Palayangoda et al. [20] reported.

3.3. Size and lifetime of nanoparticles of compounds 1-5

The size of the nanoparticles was determined using scanning
electron microscopy (SEM) (Fig. 6 and Supporting Information) and
the particle sizes are about 233 nm, 210 nm, 630 nm, 650 nm and
203 nm for compounds 1-5, respectively. There is no remarkable
change in absorption, emission or particle size with the higher frac-
tions of water in THF. For all compounds, we obtained the best

Fig. 6. SEM images of nanoparticles of compound 2 (a) and 4 (b) in THF/H,0_1:8.
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Fig. 7. Fluorescent Microscopy (FM) image of nanoparticles of compound 4 in
THF/H,0-1:8.

nanoparticles in terms of emission intensity and in terms of red
shift in a 1:4 THF/water solution, but we obtained SEM images for
nanoparticles obtained in 1:8 THF/water since the size of nanopar-
ticles in the more THF rich solutions might have been too small
to take images [8]. We also scanned the fluorescent microscopy
(FM) images of nanoparticles for all compounds for THF/water 1:8
mixture to judge how fluorescent these nanoparticles were (Fig. 7,
and Supporting Information). The size distribution of nanoparticles
from all compounds was rather large. As shown by some literatures
[8], we did not find the direct correlation between the fractions
of water with the red shift of emission, though with higher frac-
tions of water we observe red shift on emission. But there are
some reports which do not show the same correlation is true
[20].

The emission properties of all compounds were further inves-
tigated using a confocal microscope (Fig. 8 and Supporting
Information). Green light emission was observed from the nanopar-
ticles of compounds 1 and 3, and red light emission was observed
from the nanoparticles of compound 4. This assured us that the red
emission is indeed from the nanoparticles since there is no solvent
to interfere the emission. These FONs were stable to a blue laser for
hours.

S5um

Fig. 8. Confocal Microscopy image of nanoparticles ofcompound 4 in THF/H,0-1:8.

Fig. 9. Solutions of compound 1 from left to right in THF and THF/H,0 mixtures in
the ratio of 1:0, 1:4, 1:8, 1:12, and 1:16. The concentrations of all solutions were
1x107° M.

Fig. 10. Solutions of compound 4 from left to right in THF and THF/H,O mixtures
in the ratio of 1:0, 1:4, 1:8, 1:12, and 1:16. The concentrations of all solutions were
1x107° M.

The formation of nanoparticles is clearly associated with the
addition of water. Water and THF are miscible, so the solubility of
hydrophobic compounds decreases with the increasing fraction of
water, eventually reaching a critical nucleation condition at which
nuclei form throughout the solution and begin to grow as parti-
cles [32]. Once the concentration of solute in solution falls due to
the growing nuclei, particle growth stops so that the equilibrium
mixture contains both particles and solution.

We further measured the fluorescence lifetimes ((r) of com-
pounds in dilute THF solutions and as nanoparticles dispersed in
different fractions of THF/water (Table 1). The excitation source
used was nano-LED and was excited using 350 nm nano-LED for
compound 2 and 3, and 560 nm for compounds 1, 4, and 5. Decays
were monitored at the corresponding emission maxima (Amax).
All compounds follow monoexponential decay. Usually the life-
times of fluorescence are higher for samples with higher fraction
of water with some exceptions. The same result has been observed
by authors [8].

The emission of nanoparticles of compound 4 could be reversibly
shifted yellow or NIR, through an adjustment in the THF/water
ratio. The fluorescence maximum of 4 nanoparticles (Fig. 5), for
example, shifted from 410 to 590 nm with an increase in water.
In contrast, increasing the THF ratio with such samples caused
the fluorescence emission to revert to its initial value (410nm)
(Supporting Information). Changes in emission color of compounds
1 and 4 in THF and THF water mixtures on excitation at 365 nm is
illustrated in Figs. 9 and 10, respectively.

4. Conclusions

The FONs were prepared from five different compounds
and their optical properties were measured using absorp-
tion spectroscopy, fluorescence spectroscopy, scanning electron
microscopy, fluorescence microscopy and confocal microscopy.
Their optical properties were further assessed by the measure-
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ment of lifetimes of fluorescence at various ratios of THF/water
maintaining the same concentration. In some compounds we were
able to retain the optical purity upon the formation of FONs.
Compounds 4 and 5 showed tunable emission properties upon
formation of nanoparticles. This is the first example that NIR emis-
sion was achievable upon the formation of nanoparticles from
pure organic compounds. The potential application of this prop-
erty is under active investigation. Stokes shift of as much as
256 nm was achieved using compound 4. Emission was enhanced
by as much as 19 times in compound 1 upon the formation of
nanoparticles. Reversible switching of emission with a change in
THF/water ratio was illustrated. A possible alignment of molecules
that is responsible for the high Stokes shift in nanoparticles was
discussed.
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Appendix A. Supplementary data

Suppplementary data associated with this article (UV-visible
spectra of suspensions of compounds in THF and THF/H20 mix-
tures (THF/H20 ratio 1:0, 1:4, 1:8, 1:12, and 1:16), SEM images,
FM images, and Confocal Microscopy images of nanoparticles. Sup-
porting Information also includes solution of compounds in THF
and THF/water mixtures under UV light) can be found, in the online
version, at doi:10.1016/j.jphotochem.2010.08.014.
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