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(E,E,E)-1,6-Diaryl(Ar)-1,3,5-hexatrienes (2, Ar ) 4-fluorophenyl;3, Ar ) 2,4-difluorophenyl;4, Ar ) 2,4,6-
trifluorophenyl;5, Ar ) perfluorophenyl) and (E,E,E)-1-perfluorophenyl-6-phenyl-1,3,5-hexatriene (6) were
prepared. The absorption and fluorescence spectra in methylcyclohexane solution showed only a small
dependence on the fluorine ring substituent, and were similar to those of the unsubstituted parent compound
(1, Ar ) phenyl). The solid-state absorption and fluorescence spectra shifted to red relative to those in solution
and strongly depended on the substituent. The emission from crystals1-5 originated mainly from monomeric
species with the maximum wavelength (λf(max)) of 440-465 nm, which overlapped the emission from molecular
aggregates (1-4) or excimeric species (5) in the red region. Crystal6 exhibited red-shifted (λf(max) ) 530
nm) and structureless emission due to excimers. The cocrystal of1 and5 (1/5) showed red-shifted (λf(max) )
558 nm) and distinctly structured emission, not from exciplexes but from the excited states of molecular
aggregates in which molecules1 and5 strongly interact already in the ground state. These assignments were
confirmed by the results of fluorescence lifetime and quantum yield measurements in the solid state. Single-
crystal X-ray structure analyses showed that the molecules were basically planar in each crystal, whereas the
crystal packing was strongly substituent-dependent. Weakπ-π interactions in the herringbone (1 and2) and
in theπ-stacked but largely offset structures (3 and4) account for their predominantly monomeric origin of
emission. The observation of excimer fluorescence from5 was rather unexpected, since the molecules in this
crystal were arranged in an offset stacking fashion due to perfluorophenyl-perfluorophenyl (C6F5‚‚‚C6F5)
interaction. The structures of6 and1/5considerably resembled each other, in which molecules wereπ-stacked
with more face-to-face geometries than those in5, as a result of strongly attractive perfluorophenyl-phenyl
(C6F5‚‚‚C6H5) interaction. Nevertheless, the fluorescence origin was clearly different for6 and1/5. This can
be ascribed to the difference in the strength of orbital-orbital interaction between molecularπ-planes in the
ground and excited states in crystals.

Introduction

Fluorescent organic solids are of great interest for photoactive
materials due to their potential applications in light-emitting
diodes (LEDs),1-3 solid-state lasers,4 and light-emitting elec-
trochemical cells.5 Up to now, a wide variety of compounds
have been prepared in an effort to tailor the emission properties
in the solid state.6 They include distyrylbenzenes,7-9 fluorenes,10

and pyrenes.11,12Despite these extensive studies, however, our
fundamental knowledge of solid-state fluorescence of organic
molecules is rather limited and the understanding of the
structure-property relationship is still insufficient.

Numerous examples of the structural studies of organic
compounds show that the fluorination of aromatic rings often
affords single crystals of quality suitable for X-ray analysis. In
particular, intermolecular interaction between C6F5 and C6H5

rings is known to be strongly attractive.13 Since the discovery
of this interaction in the benzene-perfluorobenzene complex,14

the interaction has been widely used in crystal engineering as
a strong supramolecular synthon to steer face-to-face stacking

geometry of aromatic molecules.15-18 It is well-known that it
can be utilized to prealign molecules for crystalline-state [2+
2] photocycloaddition.19-21 More recently, the interaction has
been also proven to be effective for the formation of liquid
crystals,17b,22hydrogels,23 molecular glasses,24 and even for the
molecular aggregation on a graphite (HOPG) surface.25 On the
other hand, the nature of the forces in the interaction has also
been studied both experimentally26,27 and theoretically.28,29

However, effects of the interaction between fluorinated rings,
the C6F5‚‚‚C6H5 interaction in particular, on the fluorescence
properties of organic crystals remain unknown.30

(E,E,E)-1,6-Diphenyl-1,3,5-hexatriene (DPH) (1, Chart 1) is
a highly fluorescent molecule with a one-dimensional polyenic
structure, and is commercially available as a fluorescence probe
in biological membrane studies. The emission properties of DPH
in solution have long attracted much attention because of its
unique fluorescence behavior,31 but its solid-state emission
properties have yet to be clarified. We have recently reported
that the emission wavelength was strongly dependent on the
electron-donating/-withdrawing nature of the ring substituents.32

Further, we have clarified that the crystals of a series ofp-(n-
alkoxy)-p′-nitro DPHs showed strong and red-shifted emission
from monomeric species.33 The crystal packing of these
compounds depended on the length of then-alkoxy chains, and

* Correspondingauthor.Fax:+81-29-861-4673.E-mail: y.sonoda@aist.go.jp.
† Nanotechnology Research Institute.
‡ Technical Center.
§ Research Institute of Computational Sciences.

13441J. Phys. Chem. A2007,111,13441-13451

10.1021/jp0766104 CCC: $37.00 © 2007 American Chemical Society
Published on Web 12/06/2007



the difference in the packing (e.g.,π-stacked vs herringbone)
was clearly reflected in the emission wavelength.

The introduction of fluorine atoms into the different positions
of the phenyl rings of DPH should change the type and strength
of the intermolecular interactions, and should consequently
change the molecular arrangements of the fluorophores in the
crystals. Since the relative orientation ofπ-systems in three-
dimensional space heavily affects the solid-state fluorescence
properties of one-dimensionalπ-conjugated molecules such as
DPH,3 the investigation of the crystal structures and the solid-
state emission properties of the fluorinated DPHs would
contribute to our further understanding of the structure-property
relationship for the solid-state fluorescence of organic molecules.

In this study, a series of ring-fluorinated DPHs (2-6, Chart
1) were synthesized. The solid-state absorption and fluorescence
properties and the crystal structures of1-6 and the cocrystal
of 1 and5 (1/5) were systematically investigated. The spectro-
scopic properties of1-6 in solution were also studied for
comparison.

Experimental Section

1. Materials. Compounds2-6 were synthesized by the
Wittig reaction (Scheme 1). Compound1 (scintillation grade),
4-fluorobenzaldehyde (7), 2,4-difluorobenzaldehyde (8), 2,4,6-
trifluorobenzaldehyde (9), perfluorobenzaldehyde (10), the
bisphosphonium salt of (E)-1,4-dichloro-2-butene (11), (triph-
enylphosphoranylidene)acetaldehyde (12), and cinnamyl chlo-
ride (13) were purchased from Wako (1 and13), TCI (7, 8, 10
and11), Avocado (9), and Aldrich (12), and were used without
further purification. Perfluorocinnamaldehyde (14) was prepared
from 10 and 12 (Supporting Information). It should be noted
that preparation of14 from 10 and (1,3-dioxolan-2-yl)methyl-

triphenylphosphonium bromide was unsuccessful. Triphenylphos-
phonium salt15was prepared from13.34 Pyrene (optical grade)
was purchased from Fulka and used as received. All solvents
used in the measurements of absorption and fluorescence spectra
were of spectroscopic grade (Dojin).

2. Characterization.High-resolution mass spectra (MS) were
obtained using a Hitachi M-80B instrument. IR spectra were
recorded on a Mattson Infinity Gold FT-IR spectrometer.1H
NMR spectra were recorded on a Varian Gemini-300 BB
spectrometer (300.1 MHz) with tetramethylsilane (TMS) as
internal reference.19F NMR spectra were recorded on a JEOL
ECA-300 spectrometer (283 MHz), and were referenced to
hexafluorobenzene (Aldrich, NMR grade) at 0.0 ppm. Purities
of 1-6 were checked by HPLC.

3. (E,E,E)-1,6-Bis(4-fluorophenyl)-1,3,5-hexatriene (2).To
a solution of7 (2.12 g, 17.1 mmol) and11 (5.46 g, 8.4 mmol)
in ethanol (20 mL) was added a solution of sodium ethoxide in
ethanol (0.60 M, 28 mL). The mixture was stirred under nitrogen
atmosphere at room temperature for 45 h. Aqueous ethanol
(60%, 100 mL) was added, and the mixture was stirred
vigorously for 2 h. The resulting yellow precipitate was filtered
off, washed with water (20 mL), and dried. The crude product
was anE-Z isomeric mixture of2. The mixture was dissolved
in toluene (80 mL), and the solution was refluxed for 4-5 h
with a trace amount of iodine to induceZ-to-E thermal
isomerization. After evaporating the solvent, the resulting pale
yellow solid2 was recrystallized twice from toluene. Yield 10-
20%. mp 188-190 °C (lit.35 188-190 °C); MS Found: M+,
268.1052. Calcd for C18H14F2: M, 268.1062;νmax (KBr) 1587,
1508, 1418, 1239, 1159, 1095, 995, 923, 866, 823, and 788
cm-1; 1H NMR (CDCl3) δ 7.35-7.40 (4H, m, arom), 6.98-
7.04 (4H, m, arom), 6.79 (2H, apparently (app) ddd,J ) 15.3,
6.9, and 2.9, triene), 6.55 (2H, app d,J ) 15.5, triene), 6.49
(2H, app dd,J ) 7.0 and 3.0, triene);19F NMR (CDCl3) δ 47.6-
47.7 (2F, m); UV-vis λmax (MeCN) 349 nm (ε ) 75 700).
Single crystals of2 for X-ray analysis were obtained by very
slow evaporation of toluene solvent at room temperature in the
dark.

4. (E,E,E)-1,6-Bis(2,4-difluorophenyl)-1,3,5-hexatriene (3).
Triene3 was prepared from8 and11 by a procedure similar to
that for2. Recrystallization from toluene gave yellow needles,
which were suitable for single-crystal X-ray analysis. Yield 65%.
mp 164-165 °C; MS Found: M+, 304.0874. Calcd for
C18H12F4: M, 304.0874;νmax (KBr) 1585, 1491, 1429, 1263,
1133, 1088, 1000, 961, 849, and 810 cm-1; 1H NMR (CDCl3)
δ 7.42-7.50 (2H, m, arom), 6.76-6.92 (6H, m, arom and
triene), 6.67 (2H, app d,J ) 15.7, triene), 6.53 (2H, app dd,J
) 7.0 and 3.0, triene);19F NMR (CDCl3) δ 51.0-51.1 (2F,
m), 48.1-48.2 (2F, m); UV-vis λmax (MeCN) 349 nm (ε )
68 900).

5. (E,E,E)-1,6-Bis(2,4,6-trifluorophenyl)-1,3,5-hexatriene
(4). Triene4 was prepared from9 and11by a procedure similar
to that for2. The reaction temperature was 45°C. Recrystal-
lization from toluene gave yellow crystals, which were suitable
for X-ray analysis. Yield 91%. mp 178-182°C (sublimation);
MS Found: M+, 340.0687. Calcd for C18H10F6: M, 340.0686;
νmax (KBr) 1591, 1486, 1440, 1170, 1114, 1020, 997, and 844
cm-1; 1H NMR (CDCl3) δ 7.11 (2H, app ddd,J ) 16.0, 7.1,
and 2.9, triene), 6.62-6.72 (4H, m, arom), 6.55 (2H, app d,J
) 15.8, triene), 6.52 (2H, app dd,J ) 6.4 and 3.6, triene);19F
NMR (CDCl3) δ 52.4-52.5 (2F, m), 52.1 (4F, m); UV-vis
λmax (MeCN) 345 nm (ε ) 74 200).

6. (E,E,E)-1,6-Bis(perfluorophenyl)-1,3,5-hexatriene (5).
Triene5 was prepared from10 and11 by a procedure similar

CHART 1

SCHEME 1
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to that for2. Recrystallization from toluene gave yellow solid.
Yield 82%. mp 166-168 °C (sublimation); MS Found: M+,
412.0290. Calcd for C18H6F10: M, 412.0308;νmax (KBr) 1649,
1608, 1526, 1496, 1418, 1365, 1211, 1164, 1122, 1003, and
956 cm-1; 1H NMR (CDCl3) δ 7.18 (2H, app ddd,J ) 16.0,
7.1, and 2.7, triene), 6.59 (2H, app dd,J ) 6.6 and 3.5, triene),
6.56 (2H, app d,J ) 15.8, triene);19F NMR (CDCl3) δ 19.2-
19.3 (4F, m), 5.8-6.0 (2F, m), (-1.2)-(-1.0) (4F, m); UV-
vis λmax (MeCN) 346 nm (ε ) 74 300). Single crystals of5 for
X-ray analysis were obtained by very slow evaporation of
acetonitrile solvent at room temperature in the dark.

7. (E,E,E)-1-Perfluorophenyl-6-phenyl-1,3,5-hexatriene (6).
To a solution of 14 (1.00 g, 4.5 mmol) and15 (1.87 g,
4.5 mmol) in ethanol (22 mL) was added a solution of sodium
ethoxide in ethanol (0.30 M, 15 mL). The mixture was stirred
under nitrogen atmosphere at room temperature for 25 h. The
resulting pale yellow precipitate was filtered off, washed with
water (60 mL), and dried. Recrystallization of the crude product
(predominantlyE,E,E) from toluene gave yellow thin plates,
which were suitable for X-ray analysis. Yield 47%. mp 159-
160 °C (sublimation); MS Found: M+, 322.0748. Calcd for
C18H11F5: M, 322.0780;νmax (KBr) 1583, 1523, 1495, 1354,
988, 956, 855, 749, and 691 cm-1; 1H NMR (CDCl3) δ 7.25-
7.45 (5H, m, arom), 7.18 (1H, dd,J ) 16.1 and 10.7, triene),
6.89 (1H, dd,J ) 15.4 and 10.4, triene), 6.67 (1H, d,J ) 15.5,
triene), 6.62 (1H, dd,J ) 15.0 and 10.4, triene), 6.47 (1H, d,J
) 16.0, triene), 6.45-6.53 (1H, m, triene);19F NMR (CDCl3)
δ 18.8-18.9 (2F, m), 4.7-4.9 (1F, m), (-1.5)-(-1.3) (2F, m);
UV-vis λmax (MeCN) 351 nm (ε ) 72 900).

8. Cocrystal of 1 and 5 (1/5).Trienes1 (0.058 g, 0.25 mmol)
and 5 (0.103 g, 0.25 mmol) were dissolved in acetonitrile
(100 mL). Cocrystal1/5suitable for X-ray analysis was obtained
by very slow evaporation of the solvent at room temperature in
the dark. mp 169-170°C; νmax (KBr) 1522, 1497, 1449, 1418,
1357, 1300, 1204, 1074, 991, 955, 752, and 692 cm-1.

9. Measurements of Absorption Spectra.Absorption spectra
in solution were measured in air at room temperature using a
Shimadzu UV-3150 spectrometer. All solutions were highly
diluted ((1-2) × 10-5 M). Absorption spectra in the solid state
were obtained by Kubelka-Munk conversion of diffuse reflec-
tance spectra. The reflectance spectra were recorded on a Jasco
V-560 spectrometer equipped with an integrating sphere acces-
sory (Model ISV-469), using a fluorescence cut filter (HOYA,
U-330). The sample solids were placed between quartz plates
(40 × 10 mm2).

10. Measurements of Fluorescence Spectra, Fluorescence
Quantum Yields, and Fluorescence Lifetimes.The corrected
fluorescence and excitation spectra for the solutions of1-6 and
those for the crystals of1-6 and1/5 were measured in air at
room temperature using a SPEX Fluorolog-3 spectrometer. For
the fluorescence measurements in solution, the excitation
wavelength (λex) was set at 350 nm. Concentration of the sample
solutions was (1.0-1.5)× 10-6 M. Fluorescence quantum yields
(φf) of 1-6 in solution were determined using a solution of
quinine sulfate in 1 N H2SO4 as a standard (φf ) 0.546).36

Fluorescence spectra of the crystalline samples were recorded
using the front face geometry. The sample crystals were placed
between quartz plates (40× 10 mm2) on the sample holder.
For 1-5 and1/5, λex was set at 360 nm, and for6, λex was set
at 390 nm. Values ofφf in the solid state were estimated by
comparison of fluorescence peak areas for the thick crystalline
samples of1-6 and1/5 with that for pyrene (φf ) 0.64 at 293
K).37 Fluorescence decay curves in solution and in the solid
state were obtained by the time-correlated single-photon-

counting (TCSPC) method, using a HORIBA NAES 700
equipped with a subnanosecond nitrogen laser system (λex )
337 nm). The monitor wavelength (λmon) was set at 450 nm in
all solution experiments. In the solid-state measurements,λmon

was set at the wavelengths indicated in Table 3.
It should be noted that solid-state fluorescence measurements

(of crystalline materials) can be difficult as the morphology of
the crystals can be an issue. In the current study, the samples
were not ground to a powder.

11. Single-Crystal X-ray Structure Analyses.The single-
crystal X-ray diffraction measurements of2-6 and 1/5 were
performed at 183 K using a CCD area-detector diffractometer
with graphite monochromated Mo KR radiation (λ ) 0.710 73
Å). Data collection, reduction, and empirical absorption cor-
rection were carried out using SMART,38 SAINTPLUS,38 and
SADABS (2001).38 The structure was solved by direct methods
using SIR9239 and refined by full matrix least-squares onF2

with SHELXTL.40 The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed in geometrically
calculated positions and refined by a riding model.

12. Computational Method.The Gaussian 03 program41 was
used for the ab initio molecular orbital calculations. All ground-
state geometries were optimized at the HF/6-31G* level.C2h

symmetry was assumed for1-5, andCs symmetry was assumed
for 6. The 6-311G** basis set was used for CIS42 and
TD-B3LYP43 calculations.

Results and Discussion

1. Absorption and Fluorescence Properties in Solution.
The absorption and fluorescence spectra of1-6 in methylcy-
clohexane (MCH) are shown in Figures 1 and S1, and

Figure 1. Absorption and fluorescence spectra of (a)3 and4 and (b)
5 and6 in methylcyclohexane.
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summarized in Table 1. The spectra of1 and 2 (Figure S1)
agreed with those reported.35,44

1.1. Absorption Properties.The introduction of fluorine atoms
into the phenyl rings of DPH induced only a small change in
the absorption wavelength (λa), probably a result of a combina-
tion of the induction and electron back-donation effects of the
fluorine atoms.45 This indicates thatλa values of these com-
pounds are almost independent of the fluorine substituent when
the molecules are isolated. A similar result has been reported
for fluorinated distyrylbenzenes.45 It should be added that the
absorption spectrum of an equimolar mixture of1 and5 in MCH
was exactly the same as the sum of the spectra of the individual
molecules, indicating no formation of the molecular complex
of 1 and5 in solution in the concentration range examined.

The absorption spectra showed clear vibrational structures
due to vibronic coupling. The energy spacings were 1200-1500
cm-1, corresponding to the CdC and C-C stretches of
conjugated trienes.46 Exceptionally, the spectrum of3 was only
weakly structured. This may arise from the fact that the
difference between the molecular geometries in the ground and
excited states of3 differs significantly from those of the other
compounds.47

1.2. Fluorescence Properties.1.2.1. Fluorescence Spectra. The
fluorescence spectra also showed minimal changes upon fluorine
substitution (Figures 1 and S1). The fluorescence wavelengths
(λf) for the isolated molecules of these compounds were not
largely affected by substituents, as in the case ofλa (Table 1).
The fluorescence spectra of1-6 showed vibrational structures
with the spacings of 1250-1450 cm-1, although the spectrum
of 3 was again less structured.

Since all spectra were measured under highly diluted condi-
tions, only monomeric species should be involved in the
absorption and emission processes. However, the observed
overlaps of the absorption and emission spectra were rather
small, and no mirror-image relationship was seen between them
(Figures 1 and S1). For1 and 2, such an anomalous spectral
behavior has been understood in terms of dual fluorescence from
the two lowest excited singlet states, S1 and S2.31,35 Since the
peak positions and spectral shapes of the absorption and
emission spectra of3-6 were all similar to those of1 and2, it
is very probable that3-6 also exhibit S1/S2 dual fluorescence
at least in this solvent.

Although the positions ofλf for 6 in MCH were not greatly
different from those for1-5, its emission intensity in the red
region clearly increased relative to those of the symmetrically
substituted compounds (Figure 1b). This red-shifted emission
of 6 would originate from a charge-transfer excited state (CT*),
formed by intramolecular CT from an initially photoproduced,
locally excited state (LE*). The CT character of this state is
evidenced by the fact that the fluorescence intensity in the red
region increased as the solvent polarity increased (Figure S2).
Values ofφf were small in polar solvents, probably due to the
forbidden nature of the CT* emission.47 Solvent effects on the
absorption spectra were small. Thus, the emission of6 in MCH

is mainly from LE*, with which the red-shifted emission from
CT* is overlapped as a minor component.

The excitation energies of S0-S1 and S0-S2 transitions were
calculated using TD-DFT(B3LYP) and CIS methods. The results
are summarized in Tables S1 and S2. Both calculations show
that the excitation energies of these transitions are not greatly
different for all compounds studied. This is in accordance with
the observed small substituent dependence ofλa andλf of 1-6
in solution.

1.2.2. Fluorescence Quantum Yields and Lifetimes. Table 1
summarizesφf and fluorescence lifetimes (τs) of 1-6 in MCH.48

The values ofφf for 1-5 were moderate, whereasφf for 6 was
relatively small. This can be attributed to much greater efficiency
of Z-E photoisomerization for6 than those for1-5 in this
solvent, as shown by the absorption spectral changes before and
after φf measurements.49 Repeated measurements of the fluo-
rescence spectrum of6 caused a considerable decrease in its
emission intensity. However, no change was observed in its
spectral shape or peak position, suggesting that the photopro-
ducedZ isomer(s) is nonfluorescent or much less fluorescent
than its parentE,E,E isomer.

Fluorescence decay curves of1-5 were able to be analyzed
by a single-exponential function to giveτs values ranging from
6 to 8 ns. In contrast, the decay curve of6 could be fitted only
by a biexponential function, in agreement with the observation
of the dual fluorescence from LE* and CT*. The dependence
of τs on λmon reveals thatτs ) 0.59 and 5.0 ns are due to the
LE* fluorescence and CT* fluorescence, respectively. Thus the
τs value of the LE* state in6 is much shorter than theτs values
measured for1-5, which presumably correspond to the decay
of their LE* states. It should be noted, however, that the
radiative rate constant (kf ) φf/τs) for the LE* emission of6 is
expected to be on the same order of magnitude as the values
for the LE* emission of1-5, because of the much smallerφf

of 6 than those of1-5. Although asymmetric6 exhibited CT*
emission even in low-polar MCH, the relatively longτs,
probably a very smallφf, and the resulting smallkf suggest the
forbidden character of the transition.

2. Absorption and Fluorescence Properties in the Solid
State.The absorption and fluorescence spectra for the crystals
of 1-6 and1/5are shown in Figure 2 and summarized in Table
2.

2.1. Absorption Properties.The absorption spectra in the solid
state showed main (M) bands, whose absorption maxima (λa(max))
were located in the region of 380-390 nm for all compounds
studied. The substituent dependence ofλa(max) of the M band
was small as that ofλa(max) in solution. The positions ofλa(max)

for the M bands shifted to red from those in MCH by 30-40
nm (Tables 1 and 2). The difference betweenλa(max)in solution
and that of the M band in the solid state was thus relatively
small. These strongly suggest that the M band is the absorption
of monomeric species in the solid state. The M bands in1-4
showed some vibrational structures. Although the structures

TABLE 1: Absorption and Fluorescence Data of 1-6 in Methylcyclohexanea

compd λa (nm) λf (nm) φf τs (ns)

1 338, 353, 372 377, 399, 423, 449, 476 0.38 7.1
2 337, 351, 369 375, 397, 421, 447, 473 0.40 7.4
3 337, 351, 367 399, 423, 447, 477 0.47 6.8
4 332, 347, 365 369, 389, 412, 437, 464 0.57 6.2
5 333, 348, 367 372, 395, 419, 444, 470 0.43 8.0
6 340, 356, 374 380, 402, 424, 451, 482 0.059 0.59 (97%) 5.0 (3%)

a Underlined values are the wavelengths ofλa(max) andλf(max).
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were weaker than in solution, the spacings of 1000-2000 cm-1

in the solid state are similar to the values in MCH.
For the crystals other than6, red-shifted (R) absorption bands

were additionally observed. The intensity of the R band was
strongly dependent on the substituent. The R bands were only

weakly seen in the spectra of1 and2, while in 3 and4, they
were much more strongly observed. Thus the R band intensity
increased as the aromatic ring was more fluorinated, from1 to
4. However, the R band in5 became much smaller than in4,
and in the case of6, the band was not clearly observed. On the

Figure 2. Absorption and fluorescence spectra of crystals1-6 and cocrystal1/5.
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other hand, a strong R band was observed in the spectrum of
cocrystal1/5 in the wavelength region longer than approximately
420 nm. The spectrum of1/5 differed clearly from those of its
individual components,1 and 5, in which the R bands were
only weakly seen. These strongly suggest that the R band reflects
the strength of intermolecular interactions in the crystals. It is
very probable that the R band is the absorption of molecular
aggregates in the solid state.

The solid-state absorption spectrum was thus strongly de-
pendent on the substituent, in contrast to the spectrum in
solution.

2.2. Fluorescence Properties.2.2.1. Fluorescence Spectra. The
solid-state fluorescence spectrum was also strongly substituent-
dependent. The spectra of1-4 showed the fluorescence peak
maxima (λf(max)) in the range of 440-465 nm (Table 2). The
spectra of1, 2, and4 were clearly structured, although3 was
again exceptional as in solution. The spacings of 1000-2000
cm-1 were similar to the values in the M absorption bands. The
fluorescence spectra were largely overlapped with the M
absorption bands, resulting in the relatively small Stokes shifts
of 1500-2000 cm-1, calculated from the longestλa of the M
band and the shortestλf. These indicate that the emission of
1-4 is originated mainly from the monomeric species in the
solid state. On the other hand, the emission from molecular
aggregates that corresponded to the red-shifted R absorption
band was overlapped with the monomer emission in the
relatively red region, as suggested by theλex dependence of
the fluorescence spectrum and by the emission-wavelength (λem)
dependence of the fluorescence excitation spectrum.

The fluorescence spectrum of5 in the shorter wavelength
region was weakly structured and largely overlapped with the
M absorption band, suggesting its monomeric origin of emission.
The positions ofλf were similar to those in the other sym-
metrically substituted1-4 (Table 2). In the red region, the
emission intensity clearly increased relative to those in1-4.
The spectrum was broad and structureless in this region. In view
of the fact that the R absorption band was only weakly observed,
the red-shifted emission probably originates from excimeric
species. Thus, the solid-state emission from5 is considered to
be the overlap of the monomer and excimer fluorescence.

By contrast, the spectrum of6 was broad and structureless
in all the spectral range. The position ofλf(max) was largely red-
shifted to 530 nm. The overlap of the absorption and emission
spectra was small, with the large Stokes shift of 6905 cm-1.
Combined with the absence of the R absorption band, these
spectral features in the emission clearly show that crystal6
exhibits excimer fluorescence. Consistently, the fluorescence
spectrum showed noλex dependence, and the fluorescence
excitation spectrum was fundamentally the same as its absorp-
tion spectrum.

Cocrystal1/5showed a spectrum entirely different from those
of 1 and5; λf(max) was observed at 558 nm, strongly red-shifted
from λf(max) of 1 and5 by 101 nm. The spectrum was distinctly

structured with the spacings of 1199 and 1365 cm-1. A
combination of the large red shift and clear vibrational structures
in the fluorescence spectrum and the strong R band in the
absorption spectrum indicates that the emission of1/5 is
originated not from exciplexes, which have repulsive potentials
in the ground state, but from the excited states of molecular
aggregates in which molecules1 and5 strongly interact already
in the ground state. Red-shifted and structured fluorescence due
to molecular aggregates has also been observed for the thin film
of p,p′-dimethoxy-substituted DPH32 and the nanoparticles of
phenylenevinylene oligomer.7 In accordance with the above
assignment, the excitation spectrum obtained atλem ) 558 nm
showed the peak with the maximum at 482 nm, as shown in
Figure 3. This peak should correspond to the R band at 480 nm
in the absorption spectrum. The peaks at 362 and 393 nm, which
are λa of the M absorption band, were only very weakly
observed in the excitation spectrum, indicating that the mono-
meric species of1 and5 are not responsible for the emission at
558 nm. Also, the excitation spectrum obtained atλem ) 439
nm showed the peak with the maximum of 362 nm, which
suggests that the weak emission at 439 nm is of monomeric
origin.

2.2.2. Fluorescence Lifetimes and Quantum Yields. Table 3
summarizesτs data for the crystals of1-6 and1/5. In contrast
to the cases in solution, the fluorescence decay curves in the
solid state could be fitted only by a biexponential function for
all the compounds studied. A complex decay behavior is typical
for organic solids, and can be attributed to the efficient migration
of excitation energy in the solid state. Also, it could be attributed
to quenching by site defects.

The λmon dependence ofτs for 1-4 shows thatτs ) 1-2 ns
andτs ) 5-7 ns (or longer) are respectively due to the emission
from monomer and molecular aggregates of these compounds.
The values aroundτs ) 1 ns are typical for the monomeric
emission from small organic dye molecules in the solid state.3

The excimer fluorescence in the solid state often shows bi-
or multiexponential decay behavior, which may be a result of

TABLE 2: Absorption and Fluorescence Data for the Crystals of 1-6 and 1/5a

λa (nm)

compd Bb M R λf (nm)

1 276 366, 391, 409 478 438, 457, 488, 524
2 265 390, 405 448, 494 437, 459, 491, 539
3 260 365, 392, 417 440, 488 456, 465, 503
4 258 360, 388, 412 435, 467 441, 457, 491, 538, 590
5 258 334, 353, 379, 400 484 431, 457, 483
6 259 388 (none) 530

1/5 260 362, 393 445, 480 439, 472, 523, 558, 604

a Underlined values are the wavelengths ofλa(max) andλf(max). b Absorption due to benzene rings.

Figure 3. Fluorescence excitation spectrum of cocrystal1/5.
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complex kinetics that include different types of excimers and
other aggregated complexes in the excited state.50 The biexpo-
nential decay behavior for5 and6 is therefore consistent with
the excimer formation in these crystals. The two components
of τs have also been reported for the excimers of 2,7-
fluorenevinylene-based trimers in spin-coated film samples.51

The fluorescence decay behavior of cocrystal1/5 seemed to
be much more complex than those for the other single-
component crystals. Although biexponential fitting is probably
not perfect in this case,τs ) 1.1 ns obtained atλmon ) 472 nm
and the longerτs at longerλmon are assignable to the emission
from monomer and molecular aggregates, respectively.

Althoughφf values for organic solids are difficult to determine
precisely due to the intrinsic inhomogeniety of solid samples,
φf values for crystals1-6 and1/5were roughly estimated using
pyrene as a standard. The obtained values ofφf ) 0.1-0.2 for
132 and φf ) 0.05-0.1 for 2-5 were moderate compared as
organic solids, whileφf ) 0.005 or below for6 andφf ) 0.01-
0.02 for1/5 were considerably lower. Such smallφf values for
6 and1/5 are indicative of the efficient radiationless processes
from the excimers and molecular aggregates. Indeed, they
underwent intermolecular [2+ 2] photocycloaddition in the solid
state as described below.

3. Solid-State Photoreactivity.Compounds1-4 were pho-
tostable whereas5, 6, and 1/5 were photoreactive in the
crystalline state. The order of reactivity was6 > 1/5 . 5. In
each case, the main photoproduct was shown by NMR, MS,
and UV-vis spectroscopic analyses to be a face-to-face dimer
formed by [2+ 2] cycloaddition of the terminal double bonds
of the trienes. The chemical structure of the photodimer of6 is
shown in Chart 2. Prolonged irradiation of5, 6, and1/5 induced
[2 + 2] polymerization to yield higher molecular weight
products. Details of the photopolymerization will be reported
elsewhere. However, it should be noted here that all spectra
were measured with minimum exposure to light in the present
study.

The [2 + 2] photocycloaddition of olefins in single-
component crystals is in general considered to proceed via
excimers.19 Therefore, the observation of photocycloaddition in
5 and 6 strongly supports the formation of excimer in these
crystals.

4. Crystal Structures. Table 4 shows the single-crystal data
of 1-6 and 1/5 obtained by X-ray structure analyses. The
ORTEP representations of the molecular structures are displayed
in the Supporting Information.

4.1. Molecular Structures.Molecules in each crystal were
basically planar, although the planarity of2 was somewhat lower
probably due to the packing reason. The mean deviations from
the least-squares plane defined by the DPH moiety and the
torsion angles around the Ar-CH single bonds in the crystals
are summarized in Table S3.

4.2. Crystal Packing.Figure 4 shows the crystal packing
diagrams for2-6 and 1/5. Crystals1 and 2 had herringbone
structures. The dihedral angles for the DPH planes of the nearest
molecules were 75.6(1)° for 152 and 53.2(1)° for 2. By contrast,
crystals3-6 and 1/5 had π-stacked structures.54 Table 5 and
Chart 3 summarize the relative positions of the DPHπ-planes
of the neighboring two molecules in the stacks. The larged
and smallθ in 3 and 4 suggest that the stacking interactions
between the aromatic rings are rather weak in these crystals.
More fluorination of the rings decreased thed value consider-
ably. In 5, d was reduced to 4.9 Å as a result of C6F5‚‚‚C6F5

interaction, althoughθ ) 34° was still much smaller than 90°.
This results in the largely offset stacking structure of5. The
offset structure has also been observed for a derivative ofs-cis
E,E-1,4-di(perfluorophenyl)-1,3-butadiene.57 The structures of
6 and1/5considerably resembled each other, in which molecules
were packed in a nearly face-to-face stacking fashion.58 The
value d considerably decreased to 3.7-3.8 Å and θ greatly
increased to 58-63° from the corresponding values in5. The
proximity of the stacking molecules clearly arises from the
strongly attractive C6F5‚‚‚C6H5 intermolecular interaction in
crystals6 and1/5. The experimental observation that the offset
of 5 was larger than those of6 and1/5 is consistent with the
theoretical prediction that C6F6‚‚‚C6F6 interaction energy is
smaller than that of C6F6‚‚‚C6H6 for the two aromatic rings
arranged in a face-to-face geometry.29

5. Relationship between the Solid-State Spectroscopic
Properties and the Crystal Structure.5.1. Absorption Proper-
ties. The position ofλa(max) of the M absorption bands in the
solid state was shifted to red by 30-40 nm from those in MCH
solution for all compounds studied. This red shift would be
mainly due to the planarization of the molecule in the solid
state. In solution, the Ar-CH single bonds rotate almost freely.
Ab initio calculations show that the torsional potentials for these
bonds are very shallow and that an about 15°-twisted structure
is the most stable.59 However, in the solid state, the rotation is
restricted and the molecules have basically planar conformation
as shown by the crystal structure analysis. The resulting more
effective conjugation leads to the red shifts ofλa(max)in the solid-
state spectra. The small substituent dependence ofλa(max)of the
M absorption band is a result of a combination of the facts that
λa values for the isolated molecules are all similar, and that the
molecular planarity is not greatly different in each crystal.

In sharp contrast, the intensity of the R absorption band was
strongly dependent on the substituent. This would come from
the difference in the strength of the orbital-orbital interaction
between DPHπ-planes in each crystal. Clearly, weakπ-π
interactions in the herringbone structures result in the weak R
bands in the absorption spectra of1 and2. The increase in the

TABLE 3: Fluorescence Lifetimes for the Crystals of 1-6
and 1/5

compd λmon (nm) τs (ns) ø2

1 438 1.0 (91%) 5.4 (9%) 1.08
457 1.0 (90%) 5.1 (10%) 1.21
488 1.1 (79%) 4.9 (21%) 1.37
524 1.7 (65%) 5.6 (35%) 1.31
570 1.9 (45%) 5.3 (55%) 2.06

2 459 0.90 (95%) 5.6 (5%) 1.15
3 465 0.88 (86%) 6.3 (14%) 1.63
4 440 0.85 (97%) 9.4 (3%) 1.53

457 0.86 (87%) 7.3 (13%) 1.46
490 1.0 (90%) 7.2 (10%) 1.33
538 1.0 (76%) 5.6 (24%) 1.20

5 457 1.1 (93%) 6.5 (7%) 1.23
6 530 0.96 (82%) 5.4 (18%) 1.29

1/5 472 1.1 (88%) 6.9 (12%) 1.56
523 2.8 (86%) 8.5 (14%) 1.31
558 2.9 (87%) 7.1 (13%) 1.32
604 3.0 (87%) 9.7 (13%) 1.31
630 2.5 (79%) 5.7 (21%) 1.59

CHART 2
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R band intensity for3 and4 relative to those for1 and2 can be
understood in terms of stronger interactions in theπ-stacked
structures.

5.2. Fluorescence Properties.The weakπ-π interactions in
the herringbone structures of1 and 2 also account for their
predominantly monomeric origin of emission. Although the
difference in the strength ofπ-π interaction in1-4 is probably
reflected in the absorption spectra as mentioned above, crystals
3 and 4 also exhibited mainly monomeric emission. This
suggests that the interactions in3 and4 are still weak due to
their largely offset structures.

Considering its offset stacking structure, the excimer emission
from crystal5 was rather unexpected, since the formation of
excimer requires strong interactions betweenπ-orbitals.

Crystals of6 and1/5had similar, nearly face-to-face stacking
structures. Strongπ-π interactions were expected in these cases,
and as a result of this, they similarly exhibited largely red-shifted
emission relative to those of the other compounds. Interestingly,
however, the origin of the red-shifted emission was clearly
different for6 and1/5. The observation of excimer fluorescence
from 6 indicates that the two (or more) molecules in the crystal
strongly interact in the excited state, whereas in the ground state
they experience a mutual repulsion. On the other hand,1/5
exhibited the emission from the excited states of molecular
aggregates in which molecules of1 and 5 strongly interact
already in the ground state. The strong intermolecular interaction
between1 and5 may be correlated with the difference in the
electron affinity (reduction potential) between these molecules.
For fluorinated distyrylbenzenes, the electron affinity increases
as the number of the fluorine atoms on the rings increases.45

Analogously, we can expect that the most fluorinated5 in this
study has higher electron affinity than nonfluorinated1. If this
is the case, then it may safely be said that the molecular
aggregate in1/5 is a CT complex in the solid state.

The present results can be compared with our previous
observation for (E,E,E)-p-nitro-p′-alkoxy-substituted DPHs.33

The crystal of the nitro-n-butoxy derivative hadπ-stacked
structure withd ) 3.7 Å andθ ) 67°, both of which are similar
to the values in6. Different from the case of6, however, it
exhibited pure monomeric emission. Again these indicate that,
even if the molecular arrangements of theπ-conjugated fluo-
rophores are very similar in the crystals, the strength of orbital-T
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a d is the shortest intermolecular distance between triene carbons.
Molecules A and B in each crystal are shown in Figure 4.

TABLE 5: Values of d and θ for Molecules A and B in the
Crystals of 3-6 and 1/5

compd d (Å) θ (deg)

3 5.824 12.04
4 5.924 14.26
5 4.906 33.55
6 3.734 62.65

1/5 3.813 57.76
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orbital interaction between molecularπ-planes in the ground
and the excited states can be entirely different.

Conclusions

The solid-state absorption and fluorescence spectra of1-6
and1/5were strongly dependent on the fluorine ring substituent.

The spectral red shifts relative to those in solution would be
mainly due to the planarization of the molecule in the solid
state. The strong substituent dependence of the solid-state spectra
arises from the difference in the strength of interaction between
DPHπ-planes in the crystals, depending on the packing pattern.
The weakπ-π interactions in the herringbone structures (1, 2)

Figure 4. Crystal packing diagrams of (a)2, (b) 3, (c) 4, (d) 5, (e) 6, and (f)1/5.
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or in the largely offset stacking structures (3-5) account for
their predominantly monomeric origin of emission. Considering
the offset stacking structure due to C6F5‚‚‚C6F5 interaction, the
observation of the excimer fluorescence from5 was rather
unexpected. Crystals6 and1/5 had similar, nearly face-to-face
stacking structures due to strongly attractive C6F5‚‚‚C6H5

interaction. The largely red-shifted emission from6 and 1/5
results from strongπ-π interaction in these crystals. Despite
the similarity in the molecular arrangement in the crystal,
however, the fluorescence origin was clearly different for6 and
1/5. This can be ascribed to the difference in the strength of
orbital-orbital interaction between molecularπ-planes in the
ground and excited states.
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