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Abstract: A new approach to control molecular aggregation of zz-conjugated chromophores in the solid
state has been investigated. Our strategy was to use a modifiable bulky fragment which should induce a
J-aggregation and offer the possibility to reach an H-aggregation upon its chemical modification by lateral
slip of z-conjugated molecules. The chosen fragment for that purpose was the hydrolyzable triethoxysilane
function (Si(OEt)s). Our objective was to design and synthesize electroluminescent or solar cell hybrid
organic—inorganic materials by the sol—gel process applied to a bifunctionalized silane. With this intention,
the synthesis of the sol—gel processable phenylenevinylenediimide silsesquioxane 6 was accomplished
and the study of spin-coated thin films of the pure silane precursor subjected or not to the sol—gel process
has been carried out. Optical properties of 6 are consistent with the formation of J-aggregates in the solid
state due to the steric hindrance introduced by the triethoxysilane units. Conversely, the spectroscopic
behavior observed for the hybrid film 6F is attributed to an H-aggregation corresponding to a “card pack”
orientation of the distyrylbenzeneimide chromophores in the compressed silicate network. Morevover, 6
and 6F also exhibited different electronic behaviors: light-emitting diodes exhibited high brightness with
the native precursor 6 and almost no light output with the sol—gel processed silsesquioxane 6F. Photovoltaic
cells showed the opposite behavior with low photocurrent generation in the precursor case and higher
photocurrents with the sol—gel processed layers. These results provide a deeper understanding of the
present self-assembly process that is strongly governed by the molecular packing of the oligosiloxane
precursor.

Introduction stability, high electron affinity, and good thin-film forming
ability. TheC, symmetry of the chiral unit induces a secondary
structure which reduces all types of intra- and interchain
interactions. The incorporation of a well-defined phenylene-
ethynylene substructure within the chiral backbone allowed the
fabrication of a monolayer electroluminescent polymeric diode
with higher performances than the related isolated imidophe-
nyleneethynylene (IMPE) (Scheme31).

This type of conjugated polymer has desirable mechanical
properties, but the lack of long-range interchain order reduces
performance. As a result, the detailed understanding of the
supramolecular interactions between the individuabnjugated

Electronically active organic polymers are of great interest
for electronic devices because of their low processing costs and.
their desirable mechanical propertieBuring the past decade,
several polymeric materials suitable for light-emitting devices
have been developéd’he basic requirement is a highly efficient
luminescent material with good thermal and photochemical
stabilities. In this context, we recently described the optical and
electroluminescent properties of a new chiral electroluminescent
polyimide consisting of alternating conjugated segments and
chiral units. The synthesized polymer exhibited high thermal
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*Ecole Nationale Supeure de Chimie et de Physique de Bordeaux. research areas. Indeed, for electronic devices made out of
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Scheme 1. Incorporation of a Well-Defined
Oligo-phenyleneethynylene Substructure within a Chiral Backbone g g
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Figure 1. New strategy to go from a J- to an H-aggregation.

properties by simply playing on the modulation of its aggrega-
tion.

The tendency of molecules to aggregate depends on the
structure of the chromophore and also on its environment.
However, the rational control of a dye aggregation is still
difficult because molecules tend to spontaneously align them-
selves into a one-dimensional infinite aggregate in a face to
face manner by means of-stacking and/or van der Waals
interactions. The development of a method to control their
0 ImPE aggregation behavior and orientations is a challenge.

) ) In this context, we developed a new family of oligo-
recent strategies of self-assembly and supramolecular chemistnyyhenylenevinylene derivatives incorporating conjugated imide

are interesting alternatives for the bottom-up design of organic fynctions (ImPV) (Scheme 2). These functions are thermally
devices: Controlled aggregation of-conjugated systems offers  and chemically stable. Their electron affinity confers to the
interesting electronic and photonic functional materials that are whole molecule the electron transport properties which are
different from their monomeric state. The self-association of |acking to the phenylenevinylene moiety. This novel bis-
chromophores in the solid or at the sefiiquid interface is a  imidophenylenevinylene (ImPV) derivative has been chosen for
frequently encountered phenomenon in dye chemistry owing this study because this material exhibits acceptable performances
to strong intermolecular van der Waals-like attractive forces even in single layer OLED!

between molecules. The aggregates in the solid state exhibit In the first part of this manuscript, the relation between the
distinct changes in the absorption band as compared to thesupramolecular organization of ImPV and its optoelectronic
monomeric specigsFrom the spectral shifts, various aggrega- properties will be studied. Our approach toward the control of
tion patterns of the dyes in different media have been proposed.its supramolecular organization and its optoelectronic properties
The bathochromically shifted-dand$ and hypsochromically ~ will be then described.

shifted H-bandsof the aggregates have been explained in terms ~ Our strategy to control its aggregation behavior and orienta-
of molecular exciton coupling theory, i.e., coupling of transition tions was to use a modifiable bulky fragment which should cause
moments of the constituent dye molecufidsis generally agreed @ lateral slip of molecules from a J-aggregation to an H-
that both H- and J-aggregates are composed of dye moleculegggregation upon its chemical modification (Figure 1). The
stacked in a parallel way. A plane-to-plane stacking results in fragment chosen for that purpose was the hydrolyzable triethox-
a sandwich-type arrangement (H-aggregates) whereas a heagdysilane function (.Si(OEg). Hybrid §i|icate materials. deriveq
to-tail arrangement forms J-aggregates leading to two-dimen- from .the hydrolytic polyconde.nsanon' of organo-bridged sils-
sional dye crystals. From Figure 1, it can be postulated that €SAuioxane precursors, (ROSi—R'—Si—(OR), where R and

going from a J-aggregation to an H-aggregation will improve R’ are organic gr(l);Jps, have received increasing attention over
the intermolecular overlaps increasing the charge transportthe past decadg. ' Recently, efforts have been made to better

properties. Furthermore, since the corresponding total transitioncontrm their structure to create new functional materials. Several

dipole moment vanishes, H-aggregates are generally consideregLoeli]pfer:isi?]rtle:neo?ogl\% ggvﬂzzts'mgﬁsc“onl ;fsg:gggl""
as poor emitter& Thus, the aggregation patternssconjugated pheny y 9 asgtl sy '

oligomers will determine the device performance and/or goal (11) Wantz, G.; Dautel, O. J.; Almairac, R.; Hirsch, L.; Serein-Spirau, F.; Vignau,
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Scheme 2. Synthetic Path to the Oligo-phenylenevinylenediimide ImPV
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Substituted OPVs exhibit very promising properties in the field were simply isolated through a filtration since they crystallized
of light-emitting diodes (LED), and their encapsulation in silica during the reaction mixture cooling. This new chromophore is
matrixes improves their optical properti€Most of studies have  highly soluble in common organic solvents, highly fluorescent,
been done on bulk hybrid materials. Such approaches are notand emits greenish blue light with a fluorescence quantum yield
representative of the hypothetical material use as a thin film in of 70% when irradiated at 425 nm in tetrahydrofuran (THF)
a LED. [Aabs max= 425 NM;Aem_max= 515 NM @ex = 425 NM),Pmpy
Recently, Dantas de Morais et al. have shown the ability of = 0.70].
the sot-gel technique to produce multilayer devices comprising ~ Upon deposition of a film of ImPV from a THF solution on
two or three hybrid layers exhibiting different functionalitis.  a glass plate, the absorbance was red-shifted to 441 nm
Mono-functionalized molecules were copolymerized with tet- (Supporting Information). These small red shifts in absorbance
raethoxysilane (TEOS) used as cross-linking agent. They and fluorescence maxima are consistent with an exciton coupling
demonstrated the electroluminescent properties of-gel of the aromatic units due to the formation of J-aggregates. This
materials by manufacturing hybrid organicorganic LED. But, agrees with the steric hindrance introduced by the cyclohexyl
the dispersion of the electroluminescent moiety in the silica fragments.
matrix emerging from the hydrolysis of the TEOS did not allow  Indeed, the steric contribution of the cyclohexyl fragment to
studying the influence of the sebel process on the supramo-  the supramolecular arrangement of ImPV was determined by
lecular organization of the chromophor. In a same waylléfiu  X-ray diffraction. Crystals obtained were suitable to record
et al. reported the fabrication of electroluminescent devices microdiffraction patterns at the Microfocus Beamline 1D23-2
based on perylene-doped sgel layers'® The study of the  (European Synchrotron Radiation FacilityESRF, Grenoble).
influence of the setgel process on the supramolecular orga- ImPV crystallizes in a monoclinic system with@2/c space
nization and on the optoelectronic properties could not be done group. One independent half-molecule is located on an inversion
since the fluorescent perylene dye was embedded in a hybridcenter (Figure 2a).

sol—gel matrix by the adjunction of TEOS. _ As attested by the single-crystal structure, the crystallization
Here, the objective was to design and synthesize electrolu-of ImPV afforded the all-trans compound. The three benzene
minescent hybrid organieinorganic materials by the segel rings (A, B, and B) linked by double bonds are mostly coplanar

process applied to a bifunctionalized silane based on ImPV with a dihedral angle C(AC(6)—C(3)—C(2) 11.08(3). Al-
without TEOS in order to study the impact of the formation of ternatively, the cyclohexyl fragments (in a chair conformation)
the silica network. Effects on the quallty of the thin films and are |y|ng perpendicu]ar]y to the p|ane defined by the aromatic
on the electrooptical properties of the precursor subjected orrings with a dihedral angle C(13N(1)—C(14)-C(15) 63.10-
not to the sot-gel process were investigated. For that purpose, (3)°. This conformation and the steric hindrance introduced by
we report, the synthesis of a new phenylenevinylenediimide the cyclohexyl units result in a J-type organization of ImPV in
silsesquioxane and the study of spin-coated thin films of the the solid state (Figure 2b). In the crystal, J-stacks organized in
pure silane precursor subjected or not to the-g@ll process.  |ayers separated by alkyl side chains alongztais are formed
(see Supporting Information).
S To get information on charge injection, electrochemical
The Cyclohexyle Fragment as the Structure-Directing  measurements have been performed and compared to a highly
Agent. ImPV was synthesized in two steps from the 4-bro- gt,died light emitting polymer, poly[2-methoxy-5@thylhex-
mophthalic anhydridd. In a first step, the cyclohexylamine oxy)-1,4-phenylenevinylene], known as MEH-PPV. MEH-PPV
and the 4-bromophthalic anhydride were condensed in  haspeen extensively demonstrated as a promising light-emitting
refluxing toluene under a DeaiBtark trap to afford the polymer in the past 10 yea?8.ImPV exhibited a pseudo-
corresponding halogenated cyclohexylphthaling8¢Scheme reversible wave under cathodic sweep, and the reduction took
2). Finally, 2 readily underwent coupling reaction with the place at-1.34 V ELumo = —3.06 eV) versus saturated calomel
conjugated 1,4-divinyl-2,5-bis(octyloxy)benzeBén the pres-  glectrode (vs SCE) which was higher than that of MEH-PPV
ence of a palladium catalyst. The Heck reaction was carried (—1 52 / j.e. E yyo men—ppv = —2.88 €V)2! The reduction

out in dry N,N-dimethylformamide at 106C in the presence  nrocess for a conjugated molecule in an electrochemical cell is
of Pd(OAc) and of P6-CsHsMe)s. Yellow needles of ImPV

Results and Discussion
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a)
Figure 2. Crystal structure recorded on a single crystal of ImPV: (a) anisotropic displacement parameters are drawn at the 50% probability level. (b)
J-stacks running along theeaxis (octyl chains were omitted for clarity).

0.04 7000 RPN =
) '
0.035 6000 4 N
3 h —— EL of ImPV
0.03 5000 T £ ! -—- PLof ImPV
< 0.0251- E 2 h
= 4000 E B 1
§ 002 g & ! 7
3 3000 = = ll
© 0.015 I- _
3 g 1
0.01- 2000 3 E L _
]
0.005— 1000 2 .\ m
A I
0 0 [ L T
0 2 4 6 8 10 12 14 480 520 560 600 640 680 720
a) Voltage (V) b) Wavelength (nm)

Figure 3. ITO/PEDOT-PSS/ImPV (50 nm)/LiF/Al device. (a) IVL curves (inset shows a picture of an operated OLED pixel). (b) Electroluminescence (EL)
and photoluminescence (PL) spectra of ImPV. PL spectrum has been taken in the solid state with an excitation wavelength of 441 nm.

related to the electron capture ability. Therefore, it is reasonableform a 50 nm thick layer. This conducting polymer layer was
to affirm that the ImPV has a higher electron affinity than MEH- cured at 80°C under primary rotary pump vacuum for 1 h.
PPV, owing to the introduction of the electron-withdrawing This layer improves hole injection from the ITO to the HOMO
imido groups. The oxidation process exhibits an irreversible level of the organic material and increases the performances of
wave, and the onset potential of oxidation is located at 1.07 V the device?? Then, the active layer of ImPV was thermally
vs SCE Enomo = —5.47 eV). The oxidation process for a evaporated under vacuum (ca."#@nbar) at a low deposition
conjugated molecule in an electrochemical cell is closely related rate of 0.1 nm sl. The deposited thickness (50 nm) was
to the removal of electrons from the HOMO of the material. monitored using a piezoelectric balance setup inside the vacuum
This value is higher than that of 0.59 V for MEH-PPE{©tmo chamber close to the substrate holder. Thicknesses were checked
MEH_ppy = —4.99 eV)?L A higher oxidation potential of ImPV  with a Tencor AS-1Q profilometer. Bilayer cathodes of lithium
and an irreversible anodic wave present a barrier to hole fluoride LiF (~1 nm thick) and aluminum Al{150 nm thick)
injection. This may solve the problem of imbalanced charge were then sublimed under secondary vacuum through a shadow
transport of MEH-PPV based PLED, in which hole transport is mask. All investigated devices have an active area of 1¢.mm
much more effective than electron transport. The electrochemical Samples were then stored and characterized under inert atmo-
band gapE4©), calculated from cyclic voltammetry dat&*%on sphere in a nitrogen glovebox §@nd HO < 1 ppm). Contacts
— E'e4,), is about 2.41 eV, somewhat in good accordance with were taken using a prober (Karl Suss PM5). Curramtitage-
the optical band gap,°”") estimated from the onset absorption luminance (IVL) curves were measured using a Keithley 2400
of IMPV (Adonset= 490 nm), which corresponds to 2.53 eV. Sourcemeter coupled to a photodiode calibrated with a Minolta
Taking into account HOMO-(5.47 eV) and LUMO {3.06 CS-100uminancemeter. Electroluminescence spectra (EL) were
eV) level positions, an electroluminescent diode based on ImPV investigated using an Ocean Optics HR2000 Spectrometer.
was fabricated using a system ITO/PEDOT-PSS €V) as an Figure 3 shows currentvoltage-luminance characteristics
anode and LiF/Al as a cathode. The structure of the device (IVL) of a device based on ImPV as a luminescent material.
included a layer of indium tin oxide (ITO) which is the OLED based on ImPV exhibited very good performances.
commonly used transparent anode for such applications with aLuminances reach 6200 Ccfrat 12 V with an onset voltage
sheet resistance of approximately X¥/0O. This substrate of 6.0V, a quantum efficiency maximum of 1.78 Cd/A, and a
underwent a wet cleaning procedure of successive 30 minluminous efficiency maximum of 0.46 Im/W at 4000 Cd/(see
ultrasonic baths in trichloroethylene, ethanol, and deionized Supporting Information). The electroluminescence (EL) spec-
water at room temperature. The substrates subsequently undertrum has been measured and found centered at 545 nm with a
went a UV-ozone treatment. Then, a layer of poly(styrene onset aflonset= 495 nm. This EL spectrum is in good agreement
sulfonate)-doped poly(3,4-ethylenedioxythiophene) (PEDOT- ) \yanis, G ; Hirsch, L. Huby, N.; Vignau, L.; Silvain, J. F.; Baréie.-S..
PSS) was spun, fro a 3 wt %water dispersion at 5000 rpm to Parneix, J.-PThin Solid Films2005 485, 247—251.
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Scheme 3. Synthetic Path to the Phenylenevinylenediimide Silsesquioxane Precursor 6

NH-
? o) Si(OEt)3
H2N Si(OEt); Br J_/
D
Toluene Toluene
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0 Si(OEt)3
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< ) 4
OCgH N
5 8y /_ﬁ m/\ OCgHy7
(Et0)3Si 0 6

Pd(QAc),, P(o-CgHyMe)3
NEtz, DMF, 110°C

with HOMO and LUMO level positions deduced by cyclic Stark trap to afford4 after a recrystallization of the crude
voltammetry since it provides a band gap width of 2.50 eV. product. The transimidation of the imidopyridine by the 3-ami-
The observed light is pale green. The chromatic coordinates nopropyl)triethoxysilane afforde& which was isolated by
calculated from the EL spectra are reporteckat 0.41/y = column chromatography on silica gel with an overall yield of
0.57 following the CIE-1964 chromaticity diagram. A red-shift 60%. Finally,5 readily underwent a coupling reaction with the
is observed on the electroluminescence spectrum of ImPV conjugated 1,4-divinyl-2,5-bis(octyloxy)benzeBén the pres-
(Figure 3b,A4 = 30 nm) compared to the photoluminescence ence of a palladium catalyst. The Heck reaction was carried
spectrum. Such an effect related to built-in electric fields was out in dryN,N-dimethylformamide in the presence of Pd(OAc)
already observetf Moreover, when operating these devices as and P¢-CsHsMe)s. The sol-gel processable conjugated segment
photovoltaic cells under 470 nm irradiation ugia 6 mWblue 6 was purified by column chromatography on silica gel. An
GaN light emitting diode, no photocurrent has been observed. additional recrystallization from ethanol affordé@s small red
The good efficiencies exhibited by the devices based on aneedles in 65% vyield. This new silylated precursor is highly
single layer of ImPV are the result of the J-aggregation of soluble in common organic solvents, highly fluorescent, and
chromophores directed by the bulky cyclohexyl fragments. emits greenish-blue light with a solution fluorescence quantum
Modifications of this aggregation trend should modify its optical yield of 70% when irradiated at 425 nm in tetrahydrofuran [THF,
properties. Since the supramolecular organization of IMPV is daps max= 432 NM;dem max= 530 NM fex = 432 nm), Dig =
the result of combined steric effects withstacking and van  0.70].

der Waals interactions, the only way to control it resides inthe  Upon deposition of a THF solution &on a glass plate, the
chemical modification of ImPV. This could be envisaged via absorbance is red-shifted to 466 nm. The large shifts in
the imide function. Indeed, any amine could be condensed to absorbance and fluorescence maxima are consistent with exciton
the 4-bromophthalic anhydride to furnish the reactive haloge- coupling of the aromatic units due to the formation of J-
nated imide. The 3-aminopropyl)triethoxysilane was selected aggregates. Spectral shifts{ = 30 nm) higher than those of

as a modifiable bulky amine to induce a J-aggregation and to ImPV (A1 = 15 nm) are consistent with the fact that triethox-
offer the possibility to reach an H-aggregation upon its ysilane groups [Si(OE4) are bigger than cyclohexyle fragments
hydrolyze-polycondensation by the sajel process. (see Supporting Information).

The Triethoxysilyle Fragment as the Structure-Directing Further insight into the supramolecular arrangement was
Agent. The synthesis of the segel processable precursbis obtained by X-ray diffraction. Recrystallization 6fin ethanol
accomplished by introducing the triethoxysilyle group through  frnished small needles and microdiffraction patterns were
a transimidatioff from the imidopyridine derivativet rather recorded at the Microfocus Beamline ID236lcrystallizes in
than the direct addition of the 3-aminopropyltriethoxysilane 5 monoclinic system with B2/c space group. One independent
on the 4-bromophthalic anhydride(Scheme 3). half-molecule is located on an inversion center (Figure 4a).

. Although such direct syntheses of [(trlalI_<oxyS|IyI)propyI]- The thermal motions result in a splitting of the triethoxysilane
imides have been reportéfithey often result in the premature fragment on two positions. Their positions have been refined
hyglrolysis aqd condensation Of. silylated monomers since the according to a model of disorder. As in the case of ImPV, the
imide formation releases 1 equiv of wa?érThe halogenated recrystallization o6 afforded the all-trans compound. The three
[(triethoxysilyl)propyl]imide 5 was isolated in two steps from benzene rings (A, B, and Blinked by double bonds are
the anhydridel. In a first step, the _2-aminopyridine and the coplanar with a s;nalll dihedral angle C(:3(10)-C(14)
anhydridel were condensed in refluxing toluene under a Dean C(19) 0.20(3). Conversely, the propyltriethoxysilane fragments
(23) (a) Campbell, I. H.; Hagler, T. W.; Smith, D. L.; Ferraris, JPRys. Re. are lying on each side of the plane defined by the aromatic rings,

Lett. 1996 76, 1900-1903. (b) Bolognesi, A.; Bajo, G.; Paloheimo, J.;  resulting in a chair conformation of the whole molecule with
Ostergad, T.; Stubb, HAdv. Mater. 1997, 9, 121-124.

(24) Wengrovius, J. H.; Powell, V. M.; Webb, J. IL. Org. Chem1994 59, an angle C(23)C(22)-N(2) 112.09(2).

2813-2818. ; ; i hi i
(25) Lo, 5. J.: Swihard, T. J.: Ward, A. H. U.S. Patents 4,906,399 and 4,956, | Nis conformation and the steric hindrance introduced by the
472, Dow Corning Corp., 1990. triethoxysilane units result in a J-type organizatior6ah the
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a)

b)

Figure 4. Crystal structure recorded on a single crystabof(a) anisotropic displacement parameters are drawn at the 50% probability level; (b) J-stacks

running along the axis.
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Figure 5. Infrared spectra 06, 6F, and6Br films on silicon wafers: (a) spectral region from 2840 to 3000 &nib) spectral region from 1020 to 1180
cm L.

solid (Figure 4b). In the crystag forms J-stacks organized in  films has been estimated using tetrabutylammonium bromide

layers separated by alkyl side chains along thexis (see instead of tetrabutylammonium fluoride since the lower nu-
Supporting Information). cleophily of the bromide inhibits the hydrolysegolyconden-
Tuning the Supramolecular Organization by the Sot-gel sation process. In this case, films are nod&i. As expected,

Process.The contribution of the seigel process was revealed no hydrolysis was observed when TBABr was used. FTIR
by the comparison of thin films obtained from THF solutions spectra of6F, 6FT20, and 6Br showed two supplementary

of 6 with or without catalyst6 was hydrolyzed by the selgel vibrations bands observed at 2960 and 2870 'cmhich are
process using tetrabutylamonium fluoride (TBAF) as the attributed to the asymmetric and symmetric stretching vibrations
catalyst. A solution o6 in THF (25 mgmL~1, 23 mmolL ), of the CH; of the alkyl fragments of the (Bui)™ cation.

0.5 equiv of TBAF, and 6 equiv of ¥D was deposited by spin- In a same way, the formation of the-8D—Si network can

coating on different substrates before its gelation which took be followed by the decrease of the band intensity of the
place within 10 min. Glass plates were used for the study of asymmetric ¢,Si—O—CH,) and the symmetric{Si—O—CH,)

the optical properties, and silicon wafers for the studies related stretching vibrations of the SIO—CH, bond, respectively

to the infrared spectroscopy, X-ray diffraction, and atomic force observed at 1103 and 1078 ch{Figure 5b) and the appearance
microscopy analyses. Films obtained by the—sgg®| process of a broad band from 1060 to 1160 cicorresponding to the
using TBAF will be notedF. The hydrolysis poly-condensation asymmetric and symmetric stretching vibrations of the various
process can be monitored by infrared spectroscopy (Figure 5).Si—O—Si bonds of the silicate network. The condensation is
During this chemical modification, the ethoxy groupstoére complete after 20 min of thermal treatment. This was confirmed
eliminated while Si-O—Si bonds are created. This transforma- by the stability of the film6FT20 faced with solvents washings
tion can be monitored from the band intensity of the asymmetric and the absence of th&©—H of the water and theSiO—H
(valCHg) and symmetric<CHj) stretching vibrations of the GH around 3400 cm! on its FTIR spectrum (Supporting Informa-
respectively at 2973 and 2887 ci(Figure 5a). On the FTIR  tion).

spectrum of6F, the intensity of these vibrations are lowered The optical properties of the different thin films on glass plate
which is significant of the hydrolysis of the SOEt bonds. The revealed that the hydrolysizondensation process resulted in
hydrolysis of the thin film6F is complete after 20 min of 100  a modification of the supramolecular organizationéah the

°C heating under air atmospheric pressure. solid state. Indeed on glass is characterized by an absorption
These bands have completely disappeared on the spectrunmaximum at 466 nm (Figure 6).
related to the annealed fil@FT20 (6F after 20 min of thermal This maximum is hypsochromically shifted to 431 nm when

treatment). The influence of the cation of the tetrabutylammo- 6 is subjected to a selgel process using TBAF in THF and
nium salt on the physical and morphological properties of the spin-coated on glass to gié&. A proof that6F optical behavior
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6 on giass w=ee6 on glass ex @ 450 nm aggregation. It's known that going from a J-aggregation to an
=——GBronglass | |==ee= 6Br on glass ex @ 450 nm - i I i
eFonoee | oo F on giaes ox & 450 nm H aggr_egatlon reduces the fluorescence quantum yields in favor
07 . . . . 250 of the intermolecular overlag$:?8 In the case of the fluoride

ion catalyzed hydrolysis, it is difficult to compare fluorescence
solid-state quantum yields sinéend6F stand on two different

200 . . .
substrates. This problem can be circumvented by following the
z hydrolysis—polycondensation 06 deposited on a glass plate
150 g catalyzed by HCI vapors (see Supporting InformatfSnindeed,
§ infrared, UV—vis, and fluorescence monitoring of a glass plate
£ spin-coated with6 exposed to vapors of concentrated HCI
'Wg showed that the fluorescence intensityGflecreases during

the hydrolysis-polycondensation process and 56% of the fluo-
50 rescence intensity is lost whehis totally converted in6Cl

(Prsolidesct = 0.44 Digpiiges). Additionally, the thermal treatment

of 6F for 20 min at 100°C completes the condensation process

00 0 w00 a0 o0 a0 0 and gives a very stable and insoluble film. This step has a low
Wavelength (nm) influence on the absorption (1.3% lost) and emission intensities
Figure 6. UV-vis and emission spectra of films 6f 6F, and6Br on glass. (10% lost). The slight blue-shifdd = 5 nm) observed on the

o o ) absorption spectrum @FT20 is significant of an increase of
Scheme 4. Modelization of the Organization Changes from a Thin . . .
Film of 6 to a Thin Film of 6F Due to the Sol—Gel Process: From the H-aggregation, resulting of the contraction of the network.
a J-Aggregation to an H-Aggregation In a same way, the decrease of the fluorescence intensity is
directly related to the H-aggregates known to reduce fluores-
cence quantum efficiencié3° As observed on the spectra of
6FT20washed no absorbance and fluorescence is lost during
the different washings of the film with different solvents
(methylene chloride, THF, acetone, etc.).

Further insight into the supramolecular arrangemengof
was obtained by X-ray diffraction data collected using a curve
position sensitive detector INEL CPS-120 equipped with a Cu
Ka (4 = 1.542 A) source and a Ge monochromator. The X-ray
diffraction of 6F on silicon wafers (Supporting Information)
suggested a highly uniform lamellar structure with intermo-
lecular period of 19.8 Ad = 0.32 A1), In contrast, the X-ray
diffraction pattern of6, on silicon wafer, implied a more
complex out-of-plane supramolecular arrangement. Three dif-
ferent reflections related to periodicities of respectively 25.0 A

resulted from cross-linking of the siloxanes is given by the blank (d = 0.25 A1), 21.2A @=030A"), and 19A =033
test using TBABT instead of TBAF which revealed no change /) Were observed.
in the absorption maximum o6Br. A comparison of the The sot-gel process allowed the formation of a very good
fluorescence spectra showed a different trend. In contrast to theduality thin film on glass or silicon wafer. Upon inspection of
absorption spectra, the fluorescence maxima reflected a bathothe topography of the spin-ca$i layer by atomic force
chromic shift from 534 nm fo6 to 563 nm for6F. Again, 6Br microscopy (AFM) on tapping mode of a Dimension 3100
showed the same fluorescence propertie§. &he changes of ~ Veeco Instruments, one can observe several tens of nanometers
the electronic spectra can be attributed to a different aggregationlong and 2 nm thick randomly lying plates, which indicate some
behavior of the chromophores in relation with their confinement degree of self-organization on the surface (Figure 7a).
in a silicate network@F) or not 6). The spectroscopic behavior ~ The 2 nm thick nano-plates are directly related to the out-
observed for confine6F (blue-shifted absorption, red-shifted ~ of-plane organization determined by X-ray diffraction with a
and quenched emission) can be attributed to an H-aggredétion, period of 1.98 nm. These nano-plates, disposed parallel to the
which is reasonable to expect from an anticipated “card pack” substrate, formed a very homogeneous surface (Figure 7b). The
orientation of the distyrylbenzeneimide chromophores in the root-mean-square roughnesBm{s = 1.8 nm) of this film
compressed silicate network (Scheme 4). A possible formation corresponds to the thickness of the nano-plates. In contrast, the
of 2D aggregates is less likely since H-aggregates should bemorphology of the film obtained by spin-coating & is
separated from each other by long alkyl chains preventing extremely heterogeneous with Bans = 20 nm (Figure 7c and
exciton coupling. As already established from the X-ray 7d).
diffraction analyses, the bulky triethoxysilane fragments6of
are responsible of a J-type aggreggtlon. (Figure 4). (27) ZSS:erlr;ggaoAé,_icl)gl.(heum, P.; Peeters, E.; Meijer, WAm. Chem. Soc.
Moreover, the formation of the silicate network supports a (28) whitten, D. G Acc. Chem. Res.993 26, 502-509.
face to face organization of the chromophores in an H-type (29) Baute, O, & LeBorte, J. P.; Moreau, J. £ Wong Chi Man, @hem.
(30) (a) Manas, E. S.; Spano, F. Z.Chem. Phys1998 109, 8087-8101. (b)

(26) Kasha, M.; Rawls, H. R.; EI-Bayoumi, M. Rure Appl. Chem1965 11, Varghese, R.; George, S.; Ajayaghosh,@hem. Commur2005 593—
371-392. 595.

Spin-coating during the Sol-Gel Process
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anode was ITO/PEDOT-PSS and the cathode was LiF (1 nm)/
Al (150 nm).

From such electronic structures, it is believed that charge
carrier injection may differ. The energetic barrier at the anodic
interface is higher in OLED based dh than on6F. Hole
injection is then easier i6F. At the cathodic interface, electron
injection from LiF/Al is not limited by any energetic barrier in
both cases. As a consequence, charge balance may be better in
6F than in6. On this energetic basis, higher performances are
expected fronbF.

Figure 9a shows the measured luminance-voltage character-
istics (LV) of devices based odiand on6F. OLEDs based on
6 exhibit low luminance levels for voltages lower than 30 V
(10 Cd/m* @ 25 V) and the onset voltage is 5.5 V. A 21 V
onset voltage is recorded with devices baseé®and smaller
luminances are due to smaller current densities. Values of only
3.5 Cd/n% are observed at 30 V. Such very high applied voltages
are consistent with poor performance$&fbased devices. As
a consequence, the injection related data reported above are not
sufficient to predict the performance of OLEDs. We believe
Figure 7. AFM (tapping mode) topography images and cross-sectional a1 6F presents a poor ability to emit light because of the
profiles for thin films of 6F (a and b) andé (c and d) on silicon . S . .
wafers. H-aggregation which induces quenching of luminescence. The

use of 6 is therefore an interesting alternative to avoid

To gain information on the charge injection, electrochemical H-aggregation and to significantly increase luminances. Interest-
measurements were performed. Figure 8a shows a full scaningly, OLED made of6Br, which constituted the blank test,
cyclic voltammograms for thin films o and6F drop-caston ~ showed similar performances & demonstrating that low
a platinum wire 6F was drop cast during the sedjel process. performances d8F as light emitter arise from its supramolecular
Both compounds exhibit a pseudo-reversible wave under Organization and not from the introduction of charged species

c)

cathodic sweep and the reduction took place A37 V vs SCE.  in the thin-films.

Again, the new setgel processable monomérhas a higher Moreover, these diodes were operated as photovoltaic cells

electron affinity than MEH-PPV, owing to the introduction of ~under irradiation from a simple blue GaN-based LED. Such

the electron-withdrawing imido groups. photocurrent generators revealed the good charge carriers
The oxidation process exhibits an irreversible wave when 9€neration and transport abilities&f (Figure 9b). Indeed, the

swept anodically and the onset potential of oxidation Gas illumination of the devices§and6F) with such a lighting fem

located at 1.18 V vs SCIBF exhibits a lower oxidation potential = 470 nm) offered a photovoltaic effect (see IV curves in

at 1.00 V (vs SCE). It's easier to inject holes in the HOMO of SuPporting Information). Such a photoresponsive phenomenon
6F than that 0. The supramolecular reorganization optimizes Nas already been observed in a single layer structure (ITO/MEH-
the overlap between chromophores during the-gel process PPV/_Ca)_lrradlated by a monochromatic light of 488 #im.
and improves the hole transport ability. As already deduced from Considering the UV-vis spectra, Aabs_mag = 466 nm and
the crystallographic analyses, these values of the oxidation#abs masr = 431 nm), an excitation atex = 470 nm should
potential showed that the J-type aggregation6ofs more exhibit petter perfor_mances fo6 than 6F in _th|s setup
effective than that of ImPV. Indeed, the oxidation potential of (Supporting Information). Indeed, the absorption bandéof
ImPV (1.07 V) stands betweedF (1.00 V) and6 (1.18 V) perfectly matches the blue light used for the irradiation.
values. The electrochemical band gaigf), calculated from However, .the phptoqurrept generated ®y16 nA) under the
cyclic voltammetry dataB*,, — E'd,), are about 2.55 eV for blue light irradiation is tywce smaller than that 6F (3Q nA).

6 and 2.37 eV fol6F, somewhat in good accordance with the 1Nese results agree with the H-aggregation66f which is
optical band gapH,°®) estimated from the onset absorption of SuPP0sed to enhance the charge carrier mobility. Further
thin film of 6 (2.45 eV, Aset= 507 nm) and6F (2.41 eV, experiments are under _|nvest|g_a_1t_|on in order to accurately
Jonset= 513 nm). evaluate the charge carrier mobilities.

One should note that the quality of thin-films 6fhas been
improved by a sublimation process which afforded thin-films
with similar quality of solution processéd thin-films. Identical
photocurrent levels were obtained for sublimaédalit its light
emitting performances were further improved which supports
the preceding results. Luminances reach 450 €atm5V with
an onset voltage of 7.5V, a quantum efficiency maximum of
0.49 Cd/A, and a luminous efficiency maximum of 0.1 Im/W
at 300 Cd/m (Supporting Information). Substrates of ITO/

According to the experimental data given by YVisible
spectroscopies (absorption and emission), X-ray diffraction,
microscopies (AFM, SEM, and TEM), and electrochemical
measurement® and6F should exhibit two different optoelec-
tronic behaviors. The J-aggregation 6fis in favor of its
emission properties (solid-state fluorescence quantum yield) and
the H-aggregation oBF supports its charge transport abilities
(intermolecular overlaps). This has been illustrated by the
fabrication of devices based on spin-coated films6ajr 6F
SandWiChed between two elect_rodes (Figure 8b). FOH(_)Wing the (31) Halls, J. J. M.; Pichler, K.; Friend, R. H.; Moratti, S. C.; Holmes, A. B.
experimental procedure described for ImPV-based diodes, the  ~ Appl. Phys. Lett1996 68, 3120-3122.
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Figure 8. (a) Cyclic voltammograms of drop-cast films 6fand 6F on platinum wires in CBCN containing 0.1 mol E£! of BusNPF; as a supporting

electrolyte at a scan rate of 100 mV'sreferenced vs SCE. (b) Energy level diagram of the devices fabricated with spin-coated fnas 6F (before
contact).
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Figure 9. Performances of ITO/PEDOT-P$X (50 nm thick)/LiF/Al devices. (a) LV curves. (b) Photocurrent generated by ITO/PEDOTERSSO
nm-thick)/LiF/Al devices illuminated with a blue light{x = 470 nm).6 (blue solid line),6F (red dotted line), an&Cl (green dashed line).

PEDOT-PSS3(sublimated) were also exposed to vapors of or without fluoride catalyst. The optical properties of the
concentrated HCI and gently rinsed with methanol to avoid different thin films on glass plate revealed that the hydrolysis
PEDOT-PSS dilution. With such a procedure, devices basedcondensation process resulted in a modification of the supramo-
on 6Cl have been made. As in the caseéf light emission is lecular organization. The changes of the electronic spectra have
highly reduced due to the-stacking when operated as OLEDs. been attributed to a different aggregation behavior of the
Under the blue illumination, devices based 6€I| present chromophores confined®F) or not ) in the silicate network.
enhanced photocurrents compared to devices based on subliThe spectroscopic behavior observed & (blue-shift in
mated6 (Figure 9b). One can note th@Cl-based cells exhibit ~ absorption, red-shift in fluorescence) could be attributed to an
higher photocurrent thaBF-based ones. It is supposed that H-aggregation of the distyrylbenzeneimide chromophores in the
sublimation improves the quality of coatings in terms of compressed silicate network.

roughness. As a consequence, sublimated devices present fewer The soi—gel process allowed the formation of a very good
defects and less leakage currents than wet processed ones. Aljuality thin film on glass or on silicon wafer. Upon inspection
these results are once again consistent with better chargeof the topography of the spin-caéF layer by atomic force
transport properties due to the H-type aggregation of moleculesmicroscopy (AFM), randomly lying nano-plates were observed,
compared to the J-type organization. which indicate some degree of self-organization on the surface.

Conclusions The type of aggregation significantly affects the electronic
properties of the material. This was demonstrated by means of
) - - ) ) electrochemical measurements and by the fabrication of opto-
accomplished by introducing the triethoxysilyl group through  gjectronic devices operated as OLEDS or photovoltaic cells. Both
a transimidation from the imidopyridine derivative. exhibited high brightness and low photocurrents with the native
The shifts in absorbance and fluorescence maxima, observedyrecyrsor and almost no brightness and higher photocurrents
upon deposition of a THF solution @& on a glass plate, are  yith the sol-gel processed silsesquioxane. We believe that this
consistent with the supramolecular arrangemestdgtermined  g5516ach of the control of electrooptical properties by the control

by X-ray microdiﬁracti.on:. the aII-tr.ans conformation of the f aggregation properties could be generalized to many labile
molecule and the steric hindrance introduced by the triethox- 54 versatile structure-directing groups.

ysilane units result in a J-type organization in the solid.
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