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Abstract

a series of peripherally carbazole functionalizeddtimeric starburst monomers
were synthesized and characterized. The electrachepolymerization over Pt
and indium tin oxide electrodes of fully-conjugated dendrimers allows the
generation of electro-active polymeric films. Danti#rs were design with and
without electroactive central core (triphenylamingnnected to peripherals
moieties, which influence the physicochemical cbmastics of the
electrogenerated polymers. The versatile electyopetization methodology
allows the generation of thin films of hyperbrangimeacromolecules with good
electrical conductivity, reversible electrochemipabcesses and electrochromic

properties.
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1. Introduction

Dendrimers are highly branched organic macromoésc@ibrmed by multiple
chains emanating from a core, which hold a largmlmer of applications in several
fields [1,2,3]. In particular, for the use as coments in organic electronic devices,
these branches can be designed and synthetizedcasjugated cables, to provide
adequate charge transport capabilities [4,5,6,4,8,91,12]. In addition, functional
groups such as chromophores, electron donor aetéotron acceptor moieties can be
introduced in selected positions (dendrimers” cbranches or periphery), in order to
obtain the desired electronic or optoelectronicratizristics. In this way, dendrimeric
structures found numerous applications as lightdstmg antennas [13], organic light-
emitting material [4-56789], charge carriers tramspayers [14], and as electron donor-
acceptor material [7,10,12,15]. However, the prafan of functional dendrimers is
usually a great challenge, since steric and satylgtoblems frequently appear during
the syntheses stages. Steric hindrance could duiseg the connection of dendrons to
the focal point, and the solubility limitations efft interfere in the production of high
generation dendrimeric polymers. Thus, for the potidn of n-conjugated dendrimers
it is important the search of alternative and éfit synthesis methods. During our
research program about the development of orgaratenmls for electronic and
optoelectronic devices we demonstrated that hypadbreds-conjugated polymeric
materials can be formed electrochemically from ah@ functional dendrimeric

monomers [16,17,18,19,20,21,22]. The use of sggatsigned starburst dendrimer



allows not only the polymer formation by electropukrization, but also the deposition
of the organic material over a conducting substastéhin homogeneous films. In this
last sense, we also proved that by controllingabredition of the electrochemical film
formation, it is possible to optimize the film tkieess and the surface morphology, with
the consequent effects over the film optoelectrpnoperties [21].

In order to obtain the desired starburst dendricneronomers, the branched
macromolecules must be carefully designed for toeae the necessary electronic and
optoelectronic properties. Dendrimeric materialshwell-defined structures may be
prepared by two main synthetic strategies, the eaent [23] and divergent [24]
routes. In a convergent synthesis, the dendrimleaiis from the periphery inward. This
procedure gives rise to a precisely defined strectononodisperse and with high purity
by avoiding incomplete end groups. One of the demkb of convergent strategy is that
it gives rise to a slow growth and, if high genenas dendrimers are needed, the
convergent route could be a problem. In contras¢, divergent route builds the
dendrimer from the core outward. This route oftéfers more drawbacks than the
convergent one. As the generation number increadesdrimers” purity and
polydispersity are more difficult to achieve, amdtricts the repertory of reactions that
could be applied to a few number of high yieldimgse [23,24,25].

In this article, we report the synthesis and proge of peripherally carbazole
(CBZ) functionalized starburst monomers, featuritige presence or absence of
electroactive central core triphenylamine (TPA) aeti@s connected by conjugated or
saturated brancheg&i. 1). The dendrimeric monomers are obtained by a ageve
strategy. In addition, the CBZ residues allow ttwerfation of hyperbranched polymeric
films over conductive substrates by electrochenpodymerization. In fact, the radical

cation coupling of oxidized CBZ drives into the ging of the dendrimeric structures.



Two different fully n-conjugated dendrimeric polymers are formed, witld avithout
electroactive central core connected to peripheraeties (structure$ and3, Fig. 1).
Also, structurally related homologues dendrimerion@mers non-conjugated or
without CBZ moieties (structured and 2) are studied, in order to establish
physicochemical-properties/molecular structuresti@hships.

We showed that the new hyperbranched macromoleaniiégined by the
versatile electropolymerization methodology exhilmiteresting electronic properties
that yield thin films with good electrical conduaty, reversible electrochemical
processes and stability. The outlined strategywadtb us to obtain new materials
through a process simpler than flask synthesis, @odided one of the very few
examples of using starburst monomers applicatioiotm electrochemically active

polymers.

2. Materialsand methods
2.1 Instrumentation and Characterization Techniques.

Melting points were taken on a Leitz Wetzlar Miagope Heating Stage, Model
350 apparatus and are uncorrecfétiand**C NMR spectra were recorded on Bruker
Avance-300 spectrometer with W& as the internal standard and chloroform-d as
solvent. Abbreviations: s =singlet, d = doublet; triplet, and m = multiplet expected
but not resolved. Mass spectra of dendrons wer@ded in a Shimadzu QP2010 Plus
instrument, ion source temperature = 300 °C, andctle voltage = 70 kV. Samples
were analyzed by ultraviolet matrix assisted lagksorption-ionization mass
spectrometry (UV-MALDIMS) and by ultraviolet laselesorption-ionization mass
spectrometry (UV-LDI MS) performed on the Brukertridflex Daltonics TOF/TOF

mass spectrometer Mass spectra were acquired éarlipositive and negative ion



modes. Stock solutions of samples were preparecthioroform. External mass
calibration was made usirfgcyclodextrin (MW 1134) with nHo as matrix in pogé
and negative ion mode. Sample solutions were gspaite a MTP 384 target plate
polished steel from Bruker Daltonics (Leipzig, Gamy). For UV-MALDI MS matrix
solution was prepared by dissolving GA (gentisiddad mg/mL) in water and dry
droplet sample preparation was used according tmaho et al [26] loading
successively 0.5L of matrix solution, analyte solution and matrodigion after drying
each layer at normal atmosphere and room temperdtor UV-LDI MS experiments
two portions of analyte solution (0oL x 2) were loaded on the probe and dried
successively (two dry layers). Desorption/ loniaatiwas obtained by using the
frequency-tripled Nd:YAG laser (355-nm). The lapewer was adjusted to obtain high
signal-to-noise ratio (S/N) while ensuring minini@gmentation of the parent ion sand
each mass spectrum was generated by averaginga$6fs Ipulses per spot. Spectra
were obtained and analyzed with the programs FlakGb and FlexAnalysis,
respectively. Reactions were monitored by TLC d&b0nm E. Merck Silica Gel Plates
(60F254), using UV light (254 nm) and phosphomolgbakcid as developing agent.
Flash column chromatographies using E. Merck sifleh 60H were performed by
gradient elution of mixture of n-hexane and incregwvolumes of dichloromethane or
ethyl acetate. Reactions were run under an argoosghere with freshly anhydrous
distilled solvents, unless otherwise noted. Yietdfer to chromatographically and
spectroscopically homogeneous materials, unlesswibe stated.

For the optical characterization a Shimadzu UViRI0 spectrometer and a Spex
FluoroMax fluorometer were used to measure therghisa and fluorescence spectra,
respectively. Spectra were acquire using quartis qglath length: 1 c¢cm) at room

temperature ii,2-dichloroethane (DCE) and toluene (TOL) solutions.



The dendrimers electrochemical properties weredistu in 0.5-1.0 mM range
concentration in DCE electrolyte containing 0.1 Metran-butylammonium
hexafluorphosphate (TBAHFP) with an Autolab Electremical Instruments
potentiostat. The voltammetric experiments wereycaut using as working electrode
an inlaid platinum disk (2.16 x Tcn?) polished on a felt pad with Oi8n alumina and
sequentially sonicated in water and absolute ethasilger wire as pseudo-reference
electrode and a platinum coil as the counter aldetr Before each experiment
electrolyte blank was made to discard possibletlelsemically active interferes. All
potential values reported are expressed relatiertocene/ferrocenium redox couple
(Fc/F¢= 0.40 V vs SCE), which was used as an internadstal [27].

The spectroelectrochemical experiments were chaig in a homemade cell built from
a commercial UV-visible cuvette. The films were abed by electropolimerized on
ITO (indium tin oxide, Delta Technologies, nomimakistance 1Q/square) electrodes
by cyclic voltammetry technique under the experitabrgonditions described above.
The coated ITO- polymer film was used as workingcebde, Pt as counter electrode
and a silver wire was used as pseudo-referencéraec The homemade cell was
placed in the optical path of the sample light beaewlett Packard 8453 diode array
spectrophotometer, and UV-visible light absorptepectra were taken under potential
control. The background correction was obtainedaiyng an UV-visible spectrum of
an ITO working electrode without the polymer filmSurface analysis of
electrodeposited polymer films on ITO electrodes \warformed by scanning electron
microscopy (SEM) with a Carl Zeiss EVO MA 10 witleetron beam energy of 18 KV.
2.2 Synthetic Procedures.

Dendrimer 1: Dendron9 (470.6 mg, 1.28 mmole) was dissolved in anhydtoligene

(10 mL) under argon atmosphere. Pd(P€h (11.6 mg, 0.02 mmole), Cul (6.1 mg,



0.03 mmole) and PRI{6.7 mg, 0.03 mmole) were added and the mixture stiered for

30 minutes at room temperature. After the solutimecame orange, anhydrous
trimethylamine (10 mL) was added and the reactias gtirred for additional 15
minutes. Triethynylbenzeng (48.0 mg, 0.32 mmole) was added and the mixture wa
stirred 48 hs at 76°C. The solvents were conceutrander vacuum and the crude
product was purified by flash chromatography (hexdichloromethane) vyielding
dendrimer 1 as white solid (257.2 mg, 0.29 mmole). mp: 297-9 29C
(dichloromethane:hexan€td NMR: (1 (300 MHz, CDC4, TMS): 8.15 (d, J = 7.59 Hz,
6H), 7.84 — 7.73 (m, 6H), 7.70 — 7.54 (m, 8H), 7-5%.36 (m, 13H), 7.31 (dd, J =
6.36Hz, 6H);**C NMR: (] (75 MHz, CDC4, TMS): 140.52, 138.06, 135.36, 133.28,
126.94, 126.13, 124.07, 123.65, 121.66, 120.44,342009.77, 90.08, 88.66. MALDI-
TOF MS: calcd for GgHsoN3 (MH™) m/e 875., m/e 875.2 (ML

Dendrimer 2. To a mixture of6 (64.8 mg, 0.07 mmol) in dry toluene were added
triethylamine 1:1 (14 mL) Pd(PBh (11.4 mg, 0.01 mmol), Cul (2.4 mg, 0.01 mmol),
and triphenylphosphine (2.5 mg, 0.01 mmol), andntitgure was stirred 15 min under
argon atmosphere. Commercial phenylacetyl&E€0.05 mL, 0.43 mmol) was added
and the reaction was stirred overnigthat 80 °C. $blent was evaporated and the
crude product was purified by column chromatograpi®yding 51.7 mg (0.06 mmol,

87%) of dendrime® as yellow solid. mp: 122- 125 °éH NMR, & (300 MHz, CDC},

TMS): 7.56-7.52 (m, 7H), 7.50 (d, J = 4.6 Hz, 9R¥7-7.40 (m, 8H), 7.38-7.32 (m,

9H), 7.16-7.07 (m, 9H), 7.01 (d, J = 16.3 Hz, 3HC NMR, § (75 MHz, CDC},

TMS): 146.81, 137.48, 132.06, 131.95, 131.60, 128128.37, 128.25. 127.63, 126.75,
126.26, 124.31, 123.34, 122.00, 90.28, 89.64. MAITIDF (m/e): calcd for 6HesNs,

1186.5 (MH+); obsd, 1186.4 (MH+).



Dendrimer 3. Core6 (44.0 mg, 0.05 mmole) was dissolved in anhydralsene (7.0
mL) under argon atmosphere. Pd(BR(6.4 mg, 0.005 mmole) and Cul (1.6 mg, 0.008
mmole) were added and the solution was stirred BQites at room temperature. Then,
anhydrous trimethylamine (5 mL) was added and ttléow mixture was stirred for
additional 15 minutes. Dendrd2 (56.8 mg, 0.22 mmole) was added and the reaction
was stirred and heated to reflux during 48 hs.h&t ¢énd, the mixture became orange.
Solvents were concentrated under vacuum and thde groduct was purified by flash
chromatography (hexane:dichloromethane) affordimmpddimer 2 (52.2 mg, 0.039
mmole, 82%) as orange solid. mp: 183 - 186°C (dicithethane:hexane} NMR: [
(300 MHz, CDC4, TMS): 8.16 (d, J = 7.65 Hz, 6H), 7.77 (d, J =382z, 6H), 7.61 —
7.50 (m, 18H), 7.49 — 7.42 (m, 17H), 7.35 — 7.27 Th), 7.19 — 7.10 (m, 9H), 7.04 (d,
J = 16.48 Hz, 3H),130 NMR: [ (75 MHz, CDC}, TMS): 146.85, 140.57, 137.74,
137.55, 135.23, 133.09, 132.05, 130.25, 129.08,.6827126.87, 126.35, 126.08,
124.34, 123.58, 122.32, 121.74, 120.40, 120.24,77090.63, 89.61. MALDI-TOF
MS: m/e 1346.4 (N).

Dendrimer 4: Dendrimer3 (38.0 mg, 0.028 mmole) was dissolved in distillddF (9.0
mL) at room temperature affording a bright greetlutsan. Catalyst Pd/C 10% (23.3
mg) was added and the mixture was submitted ungobgen pressure (9 atmospheres)
for 3 days. After this reaction time, green coldrtlee suspension remained and more
Pd/C 10% (29.0 mg) was added and the reaction tvasdsunder 9 atmospheres for 2
additional days. Finally, the reaction mixture sledwno fluorescence and was filtered
over a short pad of Celite, washing with dichlortima@e. Solvents were concentrated
under reduce pressure and the crude product waBegduby flash chromatography
(hexane:dichloromethane) to afford dendrinder(33.6 mg, 0.024 mmole, 86%) as

colorless oil*H NMR: d (300 MHz, CDGJ, TMS): 8.15 (d, J 7.7 Hz, 6H), 7.47 (d, J 8.4



Hz, 6H), 7.44 — 7.36 (m, 18H), 7.33 — 7.26 (m, 6H)L7 (s, 12H), 7.07 (d, J 8.6 Hz,
6H), 7.00 (d, J 8.5 Hz, 6H), 3.03 (s, 12H), 2.901@H).**C NMR: d (75 MHz, CDG],

TMS): 37.41, 37.47, 37.60, 37.70, 109.79, 119.75).47, 123.26, 123.87, 125.85,
127.02, 128.45, 128.51, 129.11, 129.86, 135.46,9%35139.03, 139.66, 141.01,

141.26, 146.01.

3. Results and discission

3.1 Synthesis and Characterization. All dendrimers Fig. 1) were obtained by
Sonogashira coupling between the cores 1,3,5-ymgthenzene (TEBY or tris{4-[(E)-
2-(4-iodophenyl)vinyl]phenyl}lamin® and the corresponding dendrons by exception of
dendrimer4 which was obtained by hydrogenation of dendriBelhe synthesis of
coresb and6 were previously described by our grolpg, 2) [22].

Synthesis of phenyl carbazole dendré@and 12 were accomplished starting
from commercial carbazolé. Under modified Ullmann’s conditionsd was coupled
with 1,4-diiodobenzen8 to afford9 in 76% vyield. Sonogashira type coupling reaction
of 9 with commercially available reagetd generates protected alkyh# with 97% of
yield. Finally, 11 was deprotected under basic conditions to profiesealkynel? in
86 % of yield. All the compounds were purified bgsh column chromatography and
all the synthetic steps gave very good yiehéme 1).

Dendrimers were obtained by coupling between Bard dendro® and coreb
with dendron12 and commercial phenylacetyledd. Palladium catalyst Pd(PBsCI,
catalyst was employed for the coupling reactionsa&5 with dendrom (Schemes 2
and3).

Pd(PPB), was an efficient catalyst when performing the srosupling reaction

between coré and dendron2 and13. As depicted irBcheme 3 reactions yields were



good to very good. All dendrimers were purified Bgsh chromatography and
recrystallized producing white to orange solids fiee compounds with extended
conjugation. Dendrimed was prepared by catalytic hydrogenation Sfunder 9
atmosphere of hydrogen pressure using Pd/C agy/satald distillated tetrahydrofuran
as solvent. Produdtwas obtained as colorless oil in 86% yield.

The cores and dendrons structures were confirnyetHbMR, **CNMR and
FTIR spectroscopy, and compared with the correspgnaibliographic reference when
it is necessary. Structures of the dendrimers vadse characterized byHNMR,
3CNMR, FTIR spectroscopy and MALDI-TOF mass specetmexperiments. In the
conjugated macromoleculds 2 and 3 the observation of two alkyne signals and the
total number of different carbon atoms signalshi@’fCNMR spectrum allowed us to
confirmed the “starburst” shape of the dendrim&sndrimer4 showed no alkyne
signals in™>*CNMR spectrum and four new methylene peaks wererebd. In the
'HNMR spectrum broad signals at 2.90 and 3.03 ppmesponding to a total of 24
protons demonstrated the completed hydrogenatiail tfie unsaturated bonds present
in the starting macromolecu® MALDI-TOF data confirmed the expected molecular
mass calculated for each dendrimer. Experimentahildeand NMR spectra are

described in the Supporting Information.

3.2 Starburst Dendrimeric Monomer s Optical Properties:
The dendrimers electronic transitions were ingeséid by measuring their absorption
and fluorescence spectra in diluted solutioRsy. 3 shows the absorption and
photoluminescence spectra in DCE and TOL solutions.

The monomers light absorption energies are naatlyent polarity independent,

and exhibit similar profiles. In general, the optidoehavior can be analyzed and



understood by taking into account the differentoamospheres that composed the
molecular structures (CBZ, TPA angara-phenylenevinylene). Dendrimet is
constituted by three CBZ moieties bonded throudtyretlphenyl arms linked to the
metapositions of the central phenyl ring. In its spaot the three main transitions (See
Fig. 3a andTable 1) are characteristic of those found in 9-phenylaadbe derivatives
compounds [28,29,30,31,32]. On the other hand, riimed 3 presents four identifiable
optical transitions with\ax at 238, 293, 342 and 418 nm (S€g. 3b andTable 1).
The low energy band (not presentlincan be attributed to the-rt* transition taking
place in thepara-phenylenevinylene segment [22]. This band assigmnsesupported
by the comparison with the spectrum of the modelddener 2, which holds three
vinylene-modified phenyls linked to a TPA core ($&g 3c). Following this analysis,
the absorption spectrum of dendrindecan be seen as a combination of those obtained
with molecular structures of dendrim&snd1l. In fact, the dendrimer core is the same
in molecules3 and2 and the external shell resembles to dendritndn comparison,
when the conjugated arms of dendrirBexre hydrogenated to produce compodnthe
obtained electronic absorption spectrum lacks efdftical transition attributed to the
vinylene residues (Sdég. 3d).

The photoluminescence properties of dendrimers wtidied in DCE and TOL
solution exciting the monomers at the wavelengtlxima of the lower energy bands.
The obtained results are showedrig. 3 and summarized ifable 1. It is possible to
see that the dendrimers that hplra-vinylene moiety (dendrimer and3) prevail the
emission of this well known light emitting centevhile hydrogenated dendrimer
shows blue emission typical of TPA and CBZ cen{@331-3233]. In the case of
dendrimerl that holds in its structure ethynylphenyl moidgtye emission from CBZ

center is red shifted regarding unsubstitute caeam 9 position, due to the larger



conjugation extension [32]. In addition, from theabysis of the showed fluorescence
spectra, it can be observed differences betweendémelrimers emission with the
changes in the solvent polarity. AnalyziRp. 3 it could be observed that dendrim@rs
and3 shown approximately 35 nm bathochromic shiftshigirt emission maxima when
the solvent polarity is increased from TOL to Dmis effect is in agreement with a
decrease in the energy of the singlet excited statea function of an increase in the
solvent polarity; originated from fluorophores thetve larger dipole moments in the
excited state than in the ground state [22,32,S#nilar solvent effect is observed in
dendrimerl fluorescence emission spectra. However, the fhaanece of dendrimeris
almost insensitive to the solvent polarity. Thig eéxtension of the conjugation through
the introduction of unsaturated multiple bonds eosito the dendrimers excited states a
higher polar character [32Furthermore, as it is shown iRig. 3b, dendrimer3
photoluminescent excitation spectrum measured &ns®in DCE solution (dashed red
line in Fig. 3b), presents similar spectral features as theiresponding absorption
spectrum. This observation is indicative that thttogenated chromospheres (CBZ)
efficiently contribute to theara-phenylenevinylene emission at 505 nm, proving the

existence of intramolecular energy transfer in dener 3 branches [22,32,35].

3.3 Dendrimers Electrochemical Properties: Electropolymerization and Film
Formation

The electropolymerization of fully conjugated danters (dendrimerd and3)
allows the generation of hyperbranched macromoéscobtained as thin films over
both, Pt and ITO electrode surfaces, with good teted conductivity and
electrochemical stability. The dendrimers electesnltal behavior and the radical ions

stability were studied by cyclic voltametry techugin DCE solution. Compourd as



it has been mentioned, possesses CBZ as uniqueoaletove center in their outer layer.
Therefore, it is expected that this moiety rules dendrimers electrochemical behavior.
Fig. 4a shows the cyclic voltammograms hf It can be observed that in the first scan
from -0.25 V to positive potentials (blue line) axidation wave, with peak at 0.95 V, is
generatedTable 1). When the scan direction is inverted two reductieaves can be
detected; one at 0.86 V (complementary to the @®ate0.95 V) and another at 0.56 V.
During the second cycle (red line) a new oxidapeak at 0.67 V is identified, which is
complementary to the reduction process at 0.56 3nded in the first cathodic sweep.
This electrochemical behavior is typical of cardazterivates where the CBZ oxidation
leads to the formation of radical cations, whicldengoes a dimerization reaction to
produce dicarbazole [17,18,20,33,36]. The obtatgieter is more conjugated, thus it is
more easily oxidizable than the starting monomgersgducing a new voltamperometric
signal at 0.67 V. As dendrimé@rholds in its molecular structure three CBZ resgjue

is possible the electrochemical generation of hy@erched dendrimeric polymers
which are deposited as a conducting film [17,18@D,This hypothesis is corroborated
when the electrode potential is continually cycl€de progressive growth of the peaks
current Fig. 4a, black lines) denoted the development of a condgdaimd electroactive
film on the working electrode surface. Further aonétion can be reach when the
electrode is removed from the electrochemical celgshed with solvent, and
transferred to free monomer supporting electrobgtieition. The redox response of this
modified electrode is shown Fig. 4b. It can be observed two oxidation peaks at 0.68
V (onset potential 0.41 VTable 1) and 1.01 V, and two cathodic waves at 0.49 and
0.77 V. Thus, the CBZ moieties oxidation proces$ rasults in dimerization reactions,

which leads to the formation of a stable polymetlmelectrode surface [17,18,20,36].



In concordance, spectroelectrochemical studies aiggported this conclusion (see
below).

Dendrimer3 has peripheral CBZ groups like compouhdbut the core of the
dendrimeric structure holds a TPA residue, whicdenebles dendriméX (seeFig. 1). In
Fig. 5a (blue line voltamogram) can be observed a firgergible wave at 0.37 V, and a
second oxidation process at 0.98 V. When the palestan is inverted to cathodic
direction it is observed a main peak, centeredraddu55 V. Taking into account that
the CBZ groups have a higher oxidation potentiaht@PA unit [17,20,22,33,36], it is
possible to assign the first electrochemical pre¢eshe dendrimer core (TPA), and the
second anodic peak to the outer sphere residueZ (@&ups) oxidation. Moreover,
when the applied potential is swept until the firedox process, a reversible
electrochemical response is clearly observed (8s&t inFig. 5a), similar than those
obtained for dendrime2 [22]. In concordance, if the potential is successivelglay
until this first wave, a current growth associatdh the electrodeposition of a
conducting film at the electrode surface is noedetd. This is in agreement with the
tri-para-substituted TPA radical cation stability [17,20,22

On the other hand, when the applied potentialkriged until the second redox
process (assigned to the CBZ moieties oxidatid®,dendrimeB starts an oxidative
polymerization, generating a hyperbranched electia structure. Thus, through
potentiodynamic cycles, a gradual increase of atirie detected, indicating the
formation of a conducting film on the electrodeface (sed-ig. 5a). In order to study
the redox behavior of the electrogenerated filne working electrode was removed
from the electrochemical cell and washed with D@Eeliminate the monomer that
could remain on the electrode. Then, it was transfieto an electrolyte solution to

study the modified electrode electrochemistry. Diained voltamogram showed in



Fig. 5b confirms that an electroactive film is irreversibdylhered to the electrode
surface. The film has two reversible oxidation gsses with peaks potential at 0.72 V
(potential onset 0.44 Vlable 1) and 0.98 V, respectively. The polymeric film stsow
great stability when the film is subjected to nuawsr oxidation-reduction cycles. This
behavior is similar to the one observed in othestays formed by electroactive
polymers derived from CBZ [17,20,22,33].

Fig. 6 shows the hydrogenated dendrirdaroltammetric response, which has a
non-conjugated structure between the CBZ periphgmalips and the TPA core (see
Fig. 1). The obtained waves are quite similar to thoseegded by parent dendrim&r
with two main oxidation processes at 0.36 V and®0/8(Table 1). As before, these
peaks can be assigned to the oxidation of TPA d@id €&nters, respectively. When the
electrode applied potential is cycled until thestfioxidation wave, a reversible redox
process is generated, as can be observed in thk loh@ voltammogram showed as
inset inFig. 6a. In the same inset is also shown with blue line ¢dbmplete potential
sweep until the second redox wave, where is passibsee the carbazole dimerization
process, as was already described. Consequentllye ipotential scan is repetitively
cycled until the further oxidation peak, it is obgsl the characteristic growth and
deposition of an electroactive film. The electraoiEal response of dendriméffilm is
shown inFig. 6b, where two defined peaks are detected at 0.50&&1V, with a film
oxidation potential onset of 0.40 Ygble 1).

A comparative analysis of the electropolymerizatiprocesses between
dendrimerd with 1 and3 (Fig.s 4a, 5a and6a), allows to observe that in the former case
the current increase between successive voltanoicies is significantly lower than
the one for fully conjugated dendrimers. This dffieca clear indication that, under the

present experimental condition4,is able to generated CBZ coupling, but the film



formation efficiency is much lower compare with @th dendrimers structures. In the
case of dendrimet, it is necessary to applied nearly hundred ofarotnhetric cycles on
Pt electrode, to obtain a film with similar curresttaracteristic than those generated
after five voltammetric cycles with dendrimg&rand3. This behavior has been already
observed in other structural related non-conjugdetirimers, and has been attributed
to the higher solubility of the electrooxidationoducts, that avoids the necessary
electrode surface-organic molecule interaction s&aey for the film formation [22].
The higher solubility of dimers and/or oligomersgorated by the coupling cf radical
cations can be related to the rotational and comitional freedom degrees in the
dendrimers arms that allow the generation of glabshape products, which do not
remain on the electrode surface. Moreover, dueh& low tendency o#t to form
electrodeposited films, it was not possible to rfiediITO electrodes; precluding the
possibility of studying its spectroelectrochemipabperties (see below). These results
reinforce the fact that the presence of conjugai@ @gid branches in the dendron
molecular structure is an important factor to aithyperbranched electropolymeric

films [22].

3.4 Spectrolectrochemical Propertiesof Electrodeposited Films

The spectrochemical experiments on hyperbranchéangeos electrodeposited
as films over ITO electrodes were carried out ideorto get information about the
polymeric structures, and its relationship with tdptoelectronical properties of the new
materials. The films over semitransparent ITO etet#s were growth using the same
experimental conditions already described for Rttebde. The electronic absorption
spectra at different applied potentials for denérith are shown irFig. 7a. The film

derivate froml in its neutral state is almost transparent invilséble region. It has one



defined absorption peaks at 346 nm, while thatigitdr energy wavelength the ITO
light absorption onset does not allow the data &ttpn. When the applied potential is
moved to positive values, and reaches the firsddation wave onset (0.41 Wable 1),
new electronic transitions are evidenced as newldjaome with wavelength absorption
maxima at about 433 nm and a second broad bandredrdt 1016 nm. Also iRig. 7a
can be observed how these bands become well dgfeekts as the potential advances
through the first oxidation processes of dendrithéitm (see colored dots iRig. 5b).
These bands can be assigned to the generatiogarbbiole radical cations formed by
oxidation of the polymeric film As the potential@®insides in the seconds oxidation
process, the former absorption bands starts toedserin absorbance, while a new
broad band at 775 nm is develop, which is due ¢olittht absorption by biscarbazole
dication species [17,20,36,37].

On the other hand, a suitable film of dendrin®ewas grown over an ITO
electrode by cycling the potential in the condioshowed inFig. 5b, in order to
develop spectroelectrochemical analysis. At O \é€grline Fig. 7b), the film exhibited
two identifiable light absorption waves at 335 &%¥ nm (with a shoulder at 548 nm).
The band at 657 nm is not observed in polyhepectroelectrochemical analysis (see
Fig. 5a), and consequently, it must be attributed to thes@nce of TPA group in
dendrimer3 polymeric film. This last band can be assignedhi® typical electronic
transition in TPA radical cations [22,36,37], whikldicates that in the film generated
from 3, positive charges remain trapped or isolated endéndrimer core, even at low
potential. As it was observed witl) when the applied potential became more anodic,
first the biscarbazole radical cation optical sigredart to growth at 437 nm anhd 034
nm (seg~ig. 5a andb), and then the biscarbazole dication is genenatédh exhibits a

broad absorption band centered at 722 nm [22,3@,Bd§, the spectroelectrochemical



analysis is in agreement with the electrochemicakcgsses associated to the TPA
central core and peripheral CBZ units in hyperbinaadcpolymeric structure.

Therefore, the described spectroelectrochemichbwer supports that CBZ-
CBZ electroactive centers is present as crossdinike the molecular structure of
dendrimeric films. A proposed molecular structuse shown inFig. 8, where the
dimerizations of CBZ moieties are involved in tHectropolymerization processes of
both monomers.

On the other hand, the UV-vis absorption changeh e applied potentials
observed in dendrimeric films are fully reversibled associated with significant color
changes that can be appreciate by the naked~ay&a shows photographic pictures of
a dendrimed film in its neutral (applied potential,of&= 0.00 V), semioxidized (&, =
0.60 V), and fully oxidized (&, = 1.25 V) states.

The film colorations (transparent, pale yellowdaeen, respectively) exhibit a
homogenous spreading on the ITO surface, showmeldctrochromic capability of the
material.Fig. 9b displays the sequential changes in transmittanG@& atnm when the
applied potential is step-switched between therabahd oxidized states {§z 0.00 and
1.25 V). As can be seen, dendrimérfilm possess a high contrast ratio, with
transmittances of around 90 and 10 % in the newral fully oxidized states,
respectively. Furthermor€&jg. 9c exhibit the current changes associate to the didora
processes. These changes reflect the kineticseoftiarge transport processes, and can
be correlated with the coloration response time dlapsed time needed for 90% of full
transmittance changes at 772 nm were 7.0 s focteh@ation step and 2.0 s for the
bleaching step, reflecting the different condutiga between the reduced and oxidized

forms of dendrimerl film. On the other hand, similar elecrochromic &&@br was



obtained with3 electropolymer. However, the observed chanceoloration are less
intense than those generated by the alteratiomeofeidox state in film electrodes.

On the other hand, it is known that the film saefanorphology characteristics
are associated to their use as active layer inrel@c and/or optoelectronic devices
[21,38] Fig. 10 shows SEM images of both and 3 derivates electropolymer films
surfaces, obtained in the above described conddroiiTO electrode. Both polymeric
films fully cover the ITO surface, but it is clearseen that they exhibit different
morphologies. Besides that both films display glateusurfaces, polymer obtained
from 1 has a smaller grain size than the observed forfithe produced by the
electropolymerization of dendrim& The morphology differences could be originated
in the dendrimeric molecular characteristics. la tase of dendrime8, the relevant
fact is the presence of the TPA electroactive e¢rdore, which remains positively
charged during the electrodeposition processesit Agms already demonstrated the
presence of an oxidized core can influence theadtanstic of the morphological

surface of the hyperbranched polymers obtaineddmtrepolymerization [21,22].

4. Conclusion

We developed a versatile synthetic strategy far tonstruction of fully
conjugated dendrimeric structures using a Sonogashoss coupling protocol as a key
reaction. The starburst dendrimers were built cogestly with an electroactive TPA
core or a non electroactive TEB core. The brandtedtures undergo electrochemical
polymerization through the oxidation of the perigie CBZ groups. By this
methodology hyperbranched polymers were deposgemaductive films over metallic
and semitransparent oxide electrodes. The efféatsooomer structural characteristics

over the films morphological and physiochemical gandies were elucidated. In this



way, the importance of the presences of an extemdeglgation in the dendrimer
branches for efficient film formation has been evided. We have also shown that the
existence of an oxidized core in the dendrimericucstire affects both, the
electrochromic and film morphology properties. Thile electroactive hyperbranched
starburst polymeric films, with the capability teced staking or aggregation between
the redox centers, have a remarkable potentiaintb dpplications in the design and

construction of organic electro-optical devices.
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Figures Caption
Fig. 1. Dendrimer structures
Fig. 2. Cores 5 (TEB) and 6.

Fig. 3: Normalized absorption () and emission O spectra of a) Dendrimer 1, b)
Dendrimer 3, c) Dendrimer 2 and d) Dendrimer 4 réed in DCM (black) and TOL
(Blue). Since the dyes spectra are similar in DGM &OL, only the light absorption
spectra in DCM are shown. In Fig. 3b the dendri@grhotoluminescent excitation

spectrum (measured at 505 nm in DCE) is showedmeididash line (- - -).

Fig. 4: a) first (blue) and second (red) cyclegapetitive voltammograms (black) of
dendrimer 1 solution (DCE, 0.1 M TBAHFP) on a Riattode, v = 0.1 V& b) Cyclic

voltammogram of the electro-deposited film deriviean dendrimer 1 on Pt (DCE, 0.1
M TBAHFP). The superimposed colored dots on voltaxgram trace correspond to the

potentials applied when the spectra showed inFgvere acquire.

Fig. 5: a) first (blue) and second (red) cyclegapetitive voltammograms (black) of
dendrimer 3 solution (DCE, 0.1 M TBAHFP) on a Peattode, v = 0.1 V& Inset

shows the cyclic voltammogram until the first oxida wave. b) Cyclic voltammogram
of the electro-deposited film derived from dendnirBeon Pt (DCE, 0.1 M TBAHFP).



The superimposed colored dots on voltammogram tcaceespond to the potentials

applied when the spectra showed in Fig. 7b weraiseq

Fig. 6: a) first (blue) cycles of repetitive cyclwltammograms of a solution of
dendrimer 4 in DCE with 0.1 M of TBAHPP on a Piaican rate of v = 0.1 VsInset

shows in black line the cyclic voltammogram untié tfirst oxidation wave. b) Cyclic
voltammogram of the electro-deposited film derivesin dendrimer 4 on Pt in DCE

solution without monomer, v=0.1 Vs

Fig. 7: UV-visible absorption spectra of electrodgiped films on an ITO electrode as
function of applied potentials: a) dendrimer 1 &)alendrimer 3. The potential applied
to the colored spectra corresponds to the supesetpdots on voltammogram trace
showed in Fig. 4b and 5b with the same color. Tisetis show pictures of the electrodes

at different redox states.
Fig. 8: Electrochemical polymerization of end-cap@BZ dendrimers.

Fig. 9: a) 1 film on an ITO electrode pictures ditedent applied potentials. b) Dynamic
transmittance changes upon switching the poteb&alkeen 0 and 1.25 V with a pulse
width of 40 s applied to the electrodeposited ITi@vfof 1 in DCE containing 0.1 M

TBAHFP. The absorption was recorded at 772 nm. wyddt generated by the step

potentials applied to the system.

Fig. 10: SEM photographs of dendrimeric electropwy films surfaces obtained from
a) 1 and b) 3.

Schemes

Scheme 1: Synthesis of dendrons 9 and 12.
Scheme 2: Synthesis of dendrimer 1.

Scheme 3: Synthesis of dendrimers 2, 3 and 4.
Table

Table 1: Photophysical and electrochemical parametel-4 dendrimers. The emission
spectra were measured by excitation at the maxiwiuime lower energy bands in ni.

Irreversible peak® Half-wave potentials, obtained from reference [2Heversible



process® Onset potentials determined from intersection betwthe baseline and the

current signal. The potentials values are expressedt vs. Fc/FE.

PHOTOPHYSICAL

ELECTROCHEMICAL

DENDRIMER | Absorptionfmay) Emissionfimay Oxidation Potentials (V)
DCE DCE | TOL E}ionomer Eﬁilm
Dendrimer 1 | 241/293/342 406 | 373 0.95 0.41°
Dendrimer 2 | 321/419 501 | 462 038 |-
Dendrimer 3 | 238/293/342/418 505 | 466 0.37/0.98 |0.44
Dendrimer 4 | 243/261/294 365 | 366 0.367/0.8Z7 | 0.4¢
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