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ABSTRACT: We describe a series of well-defined dendritic—linear block copolymer architectures via the
reversible addition—fragmentation chain transfer (RAFT) polymerization technique. Using dendritic chain transfer
agents (CTA)s possessing a single dithioester moiety at the focal point, RAFT polymerization was carried out to
attach polystyrene (PS) and poly(methyl methacrylate) (PMMA) chains of controlled lengths by kinetic control.
To provide electrochemical functionality, the dendritic CTAs were designed with carbazole moieties at the periphery
of the structures. The results on the electrochemical polymerization of the carbazole moieties at the periphery of
the dendritic component of the block copolymers reveal quantitative cyclic depositions with changes in viscoelastic
properties of the deposited films as monitored by the electrochemical quartz crystal microbalance technique. The
electroactive dendritic blocks proved to be an effective electrochemically active macromonomer for the
electrodeposition of these structures on conducting substrates.

Introduction

Dendrimers and dendrons are a unique class of macromol-
ecules that exhibit monodisperse molecular weight, high degree
of surface functionality, and well-defined branched architectures
emanating from a central focal point.' Some possible applica-
tions have included light-harvesting materials,” drug delivery,’
and catalysis.4 Furthermore, the modification of dendritic
structures at both the focal point® and the periphery® ® has
greatly improved the versatility and applicability to other
macromolecular systems. In particular, the combination of
dendritic and linear segments shows great promise as a
functional class of block copolymers.”~'” These dendritic—linear
block copolymers offer the opportunity to combine the unique
interfacial properties and high functionality of dendrimers with
the phase separation behavior and processability of linear
polymers. A number of solid-state morphological studies have
recently been reported in which the dendritic—linear block
copolymers have been shown to self-assemble into a wide range
of microphase-separated domains including lamella, rods, and
spheres.'>'®72? The specific morphologies adopted by the
various systems mentioned above were dictated by factors
including volume fraction, generation number of the dendron,
and the molecular weight of the linear chain. Interesting behavior
of the dendritic—linear hybrids has also been observed under
dilute solution conditions.'*???* For example, Passeno et al.
observed a conformational change of both the linear (knitted to
random coil) and dendritic block (spherical to cone) as a function
of linear molecular weight.?*

A number of different synthetic strategies have been recently
developed. One strategy involves coupling of preformed end-
functionalized linear polymers with reactive dendritic architectures
having a complementary functional group at their focal point. This
approach was employed by Gitsov and co-workers to produce
dendritic—linear block copolymers by the reaction of hydroxyl-
terminated poly(ethylene glycol) and poly(ethylene oxide) with
bromobenzyl-functionalized aromatic polyether dendrons using
Williamson etherification.'®**?> Alternatively, similar dendritic—
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linear copolymers were obtained by the termination of anionic
polystyrene with polyether dendrons.>® Although this strategy
yields the block copolymer in one step, it is limited by the
availability of macromolecular systems with appropriate cou-
pling chemistries. Another approach to dendritic—linear block
copolymers involves a divergent synthetic strategy of the
dendron segment from an appropriately end-functionalized linear
polymer.'*?” Namazi et al. used such an approach in the
synthesis of ABA dendritic triazine—linear poly(ethylene glycol)
block copolymers.® A more promising approach to dendritic—
linear block copolymers was first demonstrated by Gitzov and
co-workers in which dendrons were used as macroinitiators in
the anionic polymerization of e-caprolactone.>® Al-Muallem et
al. extended this approach with a one-pot synthesis of dendritic—
linear polystyrene derivatives by a convergent-like living anionic
synthesis of dendritic polystyrene followed by the growth of
the linear polystyrene segment.***! The down side of the
aforementioned examples lies in the stringent conditions as-
sociated with anionic polymerization. In contrast, controlled
radical polymerization (CRP) techniques—such as nitroxide-
mediated polymerization (NMP), atom transfer radical polym-
erization (ATRP),** and reversible addition—fragmentation chain
transfer polymerization (RAFT)**?**—offer an unparalleled
opportunity for the rational design and control of macromo-
lecular architectures under milder reaction conditions. Dendritic
macroinitiators have been combined with CRP techniques such
as NMP and ATRP. Leduc and co-workers first reported the
use of poly(aryl ether) dendrons possessing a single benzylic
TEMPO or halide functionality at the focal point of the dendron
for NMP and ATRP, respectively.'**> A number of other groups
have used similar synthetic strategies in the design of well-
defined dendritic—linear systems consisting of various linear
copolymer compositions.'”***” To our knowledge, the combi-
nation of dendritic focal point chain transfer agents and RAFT
polymerization has been rarely reported as a route to dendritic—
linear block copolymer systems.*® The inherent stability and
chemical versatility of chain transfer agents (CTAs) utilized in
the RAFT technique allow the preparation of well-defined
polymers with specific polymer architectures and end-group
functionalities. However, until now, dendrimers have only been
used as scaffolds for RAFT CTAs at the periphery of the
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Figure 1. Synthesis of the G1-, G2-, G3-, and G4-Cbz-CTAs.

dendrons, thus leading to multiarm or star-shaped block co-
polymers.>~*!

The incorporation of electro-optical properties in dendritic—
linear block copolymer architectures is an attractive challenge
to demonstrate utility of these complex systems. These properties
can be included in the linear or dendritic blocks. In particular,
we are interested in structures that possess electropolymeriz-
ability in conducting substrates and surfaces. Our group has
previously demonstrated the “precursor polymer” approach as
a route to conjugated polymer networks.**~** We have inves-
tigated several carbazole-containing ““precursor polymers”, some
of which have shown improved hole transport properties in light-
emitting diode devices.*>**® Therefore, the incorporation of the
“precursor polymer” approach into more complex macromo-
lecular architectures is an important direction toward their wide
applicability in ultrathin film formation and electro-optical
functionality.

In this work, we describe the use of a series of functional
dendritic CTAs for the preparation of well-defined hybrid
dendritic—linear polymer architectures via the RAFT polym-
erization technique. A series of dendritic CTAs were first
synthesized possessing a single dithioester moiety at the focal
point of the dendron, culminating with a fourth generation CTA
dendron, G4-Cbz-CTA (Figure 1). We believe that this work is
one of the first report on the synthesis of electrochemically active
linear—dendron block copolymers capable of electrodeposition
on conducting surfaces. This work also presents a comparative
and exploratory kinetic study to establish appropriate reaction
conditions for a variety of monomers in the presence of the
functional CTAs. As an example of electrochemical functional-
ity, the dendritic CTAs were designed with carbazole moieties
at the periphery of the structures. In addition, we present the
preliminary results on the electrochemical polymerization of the
carbazole moieties at the periphery of the dendritic component
of the block copolymers. The electro-active dendritic block
proved to be an effective electrochemically active macromono-
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mer for the electrochemical deposition of these structures on
conducting substrates.

Experimental Section

Materials. Reagent chemicals were purchased from Aldrich and
used without further purification unless otherwise indicated. Tet-
rahydrofuran (THF) used in synthesis was distilled from sodium/
benzophenone ketyl. Styrene (99+%), methyl methacrylate (MMA,
99+%), and methyl acrylate (MA, 99%) were passed through a
column of activated basic alumina to remove the inhibitor, distilled,
and stored at —20 °C. 2,2'-Azobis(isobutyronitrile) (AIBN) was
recrystallized twice from ethanol and stored at 5 °C in an amber
bottle. Dithiobenzoic acid (DTBA)/sodium dithiobenzoate was
prepared and subsequently oxidized to bis(thiobenzoyl)disulfide
according to the literature.*’ 4-Cyano-4-((thiobenzoyl)sulfanyl)-
pentanoic acid (1) was prepared as previously reported.*®

Synthesis of Gn-Cbz-OH (n = 1—4). The carbazole-function-
alized dendrons with hydroxy focal points were synthesized
according to the literature and have been previously reported.*’
The NMR of these compounds is given in the Supporting Informa-
tion.

Synthesis of G4-Cbz-CTA. A solution of G4-Cbz-OH (0.78 g,
0.144 mmol), compound 1 (40.1 mg, 0.144 mmol), and 4-(dim-
ethylamino)pyridine (DMAP) (2.5 mg, 0.02 mmol) was dissolved
in anhydrous dichloromethane (15 mL) under N,. Dicyclohexyl-
carbodiimide (DCC) (41.2 mg, 0.2 mmol) in 5 mL of DCM was
added dropwise to the reaction mixture at 0 °C. The reaction was
stirred vigorously at 0 °C for 5 min and then warmed to room
temperature and stirred overnight. The reaction mixture was filtered
to remove the white solid byproduct. The organic phase was washed
with dilute NaHCOj; and dried over anhydrous Na,SO,, and the
solvent was removed under vacuum. The crude product mixture
was first washed with ethyl acetate and then purified by column
chromatography on silica gel with dichloromethane:hexane (4:1,
v/v). The solvent was removed by rotary evaporation to yield G4-
Cbz-CTA as a pink-orange solid (0.26 g, 32%). 'H NMR (CDCl3)
o (ppm): 8.03 (d, 32H); 7.77 (d, 2H); 7.42—7.14 (m, 99H);
6.70—6.40 (m, 37H); 6.25 (b, 8H); 5.00 (s, 2H); 4.85 (b, 28H);
4.25 (t, 32H,); 3.76 (t, 32H); 2.72—2.22 (m, 4H); 2.06—2.81 (m,
32H); 1.81—1.6 (m, 35H). 3C NMR (CDCl3) 6 (ppm): 24.5, 26.4,
27.2,29.9,33.7,43.4,46.3, 60.9, 68.1, 70.6, 101.48, 106.5, 107.6,
109.2, 119.4, 120.9, 123.4, 126.2, 127.2, 129.1, 133.7, 139.6, 140.9,
160.6, 160.8, 171.98, 222.8.

Synthesis of G3-Cbz-CTA. G3-Cbz-CTA was prepared in a
similar manner to G4-Cbz-CTA. The crude product mixture was
first washed with ethyl acetate and then purified by column
chromatography on silica gel with dichloromethane:hexane (4:1,
v/v). The solvent was removed by rotary evaporation to yield G3-
Cbz-CTA as a pink-orange solid (0.4 g, 60%). '"H NMR (CDCl;)
o0 (ppm): 8.10 (d, 16H); 7.81 (d, 2H); 7.50—7.18 (m, 51H);
6.70—6.48 (m, 17H); 6.31 (b, 4H); 5.04 (s, 2H); 4.92 (b, 14H);
4.32 (t, 16H,); 3.85 (t, 16H); 2.76—2.22 (m, 4H); 2.11—1.91 (m,
16H); 1.85—1.66 (m, 19H). '3C NMR (CDCl;) 6 (ppm): 24.4, 26.4,
27.5,29.9, 33.6, 43.2, 46.3, 60.9, 68.1, 70.6, 101.48, 106.5, 107.6,
109.2,119.4,120.9, 123.4, 126.2, 127.2, 129.1, 133.7, 139.6, 140.9,
160.6, 160.8, 171.98, 222.8.

Synthesis of G2-Cbz-CTA. G2-Cbz-CTA was prepared in a
similar manner to G4-Cbz-CTA. The crude product was purified
by column chromatography on silica gel with dichloromethane:
hexane (4:1, v/v). The solvent was removed by rotary evaporation
to yield G2-Cbz-CTA as a pink-orange solid (1.56 g, 68%). 'H
NMR (CDCl3) 6 (ppm): 8.11 (d, 8H); 7.88 (d, 2H); 7.58—7.19 (m,
27H); 6.64—6.49 (m, 7TH); 6.34 (s, 2H); 5.08 (s, 2H); 4.94 (s, 4H);
4.37 (t, 8H,); 3.90 (t, 8H); 2.80—2.34 (m, 4H); 2.12—1.98 (m, 8H);
1.91—1.74 (m, 11H). 3C NMR (CDCl3) 6 (ppm): 25.2, 26.4, 27.5,
35.5,43.2,56.3,68.1, 70.6, 101.4, 106.4, 107.0, 107.7, 109.2, 119.4,
120.9, 123.4,126.2, 127.2, 129.1, 133.5, 139.6, 140.9, 160.8, 171.8,
222.8.

Synthesis of G1-Cbz-CTA. G1-Cbz-CTA was prepared in a
similar manner to G4-Cbz-CTA. The crude product was purified
by column chromatography on silica gel with dichloromethane:
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Table 1. Results and Conditions of the RAFT-Mediated
Polymerization of Styrene in the Presence of the Gn-Cbz-CTA

Series
sample CTA/polymer time (h) % conv® M, cpc (Mp)b M theory PDI
la  GI1-Cbz-PS? 2 5.80 3346 3864 1.06
1b 4 11.8 5996 7004 1.10
Ic 8 20.3 11 603 11426 1.15
1d 12 27.2 15310 15003 1.15
le 24 41.3 23527 22351 1.22
2a  G2-Cbz-PS¢ 2 13.2 6963 8410 1.08
2b 4 21.3 9310 12631 1.14
2c 8 35.2 16 197 19867 1.19
2d 12 46.4 21675 25692 1.28
3a  G3-Cbz-PS° 2 16.3 9435 11364 1.09
3b 4 24.1 15229 15437 1.14
3¢ 8 35.2 21 689 21212 1.26
3d 12 44.9 27 665 26289 1.29
4a  G4-Cbz-PS 1 14.0 8929 20202 1.17
4b 2 18.5 12 681 24961 1.34
4c 4 31.5 22302 39365 1.65
4d 8 447 33 805 52217 1.73

“ Conversion determined by monitoring the area under the RI curve for
monomer and polymer in the crude reaction mixture. ? Calculated using
OmniSec software vs PS standards on purified samples. ¢ Mp,tmeory =
[MJ/[CTA] x conv x MWy + MWera. ¢ [MJ:[CTA], 500:1; [CTAJ:[I],
4:1; 70 °C. ¢ [M]:[CTA], 500:1; [CTAJ:[1], 3:1; 75 °C./ [M]:[CTA], 1000:
1; [CTAL[I], 3:1; 75 °C.

Table 2. Results and Conditions of the RAFT-Mediated
Polymerization of Methyl Methacrylate in the Presence of the
Gn-Cbz-CTA Series

sample CTA—polymer time (h) % conv® M,cpc” M heory”  PDI
S5a G1-Cbz-PMMA“ 5.66 6708 4244 1.25

Te
8a G4-Cbz-PMMA/
8b
8c

59.5 24642 38650 141
5 9.10 14886 14762 1.36
14.5 21141 20198 1.43
27.5 31018 33222 1.53
8d 41.2 42500 46877 1.57
8e 52.6 48 857 58310 1.63

¢ Conversion determined by NMR of the crude reaction mixt-
ure. ” Calculated using OmniSec software vs PS standards on J)uriﬁed sam-
ples. © My theory = [MI/[CTA] x conv x MWy + MWera. “ [M]:[CTA],
600:1; [CTA]:[I], 1.6:1; 70 °C ¢ [M]:[CTA], 600:1; [CTAJ:[I], 1.6:1; 80
°C.”/ [MJ:[CTA], 1000:1; [CTAJ:[1], 1.6:1; 75 °C.

1
5b 2 15.2 11439 10004 1.21
5c 4 259 17624 16413 1.28
5d 6 30.1 20442 18905 1.33
Se 8 34.2 23214 21363 138
6a G2-Cbz-PMMA* 0.5 14.5 9032 10258 1.21
6b 1 21.9 12694 14670 1.19
6c 2 35.1 18526 22596 1.26
6d 3 42.2 22978 26878 1.27
6e 4 52.0 26400 32765 1.29
Ta G3-Cbz-PMMA® 0.5 15.2 8092 12064 1.18
7b 1 23.1 12260 16761 1.19
Tc 2 36.3 17369 24708 1.29
7d 3 50.2 22207 33081 1.39

4

0.

1

2

4

8

hexane (4:1, v/v). The solvent was removed by rotary evaporation
to yield G1-Cbz-CTA as a pink-orange solid (0.42 g, 70%). 'H
NMR (CDCls) 6 (ppm): 8.13 (d, 4H); 7.88 (d, 2H); 7.6—7.24 (m,
15H); 6.48 (s, 2H); 6.37 (s, 1H); 5.08 (s, 2H); 4.40 (t, 4H,); 3.92
(t, 4H); 2.76—2.40 (m, 4H); 2.12—2.00 (m, 4H); 1.92—1.76 (m,
7H). 3C NMR (CDCl3) 6 (ppm): 24.1, 25.9, 26.9, 29.8, 33.4, 42.7,
45.7, 66.8, 67.6, 101.2, 106.7, 108.6, 118.5, 118.9, 120.4, 122.9,
125.7,126.7, 128.6, 133.0, 137.6, 140.4, 144.5, 160.2, 171.3, 222.3.

General Polymerization Procedure. All polymerizations were
performed in a Schlenk apparatus under homogeneous conditions.
The polymerizations were initiated by addition of AIBN. Solutions
of the respective monomer, initiator, RAFT agent, and solvent were
prepared in Schlenk tubes fitted with septa and a stir bar. The
specific concentrations and conditions are noted in Tables 1 and 2.
The mixtures were deoxygenated by 3—5 freeze—pump—thaw
cycles, back-filled with nitrogen, and placed in a thermostated water
bath at preset temperature. At specific time intervals, aliquots were
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removed and quenched by lowering the temperature to 0 °C. The
aliquots were used directly for GPC analysis. Purified polymer
samples were obtained by repeated precipitation into methanol or
hexane. In some cases, it was necessary to purify the polymer
samples by passing through a short alumina column to remove the
low molecular weight impurities. Further details are given in the
discussions below. Monomer conversion was determined either by
integration of the RI response for the crude monomer/polymer
reaction mixture (styrene) or by 'H NMR (methyl methacrylate).

Characterization. Gel permeation chromatography (GPC) was
conducted on a Viscotek 270 (Viscotek, Inc.) equipped with an RI
detector and a three-column series including 2 GMHHR-M and 1
GMHHR-L Mixed Bed ViscoGel columns. THF (Omnisolve, HPLC
grade) served as the polymer solvent and eluent at a flow rate of 1
mL min~!. Samples were prepared at a known concentration (ca.
1—3 mg/mL), and an injection volume of 100 uL was used.
Monodisperse poly(styrene) and poly(methyl methacrylate) stan-
dards (EZ Vials, Polymer Laboratories) were used to construct the
calibration curves. NMR spectra were recorded on a General
Electric QE-300 spectrometer at 300 MHz for 'H NMR and 75
MHz for 3C NMR. FT-IR spectra were obtained on a Digilab FTS
7000 equipped with a HgCdTe detector at wavenumbers from 4000
to 600 cm ™! with a resolution of ~8 cm™!. FT-Raman spectra were
recorded on the FTS 7000 spectrometer equipped with a germanium
detector with the powder sample placed in separate capillary tubes.
Excitation was provided by a Nd:YAG laser at a wavelength of
1064 nm, and the output laser power was 500 mW. The spectral
resolution was ~8 cm™!, and 250 scans were collected for each
sample. The thermal properties of the polymers were measured by
thermogravimetric analysis (TGA) on a TA Instruments TGA 2920.
The samples were heated up to 800 °C at a heating rate of 10 °C/
min under a dry nitrogen atmosphere (flow rate: 80 mL/min) on a
TA Instruments 2950 thermogravimetric analyzer. T, was deter-
mined by DSC from the midpoint of the inflection tangent from
the second heating at 5 °C/min. TGA and DSC data were analyzed
using TA Instruments Universal Analysis software. The cyclic
voltammetry (CV) experiments were carried out on a Princeton
Applied Research Parstat 2263. For AFM analysis, an ITO substrate
was used as the working electrode coupled with a Pt plate counter
and Ag/AgCl reference electrode. Cyclic voltammetry was utilized
to prepare films from a 2.0 mg/mL solution of the block copolymer
solution in 0.1 M TBAH/CH,Cl,, where TBAH is tetrabutylam-
monium hexafluorophosphate.

Electrochemical quartz crystal microbalance (QCM) measure-
ments were performed using an R-QCM (Maxtek Inc.) with an
Amel 2049 potentiostat and Power laboratory system. The gold-
coated QCM crystal was used as the working electrode, a Pt plate
as the counter electrode, and Ag/AgCl reference electrode. The
QCM apparatus, probe, and crystals are also available from Maxtek
Inc. The diameter of the AT-cut polished QCM crystals (5 MHz)
is 13 mm. The data acquisition was done with an R-QCM system
equipped with a built-in phase lock oscillator and the R-QCM Data-
Log software. The QCM crystals were cleaned with a oxygen/argon
plasma etcher (Plasmod, March) immediately prior to use.

Results and Discussion

Synthesis and Characterization. Synthesis of the Dendron
RAFT Agents. The dendritic CTAs were synthesized according
to Figure 1 using the previously reported benzylhydroxy-
terminated dendrons. These CTAs possess a single dithioester
functional group at the focal point of the dendron allowing a
straightforward RAFT approach to dendritic—linear block
copolymers. We chose to incorporate the 4-cyano-4-((thioben-
zoyl)sulfanyl)pentanoic acid functional group at the focal point
of the dendrons for two reasons: (1) the 4-cyano-4-((thioben-
zoyl)sulfanyl) portion of the molecule and its derivatives have
proven to be an effective RAFT agent for styrene, methyl
methacrylate, and a variety of other monomers,”>>' and (2) the
acid functionality facilitates a facile coupling to the dendrons
containing a hydroxyl group at the focal point. In general, the
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ppm

Figure 2. '"H NMR spectrum of G4-Cbz-CTA.

Gn-Cbz-CTA (n = 1—4) series was prepared by the esterifi-
cation of 1 and Gn-Cbz-OH in the presence of DCC/DMAP.
The dendritic CTAs were obtained in decent yield after
purification by column chromatography.

Figure 2 shows a typical '"H NMR spectrum in the case of
the G4-Cbz-CTA. The signals at o = 7.87 (c¢) and at 2.34—2.74
ppm are attributed to the aromatic protons in the ortho position
relative to the dithioester group and the two sets of methylene
protons adjacent to the ester group, respectively. The signal at
5.05 ppm (g) is assigned to the benzylic protons of the dendron
adjacent to the ester group (shifted downfield in comparison to
the G3-Cbz-OH starting material) and is a good indication of a
successful coupling reaction. The remaining protons of the G3-
Cbz-CTA are fully assigned as shown in Figure 2. The
characteristic bands for the series of dendritic CTAs were clearly
observed by FTIR: C=S, 1048 cm™~!; C=0, 1736 cm™!; C=N,
2230 cm™'. Further confirmation of the structure was obtained
by FT-Raman spectroscopy (see Supporting Information Figure
S1). The characteristic peaks of the dithioester portion of the
molecule, namely the C=N, C=S, and the C—S, were observed
at 2227, 1248, and 645 cm™!, respectively. In addition, the
aromatic and aliphatic C—H stretches were respectively assigned
at 3052, 2929, and 2874 cm™!. The peaks at 1624, 1014, and
990 cm™! were assigned to the in-plane ring-breathing mode
of the aromatic ring. The peaks at 1593 and 1557 cm™! are
tentatively assigned to the C—C stretch of the aromatic ring of
the benzene and carbazole units while the C=C stretch is located
at 1312—1345 cm™!.5% Other assignments associated with the
poly(aryl ether) dendritic structure include the —(O)CHj stretch
(1457 cm™"), the symmetric C—O—C stretch (842 cm™!), and
the CH, wagging deformation (1212 cm™1).>?

Polymerization of Styrene and Methyl Methacrylate in the
Presence of the Dendritic RAFT Agents. Kinetic studies were
carried out for the polymerization of styrene and methyl
methacrylate in the presence of the dendritic Gn-Cbz-CTA
(n = 1—4) series as chain transfer agents. The polymerizations
were carried out in benzene using AIBN as the initiator.
Exploratory experiments were conducted to identify the opti-
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Figure 3. Kinetic plots for the polymerization of (a) styrene and (b)
methyl methacrylate in the presence of the Gn-Cbz-CTA series.

mum polymerization conditions for styrene and methyl meth-
acrylate in the presence of the dendritic CTAs. For the G1-
Cbz-CTA case, the following conditions were employed: (a)
styrene—[M]:[CTA],500:1;[CTA]:[1],4:1;70 °C; (b) MMA—[M]:
[CTA], 600:1; [CTA]:[I], 1.6:1; 70 °C. In the case of G2-Cbz-
CTA and G3-Cbz-CTA, the following conditions were found
to yield optimal results: (a) styrene—[M]:[CTA], 500:1; [CTA]:
[1], 3:1; 75 °C; (b) MMA—[M]:[CTA], 600:1; [CTAJ:[1],
1.6:1; 80 °C. For G4-Cbz-CTA, the conditions were as follows:
(a) styrene—[M]:[CTA], 1000:1; [CTA]:[I], 3:1; 75 °C; (b)
MMA—[M]:[CTA], 1000:1; [CTA]I:[1], 1.6:1; 75 °C. Aliquots
collected over the course of the reaction were utilized to monitor
the kinetic profile on the basis of monomer conversion vs time
and to examine the evolution of molecular weight and poly-
dispersity as a function of conversion. Figure 3a shows the
pseudo-first-order kinetic plots for the polymerization of styrene
in the presence of the dendritic CTAs. These plots indicate a
constant radical concentration over the course of the reaction
consistent with a well-controlled/living polymerization. Similar
results were observed in the case of MMA (Figure 3b). As
shown in Figure 3b, the kinetic plot for G1-Cbz-CTA/MMA
deviates from linearity as the reaction proceeds, suggesting that
the radical concentration in the reaction media is reduced. This
observation is most likely attributed to undesirable side reactions
and chain termination events. The observed increase in the
overall rate of polymerization for G2- and G3-Cbz-CTA/styrene
is attributed to the higher molar concentration of initiator (0.003
M for G2- and G3- and 0.0019 M for G1-Cbz-CTA) and the
increased reaction temperature.

A similar increase in the rate of polymerization was observed
for G2- and G3-Cbz-CTA/MMA and can be attributed to the
increase in reaction temperature. Similarly, the higher rate of
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Figure 4. Evolution of molecular weight and PDI with conversion for
the polymerization of (a) styrene and (b) methyl methacrylate in the
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(A), and (c) G4-Cbz-PS (¥) and G4-Cbz-PMMA (O).

polymerization for styrene in the presence of G4-Cbz-CTA
(compared to G2 and G3) is attributed to the decreased CTA
concentration. For G4-Cbz-CTA/MMA, a decrease in the rate
of polymerization was observed in comparison with G2- and
G3-Cbz-CTA. While a lower concentration of CTA was
employed in the case of G4-Cbz-CTA/MMA, a slightly lower
reaction temperature was also employed. It should be noted that
there was no apparent dependence of the polymerization rate
on the generation of the dendron under identical conditions for
styrene and MMA (data not shown). The ability of the dendritic
CTAs to control the molecular weight and give narrow
polydispersities under the described conditions is evident in the
M, vs conversion plots shown in Figure 4a—c for styrene and
MMA. As expected for a controlled/living process, the molecular
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Figure 5. Size exclusion chromatograms (crude reaction mixture)
collected over time for the Gn-Cbz-CTA series. PS: (a) Gl1, (b) G2,
(c) G3, (d) G4; PMMA: (e) G1, (f) G2, (g) G3, (h) G4.

weights increase linearly with conversion in each case of the
Gn-Cbz-CTA series for the range of conversions investigated
in this study. The experimentally determined number-average
molecular weights were found to be in reasonable agreement
with the theoretical values calculated based on the observed
conversion (refer to Tables 1 and 2), although in some cases
the values determined from GPC were found to be lower than
the theoretical prediction particularly as the generation of the
dendron increases. This effect can be attributed to the difference
in hydrodynamic volume of the hybrid dendritic—linear block
copolymer and the linear standards used for calibration. This
effect was particularly noticeable in the case of G2- and G4-
Cbz-CTA/MMA where solution properties play a larger role
due to the dissimilar block components.*? Similar results have
been reported by Gitsov et al.>® and Leduc et al.'* for similar
linear—dendritic block copolymers. The evolution of molecular
weight and polydispersity was followed by collecting aliquots
of the reaction mixture over the course of the reaction. Unless
otherwise noted, the GPC chromatograms represent results from
the crude reaction mixture. However, the actual MW and PDI
values were taken from purified polymer samples as discussed
below. The GPC chromatograms for the Gn-Cbz-CTA (n =
1—4) series are shown in Figure 5a—d for PS and Figure Se—g
for PMMA). In each case for both styrene and MMA, a stepwise
decrease in retention volume was observed as a function of
reaction time. This behavior is consistent with a well-controlled
or “living” polymerization. However, analysis of the crude
polymerization mixtures of styrene and MMA for the second,
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Figure 6. Size exclusion chromatograms of crude G4-Cbz-PMMA
before (solid line) and after (dash line) purification. The dash-dotted
line represents the pure G4-Cbz-CTA compound.

third, and fourth generation CTAs revealed the presence of low
molecular weight species with similar characteristics of the
respective “starting” chain transfer agents.

As an example, the GPC chromatograms for pure G4-Cbz-
CTA and crude G4-Cbz-PMMA are shown in Figure 6. The
molecular weight of the dendritic impurity in the reaction
mixture is very similar to that of the pure CTA. These impurities
were observed at low conversions and are most likely the result
of chain termination events after the addition of several
monomer units. Similar results have been reported by Leduc
and co-workers for both nitroxide-mediated and atom transfer
radical polymerization using dendritic initiators.'* Fortunately,
these impurities did not appear to affect the course of the
polymerization reaction and could easily be removed by
precipitation or by passing through a short alumina column. The
GPC chromatogram of G4-Cbz-PMMA before and after puri-
fication is shown in Figure 6, illustrating the complete removal
of the dendritic impurity. The dendritic impurities seem to be
more prevalent as the generation of the dendron increases,
indicating the size, and perhaps the shape of the dendron, might
influence the degree of termination events at low conversions.
No such impurities could be observed for the first generation
chain transfer agent. Further investigation is underway to
identify and reduce these early termination events using dendritic
CTAs. Namely, by introducing an additional spacer between
the dendron and the active CTA portion of the molecule, it might
be possible to avoid the presence of these impurities.

Structural Characterization. The structure of the dendritic—
linear block copolymers was characterized by NMR, Raman,
and FTIR spectroscopy, and the thermal properties were studied
by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Figure 7 shows the representative 'H NMR
spectra of the (a) G4-Cbz-PMMA and (b) G4-Cbz-PS block
copolymers. The spectra reveal several characteristic features
for both the linear and dendritic blocks that are in good
agreement with the expected structure. For G4-Cbz-PMMA, the
characteristic resonances for the methyl and methylene protons
are observed at chemical shifts of 0.90 and 1.70—2.01 ppm.
Likewise, the resonances assigned to the aromatic and methylene
protons of polystyrene are observed as broad peaks from 0 ~
6.3—7.3 and 1.23—2.0 ppm, respectively. The broad peaks of
the polymers overlap many of the peaks associated with the
dendritic fraction of the structure; however, those peaks that
are distinguishable are labeled in accordance with the dendritic
structure shown in Figure 2. The block copolymer structure was
further confirmed by FTIR and Raman spectroscopy. Figure S2a
(see Supporting Information) shows the (a) FTIR of a G3-Cbz-
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Figure 7. '"H NMR spectra of (a) PMMA and (b) PS using G4-Cbz-
CTA as a chain transfer agent.

PMMA sample. The FTIR spectrum showed the characteristic
absorption bands for the dendritic portion of the block copolymer
at 3000—3100 cm™! for the aromatic C=H stretch and at 1597
cm™! for the aromatic C=C stretch. The strong absorption bands
at 1732 and 1150 cm™! are assigned to the C=O stretch and
the C=0=C stretch, respectively, and are attributable to the
PMMA component of the structure. The aliphatic C=H stretch
of the PMMA backbone and dendritic structure were also
observed at 2800—2970 cm~!. The Raman spectrum of G3-
Cbz-PMMA shown in Figure S2b gives complementary infor-
mation to identify the two block copolymer components. The
overlapping bands at 1573—1624 and 1313—1346 cm™! were
assigned to C=C stretch of benzene ring within the dendritic
and carbazole structures. Bands assigned to the PMMA structure
including the C=0, CH3=0, and the C=0=C stretches were
observed at 1728, 1450, and 810 cm™!, respectively. Further-
more, the distinctive absorption bands attributable to the C=S
stretch and the C—S stretch were observed at 1226 and 640
cm™!, indicating that a large number of the block copolymer
chains retain the RAFT active end group.

Thermal Properties of the Dendritic—Linear Block Copoly-
mers. The thermal stability of the dendritic-linear block
copolymers was assessed by TGA under a nitrogen atmosphere
with a heating rate of 10 °C/min. The thermogravimetric profiles
for the Gn-Cbz-PS series (n = 1—4) are shown in Figure 8.
The samples analyzed exhibited similar molecular weight
characteristics as determined by SEC analysis. The overall
molecular weight (M,) of the samples ranged from approxi-
mately 6000 to 12 680 Da. As indicated in Figure 9, the
decomposition of the block copolymers proceeds via a two-
step process. The weight loss observed at an onset temperature
of ~238 °C can be attributed to the presence of the labile
dithioester moiety at the chain end as a result of the RAFT-
mediated polymerization.>* The onset of weight loss for the
major decomposition step was found to vary slightly depending
on the generation of the dendritic component. The onset
temperature was observed at 378, 381, 380, and 388 °C for G1-
Cbz-PS (sample 1b), G2-Cbz-PS (sample 2b), G3-Cbz-PS
(sample 3a), and G4-Cbz-PS (sample 4b) block copolymers,
respectively. In addition, an enhancement in the thermal
properties of the block copolymers with increasing generation
number was indicated by observing the temperature at 50% mass
loss. This value increased from 405 °C for G1-Cbz-PS, 412 °C
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for G2-Cbz-PS, 417 °C for G3-Cbz-PS, to 424 °C for G4-Cbz-
PS.

These results indicate the larger generation dendritic block
imparts a slightly greater thermal stability to the block copoly-
mer structure. The current results are contrary to those reported
by Jiang et al. for similar dendritic—linear systems.'”> How-
ever, it is not clear as to the compositions (weight fraction and
molecular weight) of the block copolymer utilized for the
thermal analysis in their publications. Thus, a direct comparison
is not possible with the present results.

The DSC traces for the Gn-Cbz-PS series (M, ranging from
21 600 to 22 500) of block copolymers are shown in Figure 9.
Consistent with results on similar dendritic—linear systems, a
single glass transition temperature (7) was observed for each
block copolymer regardless of the dendron generation or overall
composition, indicating a high degree of compatibility between
the block components.

This was also the observation for the Gn-Cbz-PMMA series.
In the present case, the T, for the lower generation (Gj, 98.6
°C; Gz, 99.0 °C) block copolymers was essentially unchanged
with increasing generation. However, the T, for G3-Cbz-PS and
G4-Cbz-PS was broadened and shifted to substantially lower
temperatures of 87.8 and 76.8 °C, respectively. Although the
overall molecular weight characteristics are similar, the trend
appears to be closely related to weight fraction of the constituent
polymers. As the weight fraction of the linear PS decreased, a
corresponding decrease in the T, of the block copolymer was
observed. Indeed, the experimental 7, values observed for the
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dendritic—linear block copolymers were found to be in good
agreement with those calculated using the Fox equation; the
predicted T, is dependent only on the fractional weight
composition and the experimentally determined glass transition
temperatures of the constituent polymers.”® While Ty is closely
related to molecular weight and the rigidity of the polymer
backbone, the heat capacity (AC,) is linked to the macromol-
ecules’ vibrational and conformational degrees of freedom.
Interestingly, the evolution of the heat capacity exhibited a
generation-dependent trend similar to the 7,. The AC, values
showed a systematic decrease from 0.339, 0.332, 0.329, to 0.255
J (g °C)7! for G1-, G2-, G3-, and G4-Cbz-PS, respectively.
These results show that the generation of the dendritic block
plays an important role in the overall mobility of the
dendritic—linear block copolymers in the solid state. A similar
trend in heat capacities was reported by Dantras and co-workers
for their phosphorus-containing dendrimers in which the global
molecular motion was reduced as the generation number
increased.’” Undoubtedly, the thermal transitions for the
dendritic—linear block copolymers reported in the present study
are the result of a complex interplay between the properties of
the linear and dendritic components. A thorough understanding
of this relationship will be crucial for the development applica-
tion specific dendritic—linear block copolymer systems.

Electrodeposition. By design, the dendritic—linear block
copolymer is essentially an electrochemically active mac-
romonomer by virtue of the carbazole groups available for
electropolymerization or electrochemical cross-linking to form
thin films. In principle, the properties can vary with generation
of the dendron as well as the solution properties of the linear
block. In this case, these properties were monitored primarily
with the G-4 derivatives leaving the G-1—G-3 derivatives
subject to further study.

Electrochemical Quartz Crystal Microbalance Analysis. Electro-
chemical quartz crystal microbalance is an exceptionally
versatile technique for in situ monitoring of gravimetric changes
occurring at electrode surfaces.’®>® The change in mass (Am)
is related to the change in the fundamental resonance frequency
AF (Hz) of the QCM crystal by the well-known Sauerbrey
equation:®°
—2F;
AF= =

AC.\/pL]//tq
where Fy is the fundamental resonant frequency of the QCM
(5 MHz), A, is the area of the electrode (1.327 cm?), pq is the
density of the quartz (2.65 g/cm?), and pq is the shear modulus
of the quartz (2.95 x 10° N/cm?). For the Sauerbrey equation
to be valid, the adsorbed film is assumed to possess the same
acoustic—elastic properties as the quartz resonator. If the
adsorbed film thickness is small in comparison with the thick-
ness of the crystal and if the AF is much smaller than the
resonant frequency of the bare crystal, this rigid model ap-
proximation is applicable. Furthermore, the mass sensitivity has
previously been shown to be approximately the same for liquid
and air/vacuum measurements, yielding the ability to accurately
monitor changes in mass adsorbed from solution.®! However,
an adsorbed viscoelastic overlayer in the case of viscous liquids
and some polymer thin films results in a viscous coupling of
the solution or film to the crystal, effectively adding a mass
component to the oscillating crystal. Thus, the resulting resonant
frequency change is more complex and was first described by
Kanazawa et al.®? as follows:

AF=—F"2, [P 2
Tty

where F| is the resonant frequency of unloaded crystal in Hz,
pq is the density of quartz (2.648 x 103 kg/m?), 4 is the shear

Am 1)
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modulus of quartz (2.947 x 10'° Pa), py is the liquid density
(kg/m?), and 71 is the liquid viscosity in contact with electrode
in N s/m2. Hence, when the QCM operates under inelastic
conditions, it becomes difficult to differentiate contributions
attributed to the bound mass from that of the solution viscosity
to the total change in frequency. In this case, impedance analysis
of the QCM resonator has proven to be effective in providing
additional information on the solid/liquid interface.®>®* This
analysis is based on the well-known Butterworth—van Dyke
(B—VD) equivalent circuit that provides the structure for relating
the electrical properties of the quartz resonator to the mechanical
properties of the deposited film.>® In this regard, the B—VD
circuit element R (motional resistance) is useful in probing the
energy loss or dissipation factor (D) due to the damping process
that occurs in viscoelastic systems. The relationship between
AR and AF under liquid loading is given by the equation®

AR= (Z”FPLWL)UZA/]‘Z (3)

where AR is the change in resonance resistance in €2, A; is the
active crystal area, and k is the electromechanical coupling
factor. Thus, a large increase in AR is correlated with an increase
in the viscoelasticity of the layer adjacent to the crystal surface
while a small change in AR is indicative of a more rigid
adsorbed layer. Of course, if AR = 0, then the original Sauerbrey
equation is valid. So, monitoring the change in the resonance
resistance (AR (£2)) as a function of frequency shift, in some
cases, provides a means to quantitatively determine the shear
viscosity and elastic modulus of films and in others a means
for qualitatively comparing various thin film systems.

Here, E-QCM was performed to simultaneously monitor the
change in mass and resonance resistance at the working
electrode during the electrochemical deposition of the dendritic—
linear bock copolymers. A 5 MHz AT-cut Au-coated quartz
crystal with an effective area of 1.327 cm? was used as the
working electrode. Cyclic voltammetry was utilized to study
the electrochemical behavior of the carbazole-modified dendri-
tic—linear block copolymers as deposited from solution during
the E-QCM experiments. Figure 10 shows the cyclic voltam-
mograms (CV) of G4-Cbz-PS (a) and G4-Cbz-PMMA (b)
deposited from a 0.1 M TBAH/CH,ClI, (scan rate 20 mV s~ 1)
solution. In the first cycle, the onset of oxidation of the
peripheral carbazole monomers was observed at ~1.1 V with
the corresponding reduction peak maximum occurring at ~1.2
V for the G4-Cbz PS and G4-Cbz-PMMA systems. This is
accompanied by the formation of the first layer of a conjugated
network film (discussed further in the next section). In addition,
a second redox peak maximum was observed at a lower potential
in the return scan of the first cycle (~0.8 V). Subsequent cycles
show further deposition of the electroactive block copolymer
at a similar onset potential with an additional oxidation peak
maxima observed in the ranges of 0.82—0.88 and 0.78—0.84 V
(doping) and the corresponding reduction peak maxima at
0.79—0.82 and 0.77—0.80 V (dedoping) for G4-Cbz-PS and G4-
Cbz-PMMA, respectively. The presence of the two redox
processes in these systems possibly indicates the presence of
both 3,6- and 2,7 linkages in the conjugated polycarbazole
network.®® Figure S3 (Supporting Information) illustrates sche-
matically the radical cation coupling mechanism between
carbazole groups during the electrochemical deposition and
polymerization, leading to cross-linked dendrons at the electrode
substrate.*’

In lieu of a more rigorous quantitative treatment, the behavior
of mass transport and viscoelastic properties in terms of the
relationship between AF and AR of the block copolymer thin
films is discussed in a qualitative sense for comparative
purposes. Figure 11 shows the frequency shift and change in
resonance resistance as a function of time during the electropo-
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Figure 10. CV for the electrochemical deposition of G4-Cbz-PS (a)
and G4-Cbz-PMMA (b) on Au at a scan rate of 20 mV/s. The cyclic
voltammograms on Au were obtained from electrochemical QCM
experiments.

lymerization of (a) G4-Cbz-PS and (b) G4-Cbz-PMMA, re-
spectively, by cycling the potential between —0.05 and 1.3 V.
The arrows indicate the beginning of each potential cycle. The
mass of the polymer deposited on the working electrode was
linear as a function of CV cycle with a corresponding increase
in the amount of charge indicative of the growth of an
electrochemically active thin film as shown in Figure 11c.

The growth of the G4-Cbz-PS film thickness occurs at a faster
rate than the G4-Cbz-PMMA system and results in a higher
thickness at the end of the 10th potential cycle. This observation
was confirmed by ellipsometry measurements giving a dry film
thickness of 111 and 89.8 nm for G4-Cbz-PS and G4-Cbz-
PMMA, respectively. In each case, a complex stepwise response
in the frequency and resonance resistance was observed with
each potential cycle, indicating processes related to the deposi-
tion, doping, and dedoping of the polymer film. In the first cycle,
a continuous decrease in AF was observed over the potential
range for the oxidation (1.2—1.3 V, anodic scan) and reduction
(1.3—1.1 V, cathodic scan) of the carbazole monomers (1.1—1.3
V), indicating the deposition of a thin film of conjugated
polymer occurs within this range. A simultaneous increase in
AR was observed with the decrease in AF, further indicating
the film deposition process. At the potential corresponding to
the second redox process (~0.8 V) on the cathodic scan of the
first cycle, an increase in AF was observed, indicating a mass
loss due to the expulsion of anions from the film. With
increasing CV cycles, the AF and particularly the AR response
resulting from the deposition, doping, and dedoping processes
become more prominent. This observation is shown in greater
detail by examining the change in mass (Am) and AR response
as a function of applied potential.

For example, the 10th cycle of the G4-Cbz-PMMA system
is shown in Figure 12. The change in mass is constant for the
anodic scan up to a potential of 0.8 V. At this point, the onset
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Figure 11. Electrochemical QCM for the G4-dendritic linear block
copolymers at a scan rate of 20 mV/s: Afrequency (—) and Aresistance
(- + -) vs time for (a) G4-Cbz-PS and (b) G4-Cbz-PMMA (c). The mass
and charge vs the number of CV cycles for the G4-Cbz block
copolymers indicating a linear deposition.

of mass transport was observed with a sharp increase from 0.8
to 1.0 V which is correlated to the injection of anions into the
film upon doping. This result is supported by the simultaneous
increase in charge over this potential range. It should be noted
that this mass increase was not observed in the initial cycle
due to the absence of doping. A second regime in mass change
was observed from ~1.1 to 1.3 V in the anodic scan and from
1.3 to 1.1 V in the cathodic scan, which is mostly due to the
oxidation of the peripheral-carbazole monomers to form a more
conjugated polymer network, while the overall increase in mass
is a combination of both doping and polymer deposition. The
ejection of anions from the film (dedoping) was observed by a
corresponding decrease in mass at potentials from ~0.8 to 0.5
V in the cathodic scan. Interestingly, the AR value substantially
decreases upon doping of the polymer film and deposition
process. As can be seen in Figure 12, the change in resonance
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Figure 12. Change in mass and resonance resistance (AR) as a function
of potential for G4-Cbz-PMMA monitored by E-QCM. The data shown
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resistance occurs in two regimes with the initial and most
prominent decrease (60 Q) corresponding to the doping process
and the second attributed to a combination of doping and film
deposition (35 Q). Likewise, a substantial increase in AR (125
) at 0.8 V in the cathodic scan is correlated with dedoping
and expulsion of the anions from the film. These results suggest
that the film becomes more rigid upon inclusion of anions in
the film during the doping process, and viscoelasticity is
recovered upon dedoping. This observation might be the
attributed to a decrease in free volume within the block
copolymer thin film upon inclusion of the supporting electrolyte
anions leading to a more rigid mechanical response.
Furthermore, we observed significant differences in the
viscoelastic response between the PMMA and PS systems,
indicating the linear component plays an important role in the
viscoelasticity of the film. Referring back to Figure 11la,b,
the overall change in AR for the G4-Cbz-PS (~192 Q) and the
G4-Cbz-PMMA (~246 Q) indicates the resulting film contain-
ing PMMA is more viscoelastic under the current experimental
conditions. Figure 13 shows the relationship between AR and
AF for the G4-Cbz-PS and G4-Cbz-PMMA plotted in the
dedoped state at the end of each potential cycle (0 V).
Interestingly, the G4-Cbz-PS system shows an initial response
in AR as a function of mass but quickly plateaus after the fourth
potential cycle, becoming essentially independent of the total
amount of mass deposited. On the other hand, the G4-Cbz-
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PMMA system shows a continued dependence of AR on AF
up to 10 potential cycles. At this point, it is difficult to discern
the contributions to AR from each block component in relation
to the overall block copolymer composition. Further investiga-
tion is required and is underway to study the effect of block
copolymer composition, degree of polymerization, and dendron
generation on the viscoelastic and electrochemical behavior of
the hybrid thin films. In the future, investigations on targeted
electrodeposition parameters will be made to obtain “polymer
brush” type of electrochemical grafting conditions. The elec-
trochemical behavior of the corresponding cross-linked den-
drimers has recently been reported by our group.*’

Conclusions

This work has demonstrated a first example of electrochemi-
cally active functional dendritic—linear block copolymers
prepared by RAFT polymerization. A series of carbazole-
functionalized dendritic chain transfer agents were synthesized
and successfully utilized in the preparation of dendritic—linear
block copolymers comprised of either poly(styrene) or poly-
(methyl methacrylate) as the linear block. The polymerization
of these monomers in the presence of the dendritic CTAs
showed characteristics of a well-controlled or “living” radical
polymerization affording good control over the molecular weight
and polydispersity of the linear block. The generation of the
dendritic CTA played an important role in the termination
processes in the early stages of the reaction. The thermal
properties of the functional block copolymers were studied and
found to be dependent on both the generation number of the
dendron and the fractional weight composition. A slight
enhancement in the thermal degradation was observed with
increasing generation. The T, and AC, exhibited trends with
regard to the generation number as well; a decrease in the 7,
and AC, was observed with increasing generation for polymers
of similar MW characteristics, indicating the unique properties
of these hybrid materials. In addition, we have demonstrated
the electrochemical deposition of block copolymer thin films
via the electropolymerization (cross-linking) of the carbazole
monomers at the periphery of the dendritic block utilizing the
“precursor polymer” approach. The deposition kinetics and
viscoelastic properties of the deposited materials were studied
in situ using E-QCM. The cross-linked polymer films showed
differences in both the viscoelasticity and morphology as a result
of different chemical compositions. The development and
incorporation of electroactive and optical properties into these
unique block copolymer systems and their resulting mesophases
might have significant implications in the study of nanostruc-
tured materials and their role in mediating electron and charge
carrier transport. The design and characterization of these unique
systems is an ongoing process in our laboratory. In addition,
future investigations will be made toward “polymer brush” type
of electrochemical grafting conditions.
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