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ABSTRACT: Molecular brush diblock copolymers were synthe-
sized by the orthogonal overlay of the RAFT (reversible addition—
fragmentation chain transfer), the ATRP (atom transfer radical
polymerization), and the NMP (nitroxide-mediated polymeriza-
tion) techniques. This unique combination enabled the synthesis
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of the complex amphiphilic polymers without the need of postpolymerization modifications, using a diblock copolymer intermediate
made from two selectively addressable inimers and applying a sequence of four controlled free radical polymerization steps in total.
The resulting polymers are composed of a thermosensitive poly(N-isopropylacrylamide) brush as hydrophilic block and a polystyrene
brush as hydrophobic block, thus translating the structure of the established amphiphilic diblock copolymers known as macro
surfactants to the higher size level of “giant surfactants”. The dual molecular brushes and the aggregates formed on ultra flat solid

substrates were visualized by scanning force microscopy (SFM).

B INTRODUCTION

The strive for increasingly complex polymer architectures has
gained much impetus by the advent of the so- -called controlled
radical polymerization (CRP) methods,' * now by IUPAC
named reversible-deactivation radical polymerization (RDRP).?
For instance, amphiphilic linear multiblock, graft, and star co-
polymers that self-organize into a wealth of mesoscopic struc-
tures have become accessible starting from a large selection of
monomers.® An intriguing recent development are dual bottle brush
block copolymers, i.e., heterografted brush block copolymers,
bearing densely grafted hydrophilic and hydrophobic linear side
chains on the polymeric backbone. Such blocky “molecular bottle
brushes”” ™ are e.g. of interest for nanostructured materials with
large domain spacings'®~"? or as novel “giant” surfactants.">~ 16
Still, their synthesis is painstaking. Instead of “grafting onto”
processes with all their inherent problems,'® two more efficient
strategies to dual bottle brush block copolymers have been
conceived: the block copolymerization of hydrophilic and hydro-
phobic macromonomers and orthogonal “grafting from” strate-
gies (Scheme 1). However, due to the inherent difficulties to
control the radical polymerization of vinyl macromonomers, the
former strategy has been mostly limited to poly(norbornene)
backbones with longer (Cs) repeat units so far to achieve high
degrees of polymerization."”"”~"® An additional drawback arises
from the poor miscibility of hydrophilic and hydrophobic macro-
monomers. The “grafting from” strategy has thus been favored,
combining different methods of controlled polymerization, such
as ring-opening polymerization (ROP) and CRP methods, as e.g.
atom transfer polymerization (ATRP) or reversible addition—
fragmentation chain transfer (RAFT).*>'>'3292! Degpite im-
pressive results, these approaches have been restricted by the
limited choice of monomers suited for ROP and the frequent
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need of protective group chemistry.”'"'>'***** Recently, truly
amphiphilic dual bottle brushes were made by combining the
macromonomer and the “grafting from” strategies, while super-
posing two CRP methods, either RAFT and ATRP or RAFT and
nitroxide-mediated polymerization (NMP), without the need of
protectlve group chemistry or of additional chemical modifi-
cations."*'® Here, we demonstrate that it is possible to push this
most direct approach even further. Employing orthogonally the
three best established CRP methods, namely RAFT, ARTP, and
NMP, in one single synthetic sequence, we exemplify the enor-
mous potential of combining CRP methods in the straightforward
design of complex macromolecular structures. In the parti-
cular case, we synthesized dual bottle brushes, consisting of a
hydrophobic polystyrene brush, and a hydrophilic, thermo-
sensitive poly(N-isopropylacrylamide) brush. Such giant amphi-
philes correspond to the structure of the well-known thermo-
sensitive poly(styrene-block-N isopropylacrylamide) copolymer
surfactants.>*

B EXPERIMENTAL SECTION

Materials. Styrene (Aldrich, 99%) was distilled in vacuo. N-Isopropy-
lacrylamide (NIPAM) was precipitated from methanol to remove the
inhibitor prior to polymerization. 2,2'-Azobis(isobutyronitrile) (AIBN, Ac-
ros-Organics, 98%) was crystallized from methanol and dried in vacuo.
All solvents used for polymerization and purification were analytical grade
and used as received. Zellu-Trans dialysis tubes (nominal molar mass
cutoff of 4000—6000 Da) were from Roth. The synthesis of RAFT agent
4-(trimethylsilyl)benzyl 4’ -( trimethylsilyl)butanedithioate (CTA1),* inimer
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Scheme 1. Synthetic Strategies to Amphiphilic Dual Bottle Brush Block Copolymers: (A) Block Copolymerization of
Prefabricated Macromonomers (“Grafting Through” Approach); (B) Block Copolymerization of Inimers Followed by Sequential

Grafting Steps (“Grafting From” Approach)
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2-chloropropionyloxyethyl acrylate (CIPEA),"* inimer 2-phenyl-2-(2,2,6,6-
tetramethyl-piperidine-1-oxyl)ethyl acrylate (®TEA),'* and tris-
[2-(dimethylamino)ethyl]Jamine (MegTREN)* was reported before.

Polymer Synthesis. Synthesis of (®TEA)gs In a typical proce-
dure, a mixture of ®TEA (1.8 g, 5.6 X 10 mol), CTA1 (10 mg, 2.8 X
10> mol), and AIBN (0.9 mg, 5.6 x 10~ ° mol) in dry THF (2 mL) was
degassed by three freeze—pump—thaw cycles, sealed, and placed in an oil
bath at 65 °C. After 60 h, the reaction was stopped by cooling and
precipitated two times into methanol to give the polymer (PTEA)os
(05 g). M, = 25 kg/mol. SEC (RI detector): M,,>* = 3.3 kg/mol,
M,,/M, = 1.5."HNMR (300 MHz, CDCly): M,"® = 42 kg/mol, Z/R =
0.8. "HNMR (300 MHz, CDCL3): 851 = 0.01 (TMS,, group), 0.26 (TMSg
group), 0.65, 1.02, 1.17, 1.33, 1.47 ($ x br's, TEMPO moiety), 1.87 (brs,
—CH— backbone), 4.11 (brs, 1 H), 4.57 (brs, 1 H), 4.88 (brs, 1 H), 7.24
(brs, S H).

Synthesis of (PTEA)gs-b-(CIPEA)350. In a typical procedure, a mixture
of CIPEA (0.38 g, 1.8 x 10> mol), (DTEA)es (0.3 g M,"™™ =
32kg/mol, 9.3 x 10~ ¢ mol), and AIBN (0.15 mg, 9.3 X 10~ mol) in dry
benzene (1.5 mL) was degassed by three freeze—pump—thaw cycles,
sealed, and placed in an oil bath at 65 °C. After 14 h, the reaction was
stopped by cooling and precipitated twice into methanol and twice into
hexane to give the purified block copolymer (PTEA)gs-b-(CIPEA);s9
(yield: 0.3 g). SEC (RI detector): M, = 62 kg/mol. M,%"¢ =
20 kg/mol, M,,/M, = 1.5. "H NMR (300 MHz, CDCly): M,"™* =
105 kg/mol, Z/R = 0. "H NMR (300 MHz, CDCls): dy; = 0.64, 1.01,
1.16, 1.33, 1.48 (5 x brs, TEMPO moiety), 1.64 (br d, ] = 6.84 Hz,
CICCH;), 1.95 (br s, —CH,— backbone), 2.35 (br s, —CH—
backbone), 4.12 (brs, 1 H), 4.30 (brs, 2 H), 4.37 (brs, 2 H), 4.47
(br q, ] = 6.84 Hz, CICHCOO—), 4.57 (brs, 1 H), 4.87 (brs, 1 H),
7.24 (brs, S H).

Synthesis of (PTEA)es-b-(CIPEA-g-NIPAMsp)350. In a typical proce-
dure, macroinitiator (DTEA)g4-b-(CIPEA) ;50 (S0 mg, MSME =108 kg/
mol, corresponds to 1.7 X 10~ * mol initiating Cl groups) was dissolved in
ethyl acetate (4.75 g) and CuCl (16.7 mg, 1.7 x 10~ *mol), NIPAM (3.8 ¢,
33 mmol), and iPrOH (4.75 g) were added. The reaction mixture was
purged with argon for 30 min, tris[2-(dimethylamino)ethyl]Jamine MesT-
REN (39 mg, 1.7 x 10~* mol) was added, and the mixture was
polymerized at 25 °C for 3 h. The reaction was quenched by cooling,
diluted, and dialyzed against deionized water (dialysis membranes Zellu-
Trans from Roth (Germany), nominal cutoff 4000—6000). Finally, the
aqueous polymer solution is lyophilized and dried under high vacuum to

obtain (®TEA)os-b-(CIPEA-g-NIPAM;0)3so (yield: 1 g). M, = 2135
kg/mol. SEC (RI detector): M, S = 133 kg/mol, M,,/M,, = 1.6. The
average length of the NIPAM grafts was calculated from the amount of
NIPAM incorporated and the number of initiating sites per macroinitiator.

The synthesis of (PTEA)gg-b-(CIPEA-g-NIPAM,,4);3so followed the
same protocol except for that the amounts of CuCl (8.3 mg, 8.45 x 10>
mol) and MecTREN (19 mg, 8.45 X 10~° mol) were reduced. Finally,
the same work-up yielded (PTEA)gs-b-(CIPEA-g-NIPAM,,) ;50 (yield:
0.83 g). SEC (RI detector): M,** = 114 kg/mol, M,,/M, = 1.4. 'H
NMR (300 MHz, CDCl,): 0y = 1.15 (br s, CH(CH3),), 1.64 (br s,
—CH,— backbone), 1.83 (brs, —CH,— backbone), 2.12 (brs, —CH—
backbone), 4.00 (br s, CH(CH3),), 6.36 (br s, NH).

Synthesis of (PTEA-G-PSs4)os-b-(CIPEA-g-NIPAM50)350. In a typical
procedure, macroinitiator (PTEA)gs-b-(CIPEA-g-NIPAM;)350 (0.200
g M, T = 2130 kg/mol, corresponding to 8.9 x 10~° mol initiating
TEMPO groups) was dissolved in DMAc (2 mL). After the macroinitiator
was homogeneously dissolved, styrene (340 mg, 1.7 x 10> mol) was
added to the solution. The mixture was degassed by three freeze—
pump—thaw cycles, sealed, and placed in an oil bath at 135 °C. After
13 h, the reaction was quenched by cooling and precipitated into diethyl
ether. The polymer was isolated and dried in vacuo to yield the dual brush
block copolymer (®PTEA-g-PSq,)os-b-(CIPEA-g-NIPAM;0)350 (yield:
200 mg). M, = 2130 kg/mol. SEC (RI detector): M,*** = 125 kg/mol,
M,/M, = 1.7. M,"™® = 2850 kg/mol.

The synthesis of (PTEA-g-(PS),16)96-b-(CIPEA-g-(NIPAM).44)350
was carried out analogously. Macroinitiator (P TEA)gs-b-(CIPEA-g-
NIPAM,,)350 (0.200 g, M,™*°" = 1890 kg/mol, corresponds to 10 x
10~ mol initiating TEMPO groups) was dissolved in NMP (4 mL).
After the macroinitiator was homogenously dissolved, styrene (410 mg,
4 x 10~ mol) was added to the solution, and the mixture was degassed
by three freeze—pump—thaw cycles, sealed, and placed in an oil bath at
135 °C. After 21 h, the reaction was quenched by cooling and
precipitated into diethyl ether. The polymer was isolated and dried in
vacuo to yield the dual brush block copolymer (PTEA-g-PS;¢)os-
b-(CIPEA-g-NIPAM,, )35 (yield: 200 mg). M, ™" = 3050 kg/mol. SEC
(RI detector): M,*C = 118 kg/mol, M,,/M,, = 1.4. M,"™"* = 3440 kg/
mol. "H NMR (300 MHz, CDCl;): &y = 1.14 (br s, CH(CHj;),), 1.41
(br s, —CH,— backbone), 1.84 (br s, —CH,— backbone), 2.09 (br s,
—CH-— backbone), 4.00 (br s, CH(CHj),), 6.58 (br m, styrene), 7.06
(br s, styrene). The average length of the PS grafts was calculated from
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Figure 1. Synthesis of the amphiphilic dual brush block copolymers poly((®TEA-g-PS)-b-(CIPEA-g-NIPAM)) by subsequent RAFT, ATRP, and

NMP polymerizations.

the amount of styrene incorporated and the number of initiating sites per
macroinitiator.

Methods. SEC analysis of both (®TEA)gs and (PTEA)gs-
b-(CIPEA )35 was carried out at 25 °C in THF (flow rate: 1.0 mL/min)
using a TSP apparatus (Thermo Separation Products from Thermo-
Finnigan GmbH, Dreieich, Germany) equipped with a Shodex RI-71
refractive index detector, a TSP UV detector (260 nm), and a set of PSS
SDV columns (styrene/divinylbenzene, 1000 and 10000 A porosity,
S um particle size). Calibration was performed with polystyrene standards
(PSS GmbH Mainz, Germany). SEC analysis of the polymers poly-
(®TEA)-b-(CIPEA-g-NIPAM) and poly(®PTEA-g-PS)-b-(CIPEA-g-
NIPAM) were carried out at 25 °C in NMP with 0.05 M LiBr (flow
rate: 0.5 mL/min) using a TSP apparatus (Thermo Separation Products
from Thermo-Finnigan GmbH, Dreieich, Germany) equipped with a
Shodex RI-71 refractive index detector, a TSP UV detector (270 nm),
and a set of PSS SDV columns (polyester, 100 and 1000 A porosity, 7 4m
particle size). Calibration was performed with polystyrene standards
(PSS GmbH Mainz, Germany). 'H and '*C NMR spectra were taken
with a Bruker Avance 300 apparatus. All spectra are referenced to the
solvent residual peak (CHCIl; at 7.26 ppm). The conversions of all
polymerizations were measured before work-up by comparing the
intensity of the vinyl proton signals with the intensity of characteristic
signals of the polymers.

For scanning force microscopy (SFM), a droplet of a solution of the
polymer in CHCl; (0.01 g L") was deposited on a freshly cleaved mica
surface and spun off after S s. The surface was dried under a flux of
nitrogen gas and then imaged by SFM in tapping-mode under ambient
conditions. As apparatus, Nanoscope 3a (Veeco) was employed using
silicon cantilevers (Olympus, Japan) with a typical resonance frequency
of 300 kHz and a spring constant of about 42 N m ™. Both height and
phase images were recorded.

B RESULTS AND DISCUSSION

At the heart of our synthetic approach are specialty mono-
mers, so-called inimers, that bear simultaneously a polymerizable
and an initiating group. Originally conceived for the prepara-
ion of hyperbranched polymers,*"** the controlled linear

homopolymerization of inimers via RAFT without affecting the
initiating sites was shown recently.""'>'*'> In this way, homo-
polymers densely functionalized with initiating sites are acces-
sible, which can be subsequently activated via CRP methods
(Scheme 1). Thus, the block copolymerization of two inimers
with different, orthogonally addressable initiating sites, to be
followed by selective grafting polymerization steps, provides a
versatile approach to amphiphilic dual bottle brushes.

Hence, we designed the model polymer poly((®TEA-g-PS)-
b-(CIPEA-g-NIPAM)) with a polyacrylate backbone, a hydro-
phobic block made of polystyrene (PS), and a hydrophilic block
made of the thermosensitive poly(N-isopropylacrylamide)
(NIPAM) as heterografted brush building blocks. The synthetic
route comprises four consecutive CRP steps (Figure 1): Initially,
inimers ®TEA and CIPEA are block copolymerized by the
RAFT method to give poly(PTEA-b-CIPEA) carrying comple-
mentary orthogonal initiating sites. This intermediate is trans-
formed into an amphiphilic dual bottle brush by two sequential
“grafting from” steps using NIPAM and styrene via ATRP and
NMP, respectively. While the two initial polymerizations could
be conducted under standard RAFT conditions, the ATRP
grafting step needed the presence of the strongly activating
ligand tris[2-(dimethylamino)ethyl]amine (Mes,TREN), and
the NMP grafting step required the additional solvent N,N-
dimethylacetamide (DMAc) to provide homogeneous polymer-
ization conditions. As size exclusion chromatography (SEC) for
such complex polymers can only give approximate data, we
employed a doubly trimethylsilyl (TMS)-labeled RAFT agent
to support the characterization of the intermediate and final
polymers.*”*>** Upon quantifying both polymer end groups of
the linear polymer intermediates via the TMSg and TMS, signals
by "H NMR spectroscopy, the absolute number-average molar
mass M,, as well as the percentage of active end groups present
after the first polymerization steps can be elucidated. The
combined analytical data enabled us to determine the overall
structure, composition, and molar mass of the various inter-

mediates and the final amphiphilic dual brush block copolymers
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Figure 2. 'H NMR spectrum of (OTEA)qg in CDCl;. TMSy, refers to
aryl-bound TMS group (as part of the R group) of the RAFT agent;
TMS; refers to the alkyl-bound TMS group (as part of the Z group).
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Figure 3. Size exclusion chromatography (SEC) analysis of a given
polymer family. (a) SEC traces of (PTEA)os (i, continuous line) and
(DPTEA)os-b-(CIPEA)3so before (ii, dashed line) and after selective
precipitation (jii, continuous line) in THF as eluent. (b) SEC traces of
(DTEA)gs-b-(CIPEA)550 (i, continuous line), (®PTEA)qs-b-(CIPEA-
g-(NIPAM);0)3so (ii, dashed line), and (D TEA-g-(PS)g4)os-b-(CIPEA-
g-(NIPAM);0)3so (iii, continuous line) in NMP as eluent.

(DPTEA-g-(PS) 1 16)s6-b-(CIPEA-g-(NIPAM) ) 350 and (D TEA-
g'(PS)64)96'b‘(C1PEA‘g'(NIPAM)50)359-

In the first polymerization step, the inimer ®TEA was polym-
erized by the RAFT method. 'H NMR analysis of the poly-
(PTEA) exploiting the TMSg and TMS, end groups, which were
introduced into the polymer via the TMS-labeled RAFT agent
CTAL (see Figure 2), revealed a number-average degree of
polymerization DP,, of 96 (M,"™'® = 42 kg/mol), with a Z/R
ratio of 80% (TMSZ/ TMSg = 0.8). This ratio suggested that 20%
of the end groups of (PTEA )y are cleaved off from the growing
polymer chains during the RAFT process. We may speculate
whether the relatively weak N—O—benzyl bond of the inimer
repeat units, or steric demands due to their relative bulkiness in
combination with the relatively bulky Z-group, give rise to some
side reactions that reduce the fraction of active chain ends some-
what compared to optimized RAFT-made polymers.*® But as
generally, the percentage of active end groups for polymers made
by RDRP is not verified, literature data for comparison are lacking.
Nevertheless, SEC analysis of the polymer provided an apparent
number-average molar mass M,,"* of 3.3 kg/mol, with a dispersity
(M,/M,) value of 1.5. The relatively narrow monomodal dis-
tribution of (PTEA)s seen in the SEC elugrams (Figure 3a) thus
supports the controlled polymerization of (DTEA)gs.

Subsequently, homopolymer (PTEA)qs was used as macro-
RAFT agent in the polymerization of the inimer CIPEA. As the
quality of (PTEA)¢s was only moderate (TMS;/TMSg = 0.8),
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Figure 4. 'H NMR spectrum of (®TEA)gs-b-(CIPEA);50 in CDCls.
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Figure 5. 'H NMR spectra in CDCly: (i) (@TEA)os-b-(CIPEA-
g'(NIPAM)50)359J (11) (‘DTEA'g'(PS)64)96'1"(CIPEA'g'(NIPAM)50)359-

it is not surprising that the SEC elugram of the crude reaction
product was bimodal (Figure 3a). Still, selective precipitation
provided the pure block copolymer poly(®TEA-b-CIPEA) with a
monomodal molar mass distribution (Figure 3a), with M,,**F = 20
kg/mol and dispersity (M,,/M,) = 1.5. "H NMR spectra con-
firmed the successful synthesis of the block copolymer, with the
characteristic proton resonances of both @ TEA and CIPEA being
well resolved (Figure 4). Importantly, the proton patterns of both
blocks are distinguishable, indicating the stability of the initiating
sites in the side chains during the RAFT process. From the "H
NMR analysis, the actual composition of the block copolymer is
calculated as (DPTEA)oq-b-(CIPEA) 350 (M,"™™ = 105 kg/mol).
Thus, the RAFT process proved to be a tolerant method to create
highly functionalized block copolymers with differently addres-
sable initiating sites for further “grafting from” steps.

In the third step, the pendant chlorine substituents of the
(CIPEA) ;50 block were used to initiate selectively the controlled
ATRP polymerization of NIPAM. In order to suppress possible
side reactions of the nitroxylamine groups, the ATRP polymer-
ization was carried out at 25 °C. Accordingly, the catalyst system
MesTREN and CuCl was applied in 2-propanol to control the
first “grafting from” step, as such conditions in combination with
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Figure 6. (a) SFM height image of (DTEA-g-(PS),16)os-b-(CIPEA-g-(NIPAM)44)350 deposited on mica by spin-coating from CHCl; solution. (b)

Histogram of measured contour lengths of single molecules. Zoom-in on (a): (c) single molecule 1, (d) dimer 2, and (e) oligomer 3, including their

height profile cross sections.

the use of chloride initiators, as present in the CIPEA reat units,
have been shown to give best control over ATRP of acrylamide
monomers, specifically of NIPAM.>> " Figure 5 (see spectrum i)
shows a corresponding 'H NMR spectrum with the characteristic
NIPAM signals. This indicated the successful first “grafting from”
step, namely of NIPAM, to provide (DPTEA)gs-b-(CIPEA-
g-(NIPAM)s0)350- As to be expected, the proton resonances of
the poly®TEA block are no more resolved because the molar
fraction of the @TEA repeat units in (PTEA)gs-b-(CIPEA-
g (NIPAM)50)3s0 amounts only to 1 wt %. The monomodal
distributed SEC elugram, which is clearly shifted in comparison
to the elugram of the precursor polymer, corroborated the
successful grafting of the hydrophilic NIPAM brush arms
(Figure 3b), with M,"® = 133 kg/mol and dispersity (M,/
M,) = 1.6. Additionally, the sample (PTEA)os-b-(CIPEA-
g (NIPAM).4)350 Was synthesized by the same protocol except
for the ratio of the chlorine initiating sites to CuCl, which was
reduced in order to increase the grafting density of the growing
side chains.®® For the semibrush block copolymer, values of
M,™" =114 kg/mol and dispersity = 1.4 were found.

9639

Finally, in the fourth CRP step, both semi bottle brushes
(DPTEA)gs-b-(CIPEA-g-(NIPAM) 50) 350 and (PTEA)gs-b-( CIPEA-
g (NIPAM) ) ;50 were destined as macroinitiators for the second
“grafting from” reaction, the controlled polymerization of styrene via
NMP. Because the macroinitiators were not soluble in styrene, N,N-
dimethylacetamide (DMACc) was used as solvent to obtain homo-
geneous polymerization conditions. This is an indispensable prere-
quisite to guarantee the accessibility of the nitroxylamine groups in
order to initiate the second “grafting from” process evenly. Figure 5
(see spectrum ii) shows the "H NMR spectrum of the purified
polymer. The characteristic proton signal pattern of polystyrene PS in
addition to the characteristic NIPAM signals already present in the
precursor indicates the successful polymerization of styrene. Assum-
ing that all polystyrene grafts were successfully covalently attached to
the (PTEA)og-b-(CIPEA-g-(NIPAM)s5) 350 semibrush precursor,
the actual composition of the dual bottle-brush polymers can be
calculated as (PTEA-g-(PS)s4)o6-b-( CIPEA-g-(NIPAM)50) 359,
with Mntheo = 2130 kg/mol and MMR = 2850 kg/mol. The
relatively narrow monomodal molar mass distribution of the final

dual bottle-brush polymer is shown in Figure 3b (M,** = 125 kg/
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mol (calibration with polystyrene standard)s and dispersity (M,,/
M,) = 1.7). Noteworthy, no shift to lower elution volumes was
observed in comparison to the semibrush precursor. Analogously,
the narrowly distributed (PTEA-g-(PS);;¢)96-b-(CIPEA-g-
(NIPAM),4)3s0 was synthesized (with M, = 3050 kg/mol,
MM = 3440 kg/mol, M,,**P = 118 kg/mol, dispersity (M,,/
M,) = 1.4), showing the analogous elution behavior as its homo-
logue described above. Apparently, the additional polystyrene side
chains do not increase the hydrodynamic volume of the dual brush
block copolymers notably compared to the precursor semibrushes.
This may be understood as the contour length is only weakly
changed by the second “grafting from” step, and thus both
(‘I>TEA-g-(PS)s4) 96'b'(C1PEA'g'(NIPAM)50)359 and (PTEA)osb-
(CIPEA-g-(NIPAM),4) 359 may be expected to elute at very close
times. Most importantly, no additional peak at higher elution
volumes was observed. This indicates the absence of lower molar
mass contaminants, e.g., from the self-initiating polymerization of
styrene.'* Nevertheless, it is clear that the grafting efficiencies for
neither the hydrophilic nor the hydrophobic block can be 100%
(see discussion below),*® and thus, the true lengths of the graft
arms are longer than the formally calculated average values.

Scanning force microscopy (SFM) provided further proof
for the successful synthesis of the structural dual brush motif.
An exemplary SFM image of (PTEA-g-(PS), 14)96-b-(CIPEA-
g-(NIPAM),4)3s0 adsorbed on mica is shown in Figure 6a. The
small-sized objects are attributed to single molecules and to
aggregates thereof. The distribution of the contour lengths of
single molecules reveals a number-averaged length L,, = 33 nm
(Figure 6b). Zooming in onto a single molecule reveals a
“tadpole-like” structure, with a relatively large “head” and a long
“tail” (Figure 6¢). A cross section through the height profile along
the molecular backbone reveals a height difference between the
head (4.2 nm) and the tail (2.6 nm). Similar heights were
observed in the profile of a dimer formed by two molecules
positioned head-to-head (Figure 6d). “Flowerlike” oligomers,
also formed by a head-to-head manner, exhibited a higher head
(6.1 nm) but a similar height of the tail compared with single
molecules (Figure 6e). The average full width of the tail is around
21 nm (Figure 6d), taking into account a tip broadening effect®
on the order of 4 nm, upon assuming a tip radius of 7 nm and an
average height of the tail (spine and corona) around 1 nm.

Previously,” the formation of a tadpole structure was ob-
served for a brush polymer with a gradient of grafting density
along the backbone, where the single molecules were incorpo-
rated in a condensed monolayer. The tadpole formation was
attributed to the compression, upon which the end with the
higher grafting density forms the head.

Here, we attribute the formation of isolated tadpole structures
for one amphiphilic block copolymer molecule to the differences
in the chemical structure of both blocks, in side chain lengths, as
well as in the different wetting behaviors of both blocks on the
surface.*' During the drying phase, the hydrophilic NIPAM
brush block favors contact with the polar mica surface, whereas
the hydrophobic PS brush block minimizes the contact. Thus,
after solvent evaporation, the NIPAM brush block is directly
adsorbed on the mica surface, while the collapsed PS brush block
is located on top of the polyNIPAM block. The longer hydro-
philic block (N = 359) with the shorter NIPAM side chains (N =
44) forms the tail, while the shorter hydrophobic block (N = 96)
with the longer PS side chains (N = 116) forms the spherical
head. This picture is supported by the height and with cross-
section analysis. The fully extended NIPAM block has a width of

22 nm (44 X 2 x 0.25 nm), which is close to the experimental
value of 21 nm. Our model agrees also with the work from
Kumaki and Hashimoto, who showed that when a diblock
copolymer PS-b-PMMA is deposited on a mica surface, the PS
block collapses into a single PS coil on the top of PMMA chain.**
Thus, the main chain of the brush structure is not fully stretched,
but at least locally coiled. This explains the fact that the
experimentally detected contour length (33 nm) is considerably
shorter than the fully extended chain length (L. =455 x 025 nm =
113 nm for an all-trans conformation).

Alternatively, low initiating efficiencies have been put forward as
rationale for apparently short contour lengths of cylindrical brushes
on ultraflat solid substrates, reducing steric repulsion. Some reports
showed that the “grafting from” method via ATRP had initiating
efficiencies of about 50 £ 10% and that the measured contour
lengths of these cylindrical brushes were considerably shorter than
theoretically expected for a stiff chain.***~* The calculated average
lengths per repeat unit [ were about 0.1 nm. This value is similar to
our findings (I = 0.075 nm). In fact, considering our previously
found grafting efficiencies of 50—80% for poly(CIPEA) as ATRP
macroinitiator,”> we can expect also in the present case a grafting
efficiency within the same range for the hydrophilic NIPAM brush
block, in agreement with the observed contour length.

The formation of “head and tail” conformation is also sup-
ported by looking into the length of the side chains. When the
side chains are shorter than the polymer backbone, polymer
brushes exhibit a cylindrical conformation, while in the opposite
case, other conformations such as “starlike” conformation are
formed.****” In our particular case, the NIPAM side chains (N =
44) are shorter than the backbone (N = 359), thus forming the
cylindrical “tail”, while the PS side chains (N = 116) are longer
than the backbone (N = 96), thus favoring a spherical “head”.
Finally, the formation of dimers and oligomers may be attributed
to hydrophobic interactions between the PS brush blocks.*

B CONCLUSIONS

All the three most frequently applied CRP methods, namely
RAFT, ARTP, and NMP, can be applied orthogonally and thus
combined into one single synthetic sequence. This powerful
approach enables the straighforward synthesis of complex poly-
mer architectures starting from monomers, in a minimum number
of reactions, and without the need of any postpolymerization
modification step. The approach was exemplified by the synthesis
of new high molar mass amphiphilic brush block copolymers con-
sisting of polystyrene and poly(NIPAM) molecular brushes. The
heterografted structure of these giant amphiphiles was character-
ized by SEM studies on the single molecular level.
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