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ABSTRACT: The structuring role of benzene-1,3,5-tricarboxamide

(BTA) groups for the catalytic activity of single chain polymeric

nanoparticles in water was investigated in the transfer

hydrogenation of ketones. To this end, a set of segmented,

amphiphilic copolymers was prepared, which comprised oligo

(ethylene glycol) side chains to impart water solubility, BTA

and/or lauryl side chains to induce hydrophobicity and diphenyl-

phosphinostyrene (SDP) units in the middle part as a ligand to

bind a ruthenium catalyst. All copolymers were obtained by

reversible addition-fragmentation chain transfer (RAFT) polymer-

ization and showed low dispersities (Mw/Mn 5 1.23–1.38) and

controlled molecular weights (Mn 5 44–28 kDa). A combination

of circular dichroism (CD) spectroscopy and dynamic light scat-

tering (DLS) showed that all copolymers fold into a single chain

polymeric nanoparticles (SCPNs) as a result of the helical self-

assembly of the pendant BTA units and/or hydrophilic–hydro-

phobic phase separation. To create catalytic sites, RuCl2(PPh3)3

was incorporated into the copolymers. The Cotton effects of the

copolymers before and after Ru(II) loading were identical, indi-

cating that the helical self-assembly of the BTA units and the

complexation of SDP ligands and Ru(II) occurs in an orthogonal

manner. DLS revealed that after Ru(II) loading, SDP-bearing

copolymers retained their single chain character in water, while

copolymers lacking SDP units clustered into larger aggregates.

The Ru(II) loaded SCPNs were tested in the transfer hydrogena-

tion of cyclohexanone. This study reveals that BTA induced

stack formation is not crucial for SCPN formation and catalytic

activity; SDP-bearing copolymers folded by Ru(II) complexation

and hydrophobic pendants suffice to provide hydrophobic, iso-

lated reaction pockets around Ru(II) complexes. VC 2013 Wiley

Periodicals, Inc. J. Polym. Sci., Part A: Polym. Chem. 2014, 52,

12–20

KEYWORDS: benzene-1,3,5-tricarboxamide (BTA); catalysis;

reversible addition-fragmentation chain transfer (RAFT) poly-

merization; ruthenium; transfer hydrogenation

INTRODUCTION Enzymes are highly attractive for performing
reactions in water on an industrial scale and a source of
inspiration to design novel catalytic systems. On the other
hand, creating sufficiently hydrophobic domains around the
catalytic sites to ensure compatibility of the homogeneous
organo- or metal-based catalysts with aqueous environments
has remained a major challenge.1–3 For this reason, artificial
metalloenzymes,4–6 DNA-based catalysts,7 amphiphilic
copolymers,8–10 star polymers,11–15 micellar systems,16–20

molecularly imprinted nano and microgels,21–23 and den-
drimers24–28 were designed to achieve the necessary com-
partmentalization for efficient catalysis in water.

Supramolecular folding of polymer chains into single chain
polymeric nanoparticles (SCPNs) is an attractive alternative
to prepare compartmentalized, water-soluble, nanometer-
sized particles with a hydrophobic interior.29–32 Notably, the
benzene-1,3,5-tricarboxamide (BTA) is an attractive unit to
form SCPNs with well-defined, conformationally adaptable,
three-dimensional structures as a result of the hydrogen-
bond-driven, helical self-assembly of the BTA units.31

Detailed scattering studies revealed that water-soluble
copolymers based on oligo(ethylene glycol) methacrylate
(oEGMA) and benzene-1,3,5-tricarboxamide methacrylate
(BTAMA) fold in water into compact conformations

Additional Supporting Information may be found in the online version of this article.
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consisting of a single polymer chain, and having a slightly
elongated shape as a result of the BTA self-assembly.29

We recently inserted catalytically active moieties into BTA-
based amphiphilic copolymers.31,33 A set of random amphi-
philic copolymers comprising oEGMA/BTAMA and L-proline
units was prepared via reversible addition-fragmentation chain
transfer (RAFT) polymerization.33 The copolymers efficiently
catalyzed aldol reactions with good diastereo- and enantiose-
lectivities in water.33 Remarkably, BTA self-assembly was cru-
cial for effective catalysis in these copolymers, indicating that
the creation of a stable but conformationally flexible hydropho-
bic interior into the SCPNs was crucial for catalysis to occur.33

In addition, Ru-catalyzed living free radical polymerization
(LRP) was used to prepare a segmented amphiphilic oEGMA/
BTAMA-based copolymer comprising diphenyl phosphinostyr-
ene (SDP) units in the middle part, in which a ruthenium-
based catalyst was simultaneously formed around the pendant
SDP units via ligand exchange. The segmented copolymers
formed SCPNs in water and catalyzed transfer hydrogenations
of ketones.31 In the Ru-based SCPNs, both the Ru-SDP complex-
ation and the BTA stacking are elements that induce supramo-
lecular folding of the polymer chain. Hence, it is intriguing to
study in how far the BTA units are necessary as an additional
structuring element for efficient catalysis, since this was so cru-
cial in the L-proline-based organocatalytic system.33

Here we report our detailed investigations to understand in
how far the directional, structuring role of BTA groups is
important for the catalytic activity in transfer hydrogenation
reactions catalyzed by Ru(II)-based SCPNs. We designed and
synthesized a set of segmented, amphiphilic copolymers
(Scheme 1) with a varying BTA content. The copolymers
were synthesized via RAFT, an easy to apply, metal-free LRP
technique, and then postloading of the Ru(II) catalyst was
applied to create catalytic centers. Copolymers P1–P5 were
studied using spectroscopic techniques (circular dichroism
and fluorescence spectroscopy) and dynamic light scattering
(DLS) before and after Ru(II) loading. The activity of the
copolymers was assessed in the transfer hydrogenation of
cyclohexanone derivatives. The results show that BTA self-
assembly is not required for the stabilization of the hydro-
phobic pocket when SDP-Ru complexes are present; hydro-

phobic monomers and SDP ligands effectively provide
isolated, hydrophobic reaction pockets around ruthenium
catalysts to induce efficient catalysis.

EXPERIMENTAL

Materials
Polymerizations, catalyst loadings and catalysis experiments
were carried out by the syringe technique under dry argon in
baked glass tubes equipped with a three-way stopcock. Poly
(ethylene glycol) methyl ether methacrylate (PEGMA: Mn �
475) and lauryl methacrylate (LMA: Aldrich, purity >96%)
were of commercial source (Aldrich), purified by an inhibitor
removal column (Aldrich) and degassed by reduced pressure
before use. The phosphine ligand monomer (diphenylphosphi-
nostyrene: SDP), kindly supplied by Hokko Chemical (purity
>99.9%), was degassed by reduced pressure before use. Azobi-
sisobutyronitrile (AIBN) was recrystallized from methanol.
4-Cyano-4-methyl-5-(phenylthio)25-thioxopentanoic acid was
kindly provided by SyMO-Chem (Eindhoven, the Netherlands).
Dioxane, dichloromethane, pentane and ethanol (Wako Chemi-
cals, anhydrous; purity> 99%) were bubbled with dry nitrogen
before use. 1,2,3,4-Tetrahydronaphthalene (tetralin; internal
standard for 1H NMR analysis) was dried over calcium chlo-
ride, distilled twice from calcium hydride and bubbled with
dry nitrogen before use. RuCl2(PPh3)3 (Aldrich, 97%) was used
as received and handled in a glove box under a moisture- and
oxygen-free argon atmosphere (H2O< 1 ppm, O2< 1 ppm). Tol-
uene (passed through purification columns; Solvent Dispensing
System; Glass Contour) and hexane were bubbled with dry
nitrogen for more than 15 min immediately before use. Sodium
formate (Aldrich; purity> 98%) was used as received. Cyclo-
hexanone, 4-methylcyclohexanone, 4-ethylcyclohexanone, 4-
propylcyclohexanone (Aldrich, purity >99%), and H2O (Wako;
distilled) were of commercial source and bubbled with dry
nitrogen for more than 15 min immediately before use. The
synthesis of chiral BTAMA was performed as described else-
where.31 Nile Red was obtained from Sigma-Aldrich.

Characterization
The molecular weight Mn and Mw/Mn ratios of the polymers
were measured by SEC in DMF containing 10 mM LiBr at 40
�C (flow rate5 1 mL/min) on three linear-type polystyrene

SCHEME 1 Design of catalytically active SCPNs for transfer hydrogenation of ketones in water.
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gel columns (Shodex KF-805L; exclusion limit5 4 3 106,
pore size5 5000 Å, 0.8 cm i.d. 3 30 cm) that were con-
nected to a Jasco PU-2080 precision pump, a Jasco RI-2031
refractive index detector, and a Jasco UV-2075 UV–vis detec-
tor set at 270 nm. The columns were calibrated against 10
standard PMMA samples (Polymer Laboratories; Mn 5 1680–
1,200,000, Mw/Mn 5 1.06–1.22) as well as MMA monomer.
The absolute weight-averaged molecular weight (Mw) of
polymers was determined by multi-angle laser light scatter-
ing (MALLS) in DMF containing 10 mM LiBr on a Dawn E
instrument (Wyatt Technology: Ga-As laser; k 5 690 nm;
scattering angle covered from 20� to 153�), in conjunction
with the following SEC system: three linear-type polystyrene
gel columns (shodex KF-805L; exclusion limit5 4 3 106;
pore size5 5000 Å; particle size5 10 mm; 0.8 cm i.d. 3 30
cm) connected to a Jasco PU-2080 precision pump, a Jasco
RI-1530 refractive index detector, and a Jasco UV-1570 UV/
vis detector set at 270 nm. The refractive index increment
(dn/dc) was directly measured in DMF at 40 �C by the on-
line RI-1530 refractive index detector. Fluorescence data
were recorded on a Varian Cary Eclipse fluorescence
spectrometer.

1H NMR and 31P NMR spectra were recorded at room tem-
perature by a JEOL JNM-ECA500 spectrometer (operating at
500 MHz (1H) and 202 MHz (31P)). Proton chemical shifts
are reported in ppm downfield from tetramethylsilane
(TMS). Diethylphosphite (C2H5O)2P(O)H (12 ppm) was used
as a standard for 31P NMR.

Ultraviolet–visible (UV/Vis) and circular dichroism (CD)
measurements were performed on a Jasco J-815 spectropo-
larimeter where the sensitivity, time constant and scan rate
were chosen appropriately (sensitivity: standard; response: 2
s; band width: 1 nm; data pitch: 0.1 nm; scanning speed: 20
nm/min). Corresponding temperature-dependent measure-
ments (data pitch: 0.1 �C) were performed with a PFD-425S/
15 Peltier-type temperature controller with a temperature
range of 263–383 K and adjustable temperature slope, in all
cases temperature slope of 1 K/min was used. In all experi-
ments the linear dichroism was also measured and in all
cases no linear dichroism was observed. Separate UV/Vis
spectra were obtained from a Perkin-Elmer UV/Vis spec-
trometer Lambda 40 (optical path length5 0.5 cm). The
core-bound Ru(II) content was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES: CIR-
OSCCD; SPECTRO).

Dynamic light scattering measurements were performed on
a Malvern mV Zetasizer equipped with an 830 nm laser. Sam-
ples were prepared by filtering solutions in MilliQ quality
water through a 0.2 mm PVDF-filter (Whatman) in a fluores-
cence cell with a path length of 1 cm.

Synthesis
General Procedure for Polymerizations
CTA (12 mg, 0.043 mmol) and, for BTAMA containing copoly-
mers, BTAMA (125 mg, 0.172 mmol (P1); 50 mg, 0.344
mmol (P4); 250 mg, 0.344 mmol (P2)) were placed in a 20

mL glass tube. Dioxane (6.5 mL) was added into the tube
and the solution was stirred. oEGMA (1.7 mL, 3.75 mmol),
for LMA containing polymers, LMA (0.12 mL, 0.42 mmol
(P5, P3), 0.06 mL, 0.21 mmol (P1)) AIBN (4.2 mg, 0.026
mmol) and tetralin (0.1 mL) were added sequentially under
dry argon at room temperature where the total volume of
the polymerization mixture was 8.7 mL. Immediately after
mixing, a small portion of the mixture was taken as a blank
sample (t5 0) and the polymerization mixture was placed in
an oil bath at 70 �C. For SDP containing polymers, SDP (0.35
mL of 730.839 mM in toluene, 0.256 mmol) was added
under dry argon to the polymerization mixture after metha-
crylates reached around 30% conversion by 1H NMR (1 h).
Immediately after the addition of SDP monomer, the temper-
ature was increased to 80 �C. The reaction was terminated
after 8 h by cooling the mixture to room temperature (conv.
oEGMA � 90%; 1H NMR). The monomer conversion was
determined from the concentration of residual monomer
measured by 1H NMR with tetralin as an internal standard.
The quenched reaction solutions were evaporated under vac-
uum and subsequently dissolved in DCM (1.5 mL) (P3, P5,
P6) or for BTAMA containing polymers in MeOH/DCM (1/1,
v/v, total 1.5 mL) (P1, P2, P4), and precipitated into cold
hexane (11 mL) three times, evaporated to dryness and sub-
sequently dried overnight under vacuum at room
temperature.

oEGMA/BTAMA/LMA/SDP copolymer (P1)
1H NMR (CD2Cl2): d (ppm)5 8.40–8.29 (s, Ar-H: BTAMA),
7.83–7.77 (s, broad, NHCO), 7.62–7.31 (s, broad, Ar-H:
SDP@O), 7.31–6.82 (s, broad, Ar-H: SDP), 4.13–3.89 (m,
CO2CH2CH2: oEGMA), 3.89–3.66 (m, CO2CH2CH2: BTAMA,
LMA), 3.66–3.43 (s, broad, OC2H4O), 3.37–3.22 (s, broad,
AOCH3), 2.00–1.48 (m, CH2 backbone), 1.38–0.70 (m, broad,
CCH3 backbone, BTAMA and LMA pendants). SEC:
Mn 5 28,300, Ð5 1.37.

oEGMA/BTAMA/SDP copolymer (P2)
1H NMR (CD2Cl2): d (ppm)5 8.40–8.29 (s, Ar-H: BTAMA),
7.83–7.77 (s, broad, NHCO), 7.62–7.31 (s, broad, Ar-H:
SDP@O), 7.31–6.82 (s, broad, Ar-H: SDP), 4.13–3.89 (m,
CO2CH2CH2: oEGMA), 3.89–3.66 (m, CO2CH2CH2: BTAMA),
3.66–3.43 (s, broad, OC2H4O), 3.37–3.22 (s, broad, AOCH3),
2.00–1.48 (m, CH2 backbone), 1.38–0.70 (m, broad, CCH3

backbone, BTAMA pendant). SEC: Mn 5 30,300, Ð5 1.38.

oEGMA/LMA/SDP copolymer (P3)
1H NMR (CD2Cl2): d (ppm)5 7.62–7.31 (s, broad, Ar-H:
SDP@O), 7.31–6.82 (s, broad, Ar-H: SDP), 4.01 (m, OCH2CH3),
4.13–3.89 (m, CO2CH2CH2: oEGMA), 3.89–3.66 (m,
CO2CH2CH2: LMA), 3.66–3.43 (s, broad, OC2H4O), 3.37–3.22
(s, broad, AOCH3), 2.00–1.45 (m, CH2 backbone), 1.35–0.70
(m, broad, CCH3 backbone, LMA pendant). SEC: Mn 5 30,100,
Ð5 1.36.

oEGMA/LMA copolymer (P4)
1H NMR (CH2Cl2): d (ppm)5 4.13–3.89 (m, CO2CH2CH2:
oEGMA), 3.89–3.66 (m, CO2CH2CH2: LMA), 3.66–3.43 (s,
broad, OC2H4O), 3.37–3.22 (s, broad, AOCH3), 2.00–1.45 (m,
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CH2 backbone), 1.45–0.70 (m, broad, CCH3 backbone, LMA
pendant). SEC: Mn 5 30,200, Ð5 1.23.

General Procedure for Ruthenium Catalyst Loading
First, polymer and RuCl2(PPh3)3 were solubilized in toluene-
d8 under argon, in separate tubes. Then, the Ru(II) solution
was transferred via the syringe technique into the tube con-
taining 1 mL polymer solution (2 mM in toluene-d8) where
the ratio was thus 2.5 equivalents of Ru(II) per polymer
chain. The resulting mixture was stirred under argon at 80
�C for 12 h, and coordination of Ru(II) to the polymer SDP
units was followed by 31P and 1H NMR. The polymer solu-
tion was concentrated in vacuo and precipitated into hexane
under argon to remove triphenylphosphine liberated from
Ru(II) catalyst. Then, the product was dried in vacuo at
room temperature and the Ru(II) amount per a polymer
gram was analyzed via ICP-AES: 53 mmol Ru/g forP1, 52
mmol Ru/g for P2, 54 mmol Ru/g for P3, 43 mmol Ru/g for
P4, and 48 mmol Ru/g for P5.

General Procedure for Transfer Hydrogenations in Water
In a 10 mL glass tube, Ru(II)-bearing polymer (Ru5 0.001
mmol, polymer5 0.0004 mmol) and HCOONa (0.452 mmol,
30 mg) was placed and H2O (1 mL) was added at 25 �C
under argon. The solution was stirred at 80 �C for 5 min
and the color change from brown to yellow was observed as
an indicative of Ru(II)H2 formation. After cooling, cyclohexa-
none (0.2 mmol, 0.020 mL) was immediately added into the
solution ([Ru]/[cyclohexanone]5 1/200), and the mixture
was placed in an oil bath at 40 �C. The conversion of the
ketone was determined by 1H NMR.

RESULTS AND DISCUSSION

Synthesis of Catalytically Active SCPNs
Amphiphilic copolymers (P1–P5) were synthesized by RAFT
polymerization in dioxane at 70 �C in the presence of 4-
cyano-4-methyl-5-(phenylthio)25 thioxopentanoic acid as a
chain transfer agent and AIBN as an initiator. We prepared

copolymers with (P1–P3) and without (P4–P5) SDP ligands
and copolymers with (P1, P2, P5) and without (P3, P4) BTA
units. Lauryl methacrylate (LMA)—lacking structuring abil-
ities—was chosen as a hydrophobic, nonhydrogen-bonding
comonomer to replace BTAMA. To obtain SCPNs with compa-
rable sizes and similar amphiphilic character, the theoretical
degree of polymerization of methacrylates was kept constant
(DPth 5 100) and the DPths for hydrophilic oEGMA and
hydrophobic BTAMA and/or LMA were set as 90 and 10,
respectively. For ligand-bearing copolymers (P1–P3), the
SDP content was around 5.6 mol % of the total. The compo-
sitions of oEGMA, LMA and/or BTAMA are summarized in
Table 1. To concentrate the SDP ligands in the middle of the
polymer chain, SDP was directly added to the solution at
around 30% conversion of methacrylates (after 1 h) for P1–
P3. The reaction temperature was raised to 80 �C since
styrene-based monomers require a higher polymerization
temperature than methacrylates.

As an example, the results for the polymerization of BTAMA/
LMA/oEGMA/SDP to afford P1 are shown in Figure 1(a–c).
The conversion of the monomers was quantified by the dis-
appearance of the vinyl peaks via 1H NMR [Fig. 1(a)]. After
addition, SDP was rapidly consumed, followed by full conver-
sion of the remaining methacrylates in 8 h. The molecular
weights determined by SEC (relative to PMMA standards)
increased with conversion [Fig. 1(b)] and the molecular
mass distribution (Ð) remained narrow (<1.4) [Fig. 1(c)].
The almost identical consumption of the three different
methacrylates together with the rapid consumption of SDP
[Fig. 1(a)] indicates that a sequential, one-pot segmentation
is achieved by the formation of two random end blocks of
methacrylates and one middle random SDP/methacrylate
block [Fig. 1(d)]. Copolymers P2–P5 were obtained in a sim-
ilar way using RAFT polymerization.

In our previous work, Ru(II)-loaded terpolymers were read-
ily prepared via RuCl2(PPh3)3-catalyzed LRP.31 Efficient
encapsulation of the polymerization catalyst resulted from

TABLE 1 Characterization of Amphiphilic Copolymersa

Monomer Composition DP0 (m/n/l/p)b
Mn

c

(kDa) Ðc

DPcalcd

(m/n/l/p)d
Mn,calcd

e

(kDa)

Mw
f

(kDa)

(90%)-oEGMA/(5%)-BTA/(5%)-LMA/(6%)

SDP (P1)

90/5/5/6 28.3 1.37 81/4.5/4.5/6 44.6 55.9

(90%)-oEGMA/(10%)-BTA/(6%)SDP (P2) 90/10/–/6 30.3 1.38 84.6/9.3/–/6 48.9 76.9

(90%)-oEGMA/(10%)-LMA/(6%)SDP (P3) 90/–/10/6 30.1 1.36 83.7/–/9.3/6 43.8 68.5

(90%)-oEGMA/(10%)-LMA (P4) 90/–/10/– 30.2 1.23 81.9/–/9/– 41.2 62.7

(90%)-oEGMA/(10%)-BTA (P5) 90/10/–/– 32.2 1.34 87/8/–/– 47.1 n.d.

a RAFT polymerization: ([Mtot]0/[CTA]0/[AIBN]0 5 530/5.2/2.5 mM) ([Mtot]:

[oEGMA]0 1 [BTAMA]0 1 [LMA]0 1 [SDP]0) (P1–P5) in dioxane at 70 �C

(increased to 80 �C after SDP addition).
b Degree of polymerization (DP0): m 5 [oEGMA]0/[CTA]0; n 5[BTAMA]0/

[CTA]0; l 5 [LMA]0/[CTA]0; p 5 [SDP]0/[CTA]0.
c Analyzed by GPC in DMF (10 mM LiBr) with PMMA standard; Ð 5 Mw/

Mn.

d DPcalcd: m 5 [oEGMA]0 conv./[CTA]0; n 5 [BTAMA]0 3 conv./[CTA]0;

l 5 [LMA]0 conv./[CTA]0; p 5 [SDP]0 conv./CTA]0. Conversion is deter-

mined by 1H NMR in CD3Cl at 25 �C.
e Mn,calcd 5 Fw,PEGMA 3 DPcalcd, PEGMA1 Fw,CTA1 1 Fw,BTAMA 3 DPcalcd,BTA-

MA 1 Fw,LMA 3 DPcalcd,LMA 1 Fw,SDP 3 DPcalcd,SDP.
f Analyzed by SEC-MALLS in DMF. n.d. 5 not determined.
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the exchange of ligands around the Ru(II) catalyst from PPh3
units to SDP during the polymerization. As an alternative to
this elegant, one-pot approach, we here apply a postencapsu-
lation approach of the metal catalyst into the polymers to
create catalytic centers, which permits control over the
loaded amount of metal catalyst and ultimately, will permit
to introduce various metal catalysts. Previously, the number
of ruthenium atoms per chain was 2.5 (determined by ICP-
AES), which is close to the maximum number of the avail-
able coordination sites (3) assuming that one ruthenium is
at least supported by two SDP units.31 To obtain an analo-
gous system, an equivalent of 2.5 was applied for postload-
ing of SCPNs in this work. Prior to the preparation of
catalytically active SCPNs, we examined the coordination of
RuCl2(PPh3)3 (dichlorotris(triphenylphosphine) rutheniu-
m(II) to P3 by 1H and 31P NMR (Fig. 2, see Supporting Infor-
mation Figure S1). P3 exhibited a 31P NMR signal at 21
ppm originating from the pendant SDP (Fig. 2). Upon catalyst
loading, the SDP signal decreased due to Ru(II) coordination
and a new signal appeared at 0.2 ppm. The signal at 0.2
ppm is attributed to free PPh3, released from Ru(II) via the
ligand exchange with P3-bound SDP. 1H NMR showed broad-
ening of the phenyl proton signals for polymer-bound SDP
after Ru(II) loading owing to the low mobility, confirming
the ligand exchange between SDP and PPh3. No signal for
free RuCl2(PPh3)3 was observed around 50 ppm in all cases,
implying quantitative immobilization of the fed Ru(II) cata-

FIGURE 1 Synthesis of a segmented copolymer ligand (P1) by RAFT polymerization. (a) Conversion of monomers (oEGMA, BTAMA,

LMA, and SDP) as a function of time, determined with 1H-NMR; (b) number-average molecular weight (Mn) and molar mass distribu-

tion Ð (Mw/Mn), determined by SEC (PMMA std) as a function of the number averaged molecular weights calculated from monomer

conversion; (c) SEC curves of the samples obtained after 1, 3, and 8 h polymerization time; (d) chemical structure of P1. Conditions:

[oEGMA]0/[BTAMA]0/[LMA]0/[SDP]0/[CTA]0/[AIBN]0 5 478/27/27/32/5.2/2.5 mM in dioxane at 70 �C (80 �C after SDP addition).

FIGURE 2 31P NMR spectra of polymer solutions (2 mM in tolu-

ene-d8) 2.5 equivalents of Ru(II)) (a), 1 equivalent of Ru(II)) (b),

and bare P3 (c) in toluene-d8 at r.t.
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lyst. The same procedure was applied to other copolymers
(P1, P2, P4, P5) and successful loading was confirmed by
ICP-AES measurements (43–60 mmol Ru/g-polymer).

CD, DLS, and Fluorescence Characterization of P1–P5 in
Solution
Circular dichroism (CD) spectroscopy is a powerfull tech-
nique to assess the presence of helical BTA-based aggregates
within the SCPNs. We previously showed that a stereogenic
center with an (S) configuration in the BTA side chain gives
rise to a negative Cotton effect at k 5 223 nm, indicative of
bias for the M helical sense.

Circular dichroism experiments were performed on P1, P2,
and P5 to evaluate the effect of SDP unit and Ru(II) catalysts
on the helical self-assembly of the pendant BTA units before
and after Ru(II) loading. The CD spectra of BTA-containing
P5, SDP-containing P2, and Ru-bearing P2 (Fig. 3, see Sup-
porting Information Figure 5S for temperature-dependent CD
spectra) showed a negative Cotton effect of around 215
mdeg. Since the magnitude of the Cotton effect is determined
by the BTA concentration in BTA-based SCPNs,31,33 the
superimposable CD curves indicate that the SDP units do not
affect the aggregation behavior of the pendant BTA units.
Moreover, pseudo-crosslinking of the middle segment via the
complexation of Ru(II) and the SDP ligands does not alter
the magnitude of the Cotton effect, indicating that Ru(II)-SDP
complexes do not significantly affect BTA aggregation. The
sign and magnitude of the CD effect accord nicely with ear-
lier observations.31,34–38 These results suggest that the con-
trolled topology of the polymer chains allows the self-
assembly motifs, that is, BTA units and Ru(II)-SDP units, to
act in an orthogonal way.27,34

Dynamic light scattering (DLS) experiments were performed
to elucidate the single chain folding of the prepared copoly-
mers. When linear polymers fold into SCPNs, hydrodynamic
diameters (DH) of around 10 nm are expected.31 We here

performed DLS studies of P1–P5 before and after Ru(II)
loading (Fig. 4); the values for DH are summarized in Table
2. In all cases, we applied a polymer concentration of 18 mg
mL21, identical to the concentrations used in the catalytic
experiment (vide infra). The bare copolymers (P1–P5) show
predominantly a single peak around 10 nm in DLS. The val-
ues for DH vary between 7.5 and 11.7 nm (Table 2) and are
in good correspondence to previously reported values. After
Ru(II) loading, P1–P3 kept a single chain character as evi-
denced by the presence of (predominantly) single peaks in
Figure 4(c). Interestingly, for P4 and P5—polymers that lack
SDP ligands—large aggregates with sizes of 32–58 nm are
observed after Ru(II) loading, indicative of multiple chain
aggregation [Table 2, entries 4 and 5, Fig. 4(d)]. This is most
probably caused by the Ru(II) catalyst that coordinates to
available lone pairs of, for example, several BTA amides or
oEG chains, thereby crosslinking a number of different poly-
mer chains.

Finally, the presence of a hydrophobic interior in the SCPNs
was evaluated with a solvatochromic dye, Nile Red. In pure
water Nile Red displays low fluorescence intensity with an
emission maximum of 660 nm. Decreasing the polarity of the
medium results in an increase of the emission intensity and
a shift of the emission maximum to lower wavelengths. This
tool has been widely used to probe the formation of hydro-
phobic pockets within self-assembled structures.39–41 The
addition of copolymers (P1–P5) resulted in a blue shift of
27 nm for the emission wavelength of Nile Red in water. The
fluorescence intensity also increased significantly in the pres-
ence of the polymers (Fig. 5). Both observations corroborate
the presence of hydrophobic pockets in all polymer solu-
tions. The solutions of polymers P1, P2, and P5 with a BTA
incorporation of 5, 10, and 10%, respectively, showed a
stronger increase in fluorescence intensity compared to solu-
tions of polymers P3 and P4, which lack BTA units. This sug-
gests that a more stabilized hydrophobic cavity upon
incorporation of BTAs in a polymer can better accommodate
Nile Red molecules compared to a polymer with LMA. In
fact, judging from the intensity of fluorescence of polymers
P1–P5 that have identical DPs, the fluorescence intensity
seems to be proportional to the BTA content of polymers
P1–P5. This can be rationalized by the fact that the concen-
tration of hydrophobic groups in BTA units is larger than in
LMA units. Remarkably, polymer P2 which has the same
10% BTA content as P5, displayed a much higher fluores-
cence intensity compared to P5. This is most probably due
to the fact that further stabilization of the hydrophobic cav-
ity is induced by the SDP units present in P2.

Transfer Hydrogenation of Cyclohexanone in Water
The catalytic activity of all copolymers was first evaluated in
the transfer hydrogenation of cyclohexanone in water at
40�C ([substrate]/[HCOONa]/[Ru]5 0.2/0.5/0.001 M). From
the conversions after 40 h, the turnover frequencies (TOF)
were calculated; the results are summarized in Table 2.
Ru(II)-bearing copolymers, P1@Ru-P3@Ru, showed TOF
values of around 4.4 h21, indicating that the transfer

FIGURE 3 CD spectra of P2, P2@Ru(II), and P5 in H2O

(cBTA 5 25 lM at 313 K).
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hydrogenations proceeded efficiently in the presence of SDP
ligand and BTA or LMA hydrophobic units (Table 2, Entries
1–3). The values are smaller than those previously reported
(TOF5 10–20 h21),31 which is likely caused by the different
method of Ru(II) incorporation. In addition, non SDP-bearing
polymers with Ru(II), P4@Ru and P5@Ru, showed a TOF of
1.4 and 0 h21, respectively.

These results indicate that in the presence of SDP units, a
further stabilization of the hydrophobic pocket via BTA self-
assembly is not essential for catalytic activity. Almost no dif-

ference was observed in the activities between BTA-pendant
polymers (P1@Ru and P2@Ru) and an LMA counterpart
(P3@Ru) (Table 2, Entries 1–3). We propose that the
pseudo-crosslinking of the SCPN by SDP- Ru(II) coordination
sufficiently stabilizes the hydrophobic reaction spaces
around the ruthenium complexes to shield and isolate the
catalytic centers from the outer environments, thereby lead-
ing to efficient catalysis. Considering both the particle size
distributions and TOF values with different polymers, it
becomes clear that SDP-bearing SCPNs (P1@Ru-P3@Ru ver-
sus P4@Ru) lead to the highest catalytic activity. Non SDP-

TABLE 2 Hydrodynamic Radius (DH) of P1–P5 Before and After

Ru(II) Complexation and Turnover Frequencies (TOF) Obtained

in the Transfer Hydrogenation of Cyclohexanone

Entry Code

DH
a (nm)

(bare)

DH
a (nm)

(Ru Loaded)

TOFb

(h21)

1 P1 10.0 8.7 4.4

2 P2 7.5 8.8 4.4

3 P3 8.7 11.6 4.3

4 P4 11.7 10.1; 58.8 1.4

5 P5 8.7 11.6; 32.6 0

(Ru/cyclohexanone/HCOONa): 0.001/0.2/0.5 M in H2O at 40 �C.
a cpolymer 5 18 mg/mL in H2O at 40 �C.

b TOF 5 the amount of products (mol)\[the amount of the catalyst active

sites 3 time (h)].

FIGURE 5 Fluorescence spectra of polymer/Nile Red solutions

in water at 20 �C (cNile Red 5 5 lM, cpolymer 5 2 lM).

FIGURE 4 DLS intensity distribution for P1–P5 before (a,b) and after (c,d) catalyst loading in H2O at 40 �C, cpolymer 5 18 mg mL21.
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bearing polymers show aggregation of several chains after
the addition of Ru(II), resulting in poor isolation of catalytic
sites. This may result in undesired bimetallic interactions as
a deactivating factor.42

More hydrophobic substrates, 4-methyl-, 4-ethyl-, and 4-
propyl-cyclohexanone, were also subjected to transfer hydro-
genation using P3@Ru. All of the substrates were efficiently
converted into the corresponding alcohols with TOF values
comparably to those of cyclohexanone (see Supporting Infor-
mation Table 1S). This implies that designed catalytically
active SCPNs were compatible with substrates of varying
hydrophobicity.

CONCLUSIONS

We have shown a versatile way for the preparation of cata-
lytically active SCPNs. A set of segmented copolymer ligands
with a varying BTAMA content was obtained from RAFT
polymerization. Postloading of ruthenium into the copoly-
mers resulted in catalytically active SCPNs.

To understand the noncovalent, directional role of BTA units
in the catalytic efficiency of SCPNs, the transfer hydrogena-
tion of ketones in water was evaluated. The results showed
that since the micro environment of the Ru catalyst is
already tightly structured by metal-ligand coordination
bonds, the structural elements of the remaining pocket is
not decisive for catalytic performance as long as a hydropho-
bic pocket is maintained. Thus, in this particular system BTA
stacking does not improve the catalytic activity or SCNP for-
mation. Additionally, it was observed that immobilized Ru(II)
by pendant SDP units is more efficient than “free” Ru(II) cat-
alyst due to the efficient isolation of catalytic sites via single
chain folding.

We expect that gaining a better insight into the essentials of
a functioning hydrophobic cavity is a step forward to design
compartmentalized systems that can perform tandem reac-
tions as a result of the cooperative action of two or more
catalytic cycles in one pot in water.
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