Volume 6 | Number 24 | 28 June 2015

Pages 4345-4488

Polymer
Chemistry

www.rsc.org/polymers

ISSN 1759-9954

ROYAL SOCIETY
OF CHEMISTRY PAPER

Peter W. Roesky, Christopher Barner-Kowollik et al.
Pd-complex driven formation of single-chain nanoparticles



Open Access Article. Published on 23 balandZio 2015. Downloaded on 2026-01-26 18:16:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Polymer
Chemistry

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

CrossMark
& click for updates

Cite this: Polym. Chem., 2015, 6,
4358

Received 18th March 2015,
Accepted 22nd April 2015

DOI: 10.1039/c5py00389;

Pd-complex driven formation of single-chain
nanoparticlest

Johannes Willenbacher,® Ozcan Altintas,®® Vanessa Trouillet,¢ Nicolai Knofel,®
Michael J. Monteiro,® Peter W. Roesky*® and Christopher Barner-Kowollik**®

We report the facile synthesis of well-defined palladium(i) cross-linked single-chain nanoparticles (Pd-
SCNPs) using the ‘repeating unit approach’. The linear precursor polymer (M, ~ 10 200 g mol™, B » 1.17)
was synthesized via nitroxide mediated statistical copolymerization of styrene and 4-(chloromethyl)
styrene (CMS) followed by a post-polymerization modification of the resulting copolymer to covalently
attach the triarylphosphine ligand moieties. The ligand content along the lateral polymer chain was 12%.
Intramolecular crosslinking was performed in diluted solution with a suitable precursor complex (Pd[1,5-
cyclooctadiene|Cl,) to afford the well-defined Pd-SCNPs, which feature a hydrodynamic diameter of
Dy = 5.4 nm. The palladium(i) containing single-chain nanoparticles were characterized in-depth using
'H NMR spectroscopy, SptH) NMR spectroscopy, dynamic light scattering (DLS), size exclusion chrom-
atography (SEC), *H spin—spin relaxation time (T») analysis, X-ray photoelectron spectroscopy (XPS), and
log-normal distribution (LND) simulations. Finally, the applicability of the Pd-SCNPs as catalyst in the
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Introduction

The field of single-chain technology has evolved rapidly and
attracted significant interest over the past few years due to
possible applications in nano-medicine, chemical sensing,
and catalysis."™ The research area can be divided into two
fundamentally different synthetic strategies.” On the one hand,
the ‘selective point folding’ approach uses mutually ortho-
gonal recognition units at distinct positions along the backbone
to fold single polymer chains into defined three-dimensional
structures.®® Placing these recognition units along the
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Sonogashira coupling was exemplified.

polymer chain is synthetically extremely demanding, but pro-
vides a better definition of the folding process. On the other
hand, the ‘repeating unit approach’ is less synthetically
demanding, since the functional groups can either be directly
introduced onto the backbone via the copolymerization of a
functional monomer or they can easily be grafted onto the
polymer in a postpolymerization modification.'® However,
the ‘repeating unit approach’ is associated with the drawback
that the intramolecular crosslinking process as well as the
placement of the functional groups is statistical, leading to
random three-dimensional objects, the so-called single-chain
nanoparticles (SCNPs).

Both synthetic strategies derive their inspiration from
nature. In each case, polymer chemists seek to mimic the
structure and/or function of proteins at a very basic level.
Recent all atom simulations by some of us for a ‘selective
point folding’ system have demonstrated that polymers below
a defined chain length fold into a near-unique closed confor-
mation with a precision which is normally only reached for
well-structured proteins.*® Sophisticated examples of ‘selective
point folding’ are the hydrogen bond driven dual self-folding
of a diblock copolymer and the reversible host-guest com-
plexation driven folding of a water soluble polymer.>*' Trigger
responsive SCNPs were prepared using the ‘repeating unit
approach’ via intramolecular crosslinking of dynamic covalent
enamine bonds or hydrazone bonds.**”>* The incorporation of
metal ions into the SCNP structure - similar to metallo-pro-
teins - has been exploited only to a lesser extent. For example,

This journal is © The Royal Society of Chemistry 2015
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Pomposo et al. fabricated Cu(u) containing SCNPs with highly
selective catalytic activity for the oxidative coupling of terminal
alkynes.”® Water-soluble SCNPs with ruthenium catalysts
located in a hydrophobic cavity allow the transfer hydrogen-
ation of ketones as demonstrated by Meijer et al.>® The group
around Lemcoff synthesized rhodium(i) containing SCNPs
from ROMP-derived polycyclooctadiene (polyCOD) with poten-
tial application in catalysis.>” The same group expanded the
use of their COD-polymer by incorporating iridium(r) and
nickel(n) ions.”® In the same study the authors successfully
tested their organometallic nanoparticles in several catalytic
applications.

In an earlier publication, we studied the ‘selective point
folding’ of polystyrenes bearing a triarylphosphine ligand at
each chain end.’ In the current study, we wish to transfer the
established concept to the preparation of palladium(u) con-
taining single-chain nanoparticles (see Scheme 1). In a facile,
three step synthesis, the functional linear precursor polymers
are initially generated in a random copolymerization of
styrene and 4-chloromethylstyrene by nitroxide mediated poly-
merization (NMP), and subsequently post-modified with
4-(diphenylphosphino)benzoic acid. Next, the ligand bearing
copolymer is cross-linked in a highly diluted solution to
produce the palladium(u) cross-linked SCNPs. The above
described procedure to synthesize SCNPs entails the advantage
that the crosslinking process directly incorporates the cata-
lytically active sites (Pd(PPh,Ar),Cl,) within the SCNP structure.
The Pd-SCNPs and the linear precursor polymer are character-
ized in-depth using 'H and *'P{'"H} NMR spectroscopy,
dynamic light scattering (DLS), size exclusion chromatography
(SEC), 'H spin-spin relaxation time analysis, X-ray photo-
electron spectroscopy (XPS), and log-normal distribution
(LND) simulations.
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Scheme 1 |llustration of the Pd-SCNP formation via the intramolecular
crosslinking of functional, linear precursor copolymers by metal-ligand
complexation in diluted solution (schematic view, in which we suggest a
trans-configuration of the Pd-atoms, see text).
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Finally, it is shown that the Pd-SCNPs can be utilized as a
catalyst in the Sonogashira coupling of 2-bromopyridine and
phenylacetylene.

Experimental section

Materials

2-Bromopyridine (99%, Alfa Aesar), chloroform-d; (CDCl;,
99.8%, EURISO-TOP), copper(i) iodide (Cul, 99.999%, PURA-
TREM, ABCR), dichloromethane (dry) (DCM, 99.8%, extra dry,
over molecular sieve, stabilized, Acros), dichloro(1,5-cycloocta-
diene)palladium(u) ([Pd(COD)Cl,], 99%, ABCR) diethylamine
(99+%, extra pure, Acros), N,N-dimethylformamide (DMF, 99%,
extra pure, Acros), dimethylsulfoxide-ds, (DMSO-dgs, 99.8%,
EURISO-TOP), 4-(diphenylphosphino)benzoic acid (97%,
Acros), K,CO3 (99%, Merck), Na,SO, (99%, Carl Roth), phenyl-
acetylene (98%, pure, Acros), tetrahydrofuran-ds (THF-dg,
99.5%, EURISO-TOP) were used as received. Styrene (Sigma-
Aldrich) was passed over a column of basic alumina (Acros)
and 4-chloromethyl styrene (Acros) was distilled prior to usage
and both substances were stored at —19 °C. N,N-Dimethyl-
formamide (DMF), tetrahydrofuran (THF), dichloromethane
(DCM), diethylether (Et,O), ethyl acetate and methanol were
purchased as analytical grade solvents (Sigma-Aldrich) and
used as received.

Synthetic procedures

The NMP-initiator 2,2,6,6-tetramethyl-1-(1-phenylethoxy)-piper-
idine (1, Scheme 2) was synthesized according to a literature
procedure.”’

Synthesis of poly(styrene-co-chloromethylstyrene) (P1). Styr-
ene (9 mL, 78.5 mmol, 180 equiv.), 4-(chloromethyl)styrene
(1.244 mL, 8.82 mmol, 20 equiv.) and initiator 1 (114 mg,
0.438 mmol, 1 equiv.) were placed into a flame-dried Schlenk
flask and deoxygenated by four consecutive freeze-pump-thaw
cycles. Subsequently, the reaction mixture was placed into an
oil bath tempered at 125 °C. After 5 h the polymerization was
stopped by cooling the flask with liquid nitrogen and opening
it to the atmosphere. The crude product was diluted with THF
(20 mL) and precipitated twice into cold methanol (200 mL).
The polymer P1 was afforded as a white powder by filtration
and dried under high vacuum (2.6 g, 0.25 mmol).

'H NMR (400 MHz, CDCl;, 6): 7.26-6.20 (m, aromatic
protons of PS and initiator), 4.65-4.39 (bs, CH,Cl), 2.50-0.84
(m, aliphatic protons of PS and initiator). SEC (THF, RI): M,, =
10200 g mol™, P =1.17.

Post modification of poly(styrene-co-chloromethylstyrene) with
4-(diphenylphosphino)benzoic acid

Poly(styrene-co-chloromethylstyrene) (1.0 g, 1 mmol CMS,
number of CMS repeating units = 1 equiv.), 4-(diphenylphos-
phino) benzoic acid (459 mg, 1.5 mmol, 1.5 equiv.) and
K,COj3 (415 mg, 3 mmol, 3 equiv.) were dissolved in dry DMF
(10 mL) and stirred at 50 °C for 16 h under inert atmosphere.
The reaction mixture was diluted with ethyl acetate (300 mL)

Polym. Chem., 2015, 6, 4358-4365 | 4359
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Scheme 2 Synthetic strategy for the preparation of palladium(i) crosslinked single-chain nanoparticles (Pd-SCNPs). (a) bulk, 125 °C, 5 h;
(b) 4-(diphenylphosphino)benzoic acid, K,COs, DMF (dry), 50 °C, 16 h; (c) Pd(COD)Cl,, DCM (dry), a.t., 21 h (the crosslinking chemistry presents a
schematic view, in which we suggest a trans-configuration of the Pd-atoms, see text).

and washed with brine (3 x 150 mL). The organic phase was
separated and dried over Na,SO,. Subsequently, the solvent
was removed under reduced pressure. The crude product was
diluted with THF (20 mL) and precipitated into cold methanol
(200 mL). The functionalized linear precursor polymer P2 was
afforded as a white solid by filtration and dried under high
vacuum (0.9 g, 0.07 mmol).

'H NMR (400 MHz, CDCl;, §): 7.99-7.19 (m, aromatic
protons of PPh,Ar), 7.26-6.11 (m, aromatic protons of PS and
initiator), 5.29-5.00 (bs, CH,OC=O0), 2.50-0.72 (aliphatic
protons of PS and initiator). *'P{"H} NMR (162 MHz, CDCl;, §):
—5.06 (s, PPh,Ar). SEC (THF, RI): M, = 12300 g mol™,
D =1.16.

Single-chain nanoparticle formation by intramolecular
crosslinking with Pd(u)-ions

A solution of the functionalized linear precursor copolymer P2
(50 mg, 0.04 mmol ligand moieties, 1 equiv.) in DCM (dry)
(Cprecursor = 2.5 mg mL™") was added dropwise to a stirred solu-
tion of Pd(COD)CI, (6 mg, 0.02 mmol, 0.5 equiv.) in 20 mL
DCM (dry) by syringe pump (1 mL min~") at ambient tempera-
ture in a flame dried Schlenk flask. After the addition the
solution was stirred for an additional hour, then it was con-
centrated in vacuo and the SCNPs were precipitated in cold
methanol. Filtration and drying under high vacuum afforded
the product as a yellow solid (35 mg).

"H NMR (400 MHz, CDCl;, §): 8.11-7.19 (m, aromatic
protons of Pd-PPh,Ar), 7.26-6.11 (m, aromatic protons of PS
and initiator), 5.29-5.00 (bs, CH,0C=0), 2.50-0.72 (aliphatic
protons of PS and initiator). *'P{'"H} NMR (162 MHz, CDClj, §):
23.54 (s, PPh,Ar-PdCl,-PPh,Ar).

Sonogashira coupling utilizing Pd-SCNP as catalyst

According to a modified literature procedure,*® 2-bromopyri-
dine (476 pL, 5 mmol, 1 equiv.), phenylacetylene (549 pL,
5 mmol, 1 equiv.) and the catalyst Pd-SCNP (see Table 2 for the
employed amounts) were dissolved in diethylamine (2 mL) in a
flame-dried Schlenk tube. The mixture was degassed by
purging the solution with argon for 5 min. Next, Cul (4.8 mg,
0.02 mmol, 0.05 equiv.) was added and the reaction was con-
ducted for 24 h at ambient temperature. Subsequently, the
tube was opened to the atmosphere and the mixture was
diluted with Et,O (10 mL). The organic layer was filtered and
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washed with distilled H,O (2 x 20 mL). The organic layer was
dried over Na,SO, and evaporated under reduced pressure to
afford the crude product. After 24 h under high vacuum the
product was obtained as a brown liquid.

Results and discussion
Synthesis of the linear precursor polymer

The linear precursor polymer was synthesized by a combi-
nation of nitroxide mediated polymerization and a postpoly-
merization modification (see Scheme 2). The random
copolymerization of styrene and 4-chloromethyl styrene was
conducted using a feed ratio of 9: 1. The resultant styrene-co-
chloromethylstyrene polymer P1 exhibits a narrow molecular
weight distribution with a dispersity index of b = 1.17 and a
number weighted molar mass of M, = 10200 g mol™" accord-
ing to SEC (THF, RI). The "H NMR spectrum shows the aro-
matic as well as the aliphatic signals for the polystyrene
backbone. In addition, a broad resonance between 4.39 and
4.65 ppm can be assigned to the methylene bridge of the CMS
units (see Fig. S1f). The integration ratios of the resonances
belonging to the aromatic protons and the methylene unit
were utilized to estimate the copolymer composition. A value
of 12% CMS units was calculated, which closely resembles the
copolymerization feed ratio. In order to attach the ligand moie-
ties onto the linear precursor polymer, P1 was treated with a
slight excess of 4-(diphenylphosphino) benzoic acid per CMS
unit in the presence of the base K,CO;. In a simple substi-
tution reaction, the triarylphosphine ligands were grafted onto
the polymer backbone via an ester bond. The shift of the
methylene bridge resonance from 4.54 ppm to 5.25 ppm in the
"H NMR spectrum of P2 evidences full conversion of the CMS
to ligand units (see Fig. S1f). New resonances found in the
range of 7.19 and 7.99 ppm can be assigned to the aromatic
protons of the triarylphosphine moiety. The *'P{'H} NMR
spectrum of P2 shows a single resonance at —5.06 ppm repre-
senting trivalent uncoordinated triarylphosphine. An
additional indication for the successful transformation is the
increase in molar mass of P2 to M;, = 12 300 g mol ™" according
to SEC (see Fig. S27). The above described design strategy rep-
resents a universal approach for the facile introduction of
functional groups into the precursor structure.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Intramolecular crosslinking by metal-ligand complexation monitored by *H NMR (A) and *'P{*H} NMR spectroscopy (B) in CDCls at 25 °C.
The complete shift of the proton and phosphorus resonances indicates quantitative complexation (the crosslinking chemistry presents a schematic

view, in which we suggest a trans-configuration of the Pd-atoms, see text).

Preparation of the palladium(u) crosslinked SCNPs

The palladium(n) cross-linked single-chain nanoparticles (Pd-
SCNPs) were prepared by intramolecularly crosslinking the
linear precursor polymer P2 in diluted solution with a suitable
palladium(n) source (see Scheme 2). Dichloro(1,5-cycloocta-
diene)palladium(n) ([Pd(COD)Cl,]) has proven to be an ideal
candidate, since the COD ligand is an outstanding leaving
group in the ligand exchange reaction with the triarylphos-
phine moieties along the polymer. Intermolecular reactions
always pose a problem during the preparation of SCNPs, since
they lead to multi-chain aggregates. To circumvent such by-
products, highly diluted conditions need to be applied.
Feeding the polymer precursor into the Pd solution overcomes
the need for dilute conditions as long as the feeding rate is
rate determining. A solution of the precursor polymer P2
(cp2 = 0.2 mmol mL™") was added dropwise (1 mL min™") to a
solution of [Pd(COD)Cl,] via a syringe pump. The ratio of Pd(u)
cross-linker to ligand moieties along the polymer chain was
chosen to be 1:2 to achieve the highest amount of
crosslinking.

During the intermolecular crosslinking of single polymer
chains, the hydrodynamic volume decreases due to the tran-
sition from a random coil to a more compact structure. The
change in hydrodynamic volume can readily be observed and
quantified via size exclusion chromatography. The decreased
hydrodynamic volume leads to a shift of the SEC trace to
longer retention times (see Fig. 2A). Expressed in peak molar
masses the shift is AM,, = 3850 g mol ™", which equals a mole-
cular weight change of ~21%.

The actual hydrodynamic diameter of the Pd-SCNP can be
determined by dynamic light scattering and has a value of
Dy, = 5.4 nm. Compared with the linear precursor P2
(Dn = 8.8 nm), the difference is AD, = 3.3 nm (see Fig. 2B),
which equals a change of ~37%.

Chemical evidence for the -crosslinking reaction was
obtained from 'H and *'P{"H} NMR spectroscopy. Upon com-

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 SEC and DLS results of the Pd-SCNP formation. (A) Normalized
SEC traces (DMACc, RI) of the linear precursor polymer P2 (solid line) and
the Pd-SCNP (dashed line). (B) Number-averaged size distributions of
the linear precursor P2 (solid line) and the Pd-SCNP (dashed line) in THF
(c=4mgmL™? at25°C.

plexation by Pd(u) ions, the proton resonances of the triaryl-
phosphine functional groups are shifted to a lower field (see
Fig. 1A). The resonance for the phosphorus atom of the free
ligand at 6 = —5.06 ppm shifts downfield to § = 23.54 ppm

Polym. Chem., 2015, 6, 4358-4365 | 4361
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upon coordination to the metal atom (see Fig. 1B). A complete
shift of the phosphorus resonance indicates - within the
boundaries of *'P{'H} NMR spectroscopy - a quantitative
coordination of the free ligands to the metal atoms. As
additional evidence for the correct interpretation of the NMR
data, some metal complexes were synthesized as model com-
pounds for Pd-SCNP. As model ligands for the polymer P2
4-methylbenzyl-4-(diphenylphosphino) benzoate (L1) and
4-ethylbenzyl-4-(diphenylphosphino) benzoate (L2) were syn-
thesized. The *'P{'"H} NMR spectra of the complexes [Pd-
(L1),Cl,] and [Pd(L2),Cl,] (obtained from [Pd(COD)Cl,] and L1
or L2) showed a chemical shift of § = 23.5 ppm, which is very
similar to the shift observed for Pd-SCNP. [Pd(L1),Cl,] and [Pd-
(L2),Cl,] were fully characterized (refer to the ESI}) and the
solid state structures of [Pd(L1),Cl,] and [Pd(L2),Cl,] were
established by single crystal X-ray diffraction (see Fig. S6 and
S71). Like [Pd(PPhj;),Cl,], [Pd(L1),Cl,] and [Pd(L2),Cl,] adopt a
trans-configuration in the solid state.*’**> As P2 can form large
rings upon cross-linking, we suggest a trans-configuration of
the palladium atoms in Pd-SCNP. Since the phosphorus atoms
in Pd-SCNP are not in all cases chemically equivalent due to
the cross-linking, we next mixed the related ligands L1
and L2 with [Pd(COD)Cl,] in a 1:1:1 ratio. Statistically, a
1:2:1 mixture of [Pd(L1),Cl,], [Pd(L1)(L2)Cl,], and [Pd-
(L2),Cl,] is expected. In comparison to [Pd(L1),Cl,], a slightly
broadened signal but no coupling is observed in the *'P{'H}
NMR spectrum of the statistical mixture of [Pd(L1),Cl,], [Pd
(L1)(L2)CL,], and [Pd(L2),Cl,] (see Fig. S5t). This data clearly
shows that slight differences in the polymer backbone of the
triarylphosphine functional group of Pd-SCNP have only a
minor influence on the *'P{'H} NMR signals.

Additional information on the intramolecular crosslinking
can be obtained from the 'H spin-spin relaxation time (7), as
T, is sensitive to molecular motion.>* T, decay curves for the
resonance of the methylene bridge (~5.25 ppm) in P2 and Pd-
SCNP (see Fig. 3) were measured via the Car-Purcel-Meiboom-

o P2
6
zoad R © Pd-SCNP
% fitted function
6
2.0x10 0%
2%
3aep] B0
? 1.5x10° °
g o e
i %
2 1.0x10° o\
g %
£ c\ °,
5.0x10° - DOO .
o k
0.0 Ooui e
1 - o —8
T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Timels

Fig. 3 T, decay curves for the methylene bridge protons of the linear
precursor polymer P2 (dots) and the Pd-SCNP (open dots). The red
curves represent mono exponential decay functions that have been
fitted to the data points.
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Gill (CPMG) echo train acquisition in THF-ds. Since the intra-
molecular crosslinking reduces the mobility of the chain-seg-
ments, T, should decrease in Pd-SCNP compared to P2.
Analysis of the decay curves via a mono exponential decay
function reveals T, = 147 ms for P2 (see Fig. S31) and T, =
70 ms for Pd-SCNP (see Fig. S4}). These results clearly show
the transformation from a random coil to a compacted, cross-
linked structure.

Furthermore, the transition from the linear precursor P2 to
the more compacted structure in Pd-SCNP was analyzed by
log-normal distribution (LND) simulations. Therefore, the log-
normal distribution (LND) based on a Gaussian function was
used to model the experimental molecular weight distribution
(MWD) before and after the intramolecular crosslinking. In
particular, the weight distribution was used, since the weight
of polymer before and after chain collapse does not change,
whereas the number distribution will be very different.** The
following equations for the LND (see ref. 35 for more details)
were employed:

exp(— (In Mz:,lzn M)z)
w(M) = M(270%)"? (1)

where M = (M,M,,)"? and 6> = In(P).

Eqn (1) is the Gaussian distribution function of w(M) (the
weight distribution of the SEC trace), M, is the number-
average molecular weight, M,, is the weight-average molecular
weight, and the polydispersity b = M,,/M,,. An experimental dis-
tribution (e.g. black trace in Fig. 4A) can now be fitted with
multiple distributions, each distribution generated from eqn
(1) with a pre-determined M,, and D. The final simulated distri-
bution can be determined by accounting for the weight frac-
tion of each distribution according to the eqn (2),

W(M)final = pr,i w(M); (2)

where wy,; is the weight fraction of distribution 7 and w(M); is
the weight at molecular weight M.

The SEC chromatogram for P2 was fitted using the eqn (1)
and (2) above (see Fig. 4A). It can be seen that the fit of the
chromatogram by the LND model was excellent. To arrive at
this fit, the main linear peak (P2, M,, = 17 200 g mol ™}, b = 1.1)
consisted of a weight fraction of 0.858, a peak with a weight
fraction of 0.069 corresponding for dead polymer formed
through bimolecular radical termination (M, = 34 400 g mol ",
b = 1.1), and two lower molecular weight peaks with a com-
bined weight fraction of 0.073 (see Table 1 top). Each LND dis-
tribution for the polymers in Table 1 is given in Fig. 4A. After
metal complexation forming the more compact Pd-SCNPs, we
determined that all the linear P2 and the dead polymer
formed lower molecular weight species, suggesting ~100%
intramolecular coupling. There are many possibilities for the
number of cross-linked products. Here, we used only seven
different cross-linked products, but more species cannot be
ruled out (see Table 1 bottom). The fit using the LND model is
again excellent (see Fig. 4B).

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Experimental SEC (DMAc, RI) data and corresponding log-
normal distribution (LND) simulations. (A) Black trace: experimental P2,
red trace: LND fit of P2 using 4 distributions, namely P2 (red dashed),
dead P2 (red dotted), lower M, (red short dashed), and lower M, (red
short dotted). (B) Black trace: experimental Pd-SCNP, red trace: LND fit
of Pd-SCNP using 7 distributions, black dashed trace: experimental P2
for comparison.

Table 1 Different distributions and their corresponding number
average molar mass (M,,), dispersity (D), and weight fractions (w},) for the
log-normal distribution (LND) simulations of P2 (top) and Pd-SCNP

(bottom)

Distribution M,/g mol™* b wp
P2 17 200 1.1 0.858
Dead P2 34 400 1.1 0.069
Lower M, 8600 1.1 0.056
Lower M, 5730 1.2 0.017
Distribution M,/g mol™! b wp,
P2 17 200 1.1 0
Dead P2 34400 1.1 0
Lower M, 8600 1.1 0
Lower M, 5730 1.2 0
Pd-SCNP 1 3440 1.1 0.015
Pd-SCNP 2 5160 1.1 0.024
Pd-SCNP 3 6880 1.1 0.101
Pd-SCNP 4 12212 1.1 0.385
Pd-SCNP 5 13416 1.1 0.179
Pd-SCNP 6 14 964 1.1 0.083
Pd-SCNP 7 15480 1.1 0.213
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The information suggests especially for the low molecular
weight species that the change in hydrodynamic volume (HDV)
can be as low as 0.2 that of the molecular weight of linear P2.
This low HDV suggests a very compact nature, which most
probably consists of a single polymer chain.

In order to determine the nature of the Pd-complexes of the
SCNPs, P2, Pd-SCNP and the model complex [Pd(PPhj;),Cl,]
were subjected to X-ray photoelectron spectroscopy (XPS)
analysis. The spectrum of P2 exhibits a peak at 131.1 eV, which
is attributed to the triarylphosphine ligand. The signal
amounts to 1.1 atomic% (2.7 wt%, 0.0009 mmol mg™ "), which
is in perfect agreement with the "H NMR estimations
(0.0008 mmol mg™"). The obtained XPS data of all metal con-
taining samples ([Pd(PPh;),Cl,], and Pd-SCNP) was not fully
conclusive. We anticipate some decomposition of the metal
complexes during the XPS process, since besides the expected
Pd signal (at 338.2 eV) a second Pd-species with a binding
energy of 336.4 eV was observed (see Fig. 5). However, the XPS-
spectrum of Pd-SCNP shows signals at 131.6 €V, 198.3 eV and
338.2 eV, which are assigned to the phosphorus, chlorine and
palladium species, respectively. The peak areas correspond to
0.6 atomic% for phosphorus and chlorine and to 0.3 atomic%
for palladium. The ratio P: Cl: Pd of 2:2:1 thus matches the
proposed structure of the Pd complexes in the Pd-SCNPs. In
addition, the binding energy of the main Pd species in Pd-SCNP
(see Fig. 5) and of chlorine and phosphorus (not shown here)
are in excellent accordance with the measured binding energy
in Pd(PPh;),Cl,. Furthermore, the found binding energies are
comparable with literature values for PdCl,.***”

In order to ascertain the true number of Pd-centers in Pd-
SCNP, additional NMR experiments were carried out. For [Pd-
(PPh;),Cl,] and Pd-SCNP *'P{'H}, NMR samples with an inlet
containing an internal standard were prepared. [Pd(PPh;),Cl,]
was chosen as the internal standard for P2, whereas PPh;
was chosen for Pd-SCNP. By utilizing inlets, it was ensured
that the internal standards do not interfere with the analyte.

Pd 3d

Pd(PPh,),Cl,

normalized intensity

Pd-SCNP

T T T T T T
348 346 344 342 340 338 336 334 332
Binding Energy | eV

Fig. 5 Pd 3d XPS spectra of Pd-SCNP (bottom) and [Pd(PPh3),Cl,] (top).
The comparison of the prepared SCNPs with the model complex shows
that the binding energy of the main Pd species at 338.2 eV in Pd-SCNP
is in excellent agreement with the binding energy in [Pd(PPh3),Cl,].
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Table 2 Substrate to catalyst ratios and conversions of the Pd-SCNP
catalyzed Sonogashira coupling reactions of 2-bromopyridine and
phenylacetylene

Sonogashira Substrate to Conversion
coupling Catalyst catalyst ratio after 24 h
1 5 mg Pd-SCNP 2222:1 26%

2 10 mg Pd-SCNP 1111:1 45%

3 3.2 mg [Pd(PPh;),Cl,] 1111:1 75%
These experiments delivered phosphorus contents of

0.0009 mmol mg~" for Pd-SCNP and 0.0011 mmol mg™~" for
P2. The determined values are in good agreement with the
estimation from the "H NMR spectra (refer to the ESIT). As a
proof of principle, the Pd-SCNPs were utilized as a novel type
of catalyst for the Sonogashira coupling of terminal alkynes
and aryl halides. In an exemplary reaction 2-bromopyridine
and phenylacetylene were coupled in diethylamine, employing
Cul as co-catalyst. The coupling reaction was performed at two
ratios of substrate to catalyst. It was observed that an increase
in the amount of catalyst improved the yield of the reaction
under otherwise identical conditions. To benchmark the
Pd-SCNPs against a well-known system, the same coupling
reaction was also conducted with the model complex
[Pd(PPhj3),Cl,], this time keeping the substrate to catalyst ratio
constant. Under these same conditions the model complex
delivered a higher conversion of close to 75% (see Table 2).

Conclusions

Herein, we present the preparation and in-depth characteri-
zation of well defined, palladium(u) cross-linked single-chain
nanoparticles. The single-chain nanoparticle formation was
confirmed by proton nuclear magnetic resonance (‘H NMR)
spectroscopy, *'P{"H} NMR spectroscopy, dynamic light scat-
tering (DLS), size exclusion chromatography (SEC), 'H spin-
spin relaxation time analysis, and X-ray photoelectron spec-
troscopy (XPS). The design strategy for the linear precursor
polymers entails the possibility to easily introduce variable
functional groups. In the case at hand, Pd-SCNPs with a hydro-
dynamic diameter of 5.4 nm were fabricated. The underlying
intramolecular crosslinking process directly leads to cata-
lytically active Pd-SCNPs, which was exemplarily demonstrated in
a Sonogashira coupling reaction. Employing different precur-
sor complexes (e.g. with Rh-, Ir- or Ni-ion centres) might open
the door to various other catalysts. In addition, a novel pro-
cedure for interpreting the SEC chromatograms of the SCNPs
by log-normal distribution (LND) simulations was introduced.
Thus, we were able to show that all linear precursor polymers
were converted to the more compact SCNP structure.
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