
HAL Id: hal-01877396
https://hal.science/hal-01877396v1

Submitted on 29 Jul 2021

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Coordination Chemistry Inside Polymeric Nanoreactors:
Interparticle Metal Exchange and Ionic Compound

Vectorization in Phosphine-Functionalized Amphiphilic
Polymer Latexes

Si Chen, Florence Gayet, Eric Manoury, Ahmad Joumaa, Muriel Lansalot, Franck
d’Agosto, Rinaldo Poli

To cite this version:
Si Chen, Florence Gayet, Eric Manoury, Ahmad Joumaa, Muriel Lansalot, et al.. Coordination Chemistry In-
side Polymeric Nanoreactors: Interparticle Metal Exchange and Ionic Compound Vectorization in Phosphine-
Functionalized Amphiphilic Polymer Latexes. Chemistry - A European Journal, 2016, 22 (18), pp.6302-6313.
⟨10.1002/chem.201504923⟩. ⟨hal-01877396⟩

https://hal.science/hal-01877396v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


   

 

 

 

 

 

Coordination chemistry inside polymeric nanoreactors: 

interparticle metal exchange and ionic compound vectorization in 

phosphine-functionalized amphiphilic polymer latexes 

Si Chen,[a] Florence Gayet,[a] Eric Manoury,[a] Ahmad Joumaa,[a] Muriel Lansalot,[b] Franck D’Agosto[b] 

and Rinaldo Poli*[a,c]  

Abstract: Stable latexes of hierarchically organized core-cross-linked 

polymer micelles, functionalized at the core by triphenylphosphine 

(TPP@CCM), have been investigated by NMR at both natural (ca. 5) 

and strongly basic pH (13.6) after core swelling with toluene. The 

core-shell interface structuring forces part of the hydrophilic PEO 

chains to reside inside the hydrophobic core at both pH. Loading the 

particle cores with [Rh(acac)(CO)2] at various Rh/P ratios yielded 

polymer-supported [Rh(acac)(CO)(TPP)]. The particle-to-particle 

rhodium migration is very fast at natural pH but slows down 

dramatically at high pH, while the size distribution of the nanoreactors 

remains unchanged. The slow migration at pH 13.6 leads to the 

generation of polymer-anchored [Rh(OH)(CO)(TPP)2], which is also 

generated immediately upon NaOH addition to the 50% 

[Rh(acac)(CO)]-loaded particles. Similarly, treating the same particles 

with NaCl yielded polymer-anchored [RhCl(CO)(TPP)2]. Interparticle 

coupling occurs during these rapid processes. These experiments 

prove that the major contribution to metal migration is direct core-core 

contact. The slow migration at high pH, however, must result from a 

pathway not involving core-core contact. The facile penetration of the 

polymer cores by NaOH and NaCl results from the presence of shell-

linked poly(ethylene oxide) methyl ether functions both outside and 

inside the polymer core-shell interface. 

Introduction 

Molecular dynamics in colloidal dispersions has been intensively 

investigated, notably in relation to Ostwald ripening leading to 

emulsion coarsening,[1] but there are still open questions on the 

mechanism at the molecular level. For instance, a new 

mechanism in addition to droplet fusion (coalescence) and 

molecular exchange through the continuous phase (Ostwald 

ripening) has been recently demonstrated.[2] This new mechanism, 

termed “contact ripening”, involves molecular exchange between 

two droplets only upon contact, without leading to coalescence. 

The droplets dispersed in a continuous fluid phase can be 

reduced in size using high concentrations of low molar mass 

surfactant to yield micelles, more or less swollen by the dispersed 

phase. Reducing the amount of dispersed phase to the zero limit 

leaves a dispersion of unswollen micelles. One important property 

of micellar dispersions, whether swollen or not, is the dynamic 

exchange with free surfactant molecules. A colloidal dispersion is 

therefore a very complex medium with migration of both surfactant 

molecules and dispersed phase molecules from droplet to droplet 

and to the continuous phase. A simplification of this system can 

be achieved by moving from low molar mass surfactants to 

amphiphilic macromolecules and then further by cross-linking the 

arms together, either at the core or at the shell level, turning the 

self-assembled multimolecular object into a unimolecular version. 

This removes any dynamic exchange of the surfactant molecules 

while it retains the possibility of hosting a dispersed phase, 

although the swelling capacity becomes physically limited.  

Controlled radical polymerization has proven efficient to 

access a vast range of amphiphilic block copolymers that can 

further be assembled into unimolecular cross-linked micelles with 

amphiphilic arms that are characterized by controlled size, 

composition and cross-linking density and with narrow size 

distributions. Physical chemistry studies of colloidal dispersions of 

such unimolecular nano-objects are in their infancy and dynamic 

processes of small molecules contained inside such nano-objects 

have not been addressed to the best of our knowledge. We do so 

here, using rhodium coordination compounds and phosphine-

functionalized cross-linked micelles.  

 

Table 1. Polymer latexes used in this study.[a] 

 x Dz (nm) / PDI Solid 

(%)[b] 

[DPPS] 

(mol/L)[c] 

Ref. 

H2O THF 

TPP@CCM-1 0.05 100/0.28 163/0.07 25.6 0.060 
[3] 

TPP@CCM-2 0.10 106/0.24 220/0.07 28.1 0.12 [3] 

TPP@CCM-3 0.25 73/0.09 235/0.20 27.4 0.29 [4] 

[a] CCM: HOOCCH2CH2C(CN)(Me)-[MAA15-co-PEOMA15]-b-[S(1-x)-co-

(DPPS)x]300-b-[S90-co-DEGDMA10]-SC(S)SPr. Abbreviations: MAA = 

methacrylic acid; PEOMA = poly(ethylene oxide) methacrylate (average 

degree of polymerization of PEO = 19); S = styrene; DPPS = p-

diphenylphosphinostyrene. [b] Weight percent of polymer in the latex. [c] 

Molar concentration of polymer-grafted phosphine in the latex.  

The polymers used for these studies are core-cross-linked 

micelles (CCM), a new type of catalytic nanoreactors recently 

developed in our laboratories and used for the efficient 

hydroformylation of 1-octene under aqueous biphasic 

conditions.[3-5] The application of well-defined polymeric 

nanoreactors to catalytic transformations is attracting growing 
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attention.[6] The CCMs that we have developed function with the 

catalytic event taking place within the hydrophobic micellar core, 

rather than at the core-shell interface as often exploited in 

aqueous biphasic catalysis of interfacial type carried out with the 

help of surfactants.[7] Other recent contributions to this area have 

involved polymers with a different architecture than our CCMs, 

either cross-linked at the outer shell[8] or in an intermediate 

corona,[9] or with a fully cross-linked nanogel core.[10] The 

investigations presented here were stimulated by our desire to 

understand the origin of the metal leaching observed during 

catalytic applications with our CCM nanoreactors. A small but non 

negligible concentration of rhodium, down to 1.7 ppm, was 

measured in the recovered organic phase and remained 

approximately constant in subsequent recycles with the same 

catalyst batch.[4] A dynamic light scattering (DLS) analysis of the 

recovered organic phases revealed the presence of both 

individual and aggregated particle populations,[4-5] suggesting 

transfer of the whole nanoreactors to the organic phase as the 

main cause of leaching. Smaller objects, as could for instance be 

produced by shear fragmentation of the polymer scaffold, were 

not detected. However, the possibility that rhodium complexes 

could also be lost from the nanoreactor core in a molecular form 

could not be excluded. Therefore, the coordination chemistry 

studies reported here, involving metal migration from fully metal-

loaded polymer particles to unloaded ones, were meant to probe 

the possible extraction of rhodium from the nanoreactors in a 

molecular form. 

The results of the investigation, in addition to addressing this 

specific question, have also revealed the role of core-core contact 

during particle interpenetration as a major mechanism for 

interparticle metal migration and an unexpectedly facile 

vectorization of ionic inorganic compounds (NaX, X = Cl, OH) to 

the hydrophobic nanoreactor core, a phenomenon that has 

relevance to the ionic compound transport mechanism across 

biological membranes and introduces interesting perspectives for 

additional catalytic applications. 

Results and Discussion 

a) NMR properties of TPP@CCM at natural and at high pH: 

structuring of the core-shell interphase. 

The polymers used for the present study, symbolized as 

TPP@CCM, are well-defined unimolecular core-cross-linked 

micelles (CCM) functionalized by triphenylphosphine (TPP) 

ligands that are covalently linked to the hydrophobic polystyrene 

core. Their synthesis, accomplished by a three-step-one-pot 

RAFT polymerization in water by virtue of the “polymerization-

induced self-assembly” (PISA), has been previously reported.[3-4] 

For practical reference, the molecular structure is presented in 

Figure 1 together with a pictorial representation of the structural 

organization. The TEM and DLS characterization demonstrates 

the well-defined spherical shape and narrow size distribution of 

the polymer particles (see details in Table 1). The pH measured 

for this latex, as obtained from synthesis, is ca. 4.9 and up to 5.5 

after dilution by a factor of 3. Under these conditions, the majority 

of the carboxylic acid functions are undissociated. This is what will 

be henceforth referred to as “natural pH”. 

The NMR properties of the latex at the natural pH have also 

been previously reported,[3] but their interpretation in terms of the 

core-shell interface structuring merits a deeper discussion 

because this structuring is important to understand the new 

phenomena discussed in the present contribution. The NMR 

properties are recalled in the supplemental figure S1. The polymer 

core is invisible in D2O where it is not solvated but becomes 

observable in THF-D8 and also after core swelling with a suitable 

organic solvent such as toluene. All CCM samples gave identical 

results. For the toluene-swollen sample, the PEO resonances are 

split into two sets: a sharper one associated to the more mobile 

PEO chains in an aqueous environment and a broader one 

associated to less mobile chains placed inside the hydrophobic 

core. Line deconvolution as the sum of two Lorentzians and 

integration (figure S2) gives only 30.3% of water-solvated PEO 

chains and 69.7% in the hydrophobic core. This result is 

unexpected and remarkable because PEO homopolymers 

partition essentially quantitatively in favor of the aqueous phase 

when placed in a water-toluene biphasic medium at room 

temperature.[11] Another remarkable observation is that the 

methacrylic Me protons of the “hydrophilic” P(MAA-co-PEOMA) 

shell are not visible in D2O, whether the polymer core is toluene-

swollen or not, but are visible in THF-D8 (δ 2.54).  

These two observations lead us to propose the model shown 

in Figure 2 for the structuring of the core-shell interphase. The 

shell P(MAA-co- PEOMA) backbone is not sufficiently solvated 

 

Figure 1. Chemical formula and representation of the TPP@CCM polymer architecture. 

 



   

 

 

 

 

 

neither by water nor by toluene, thus lies as a less mobile 

interphase layer between the water solution and the toluene-

swollen core. The random conformation of the backbone is 

organized in such a way that part of the PEO and methacrylic acid 

function are facing the water solution whereas another part is 

forced to be placed inside the hydrophobic core. It is therefore the 

lack of solvation of the shell backbone and the associated 

enthalpic gain of the interlayer structuring that pays the penalty of 

placing part of the PEO chains in the less favorable hydrophobic 

core environment. The NMR properties of TPP@CCM have now 

also been investigated at high pH, where the polymer hydrophilic 

shell is completely deprotonated. The pKa of methacrylic acid is 

4.66 at 20°C, but shifts to higher values upon incorporation in a 

PMAAchain. Values as disparate as 5.5[12] and 7.3[13] have been 

reported in different contributions and a theoretical study has 

estimated values in the 5.2-8.8 range as a function of molar mass, 

because of cooperativity effects.[14] For a PMAA with a molecular 

mass of 50 000 g∙mol-1, full deprotonation was shown to occur at 

pH > 7.[15] By adding a large amount of NaOH after swelling with 

toluene, polymer dispersions at pH 13.6 have been prepared. At 

this pH value, the carboxylic groups are fully deprotonated. The 

polymer-grafted TPP functions are not affected, because the 31P 

NMR spectrum features a single resonance at the same chemical 

shift as for the swollen latex at natural pH (δ -6.2),[3] stable in time. 

The 1H NMR spectrum is also essentially identical to that 

observed at the natural pH, both for the unswollen and toluene-

swollen versions (Figure S3). We anticipated that deprotonation 

of the carboxylic acid functions would render the shell chains 

more hydrophilic, increasing their mobility by fully deploying them 

into the aqueous phase. At least, this is the reported behavior for 

PMAA homopolymer chains.[15] However, the methacrylate 

monomer protons remain invisible, whether the latex is swollen 

with toluene of not, showing that the hydrophilic shell backbone 

maintains low mobility even at high pH. 

 

 

Figure 2. Cartoon of the proposed core-shell interphase structure for the 

toluene-swollen TPP@CCM latexes at the natural pH. 

Another peculiar phenomenon can be appreciated by 

expanding the PEO proton resonance region, see Figure 3 for 

TPP@CCM-2 (the other latexes showed identical properties). 

Unlike the behavior at natural pH where the PEO methylene and 

methyl proton resonances are split into only two populations 

(Figure S2), a more complex shape is observed at pH 13.6. Two 

populations clearly correspond to those observed at natural pH, 

both in chemical shift (though slightly upfield shifted) and linewidth 

and are given the same assignment: the sharper resonance (at δ 

3.58 for the stronger methylene resonance, indicated as 

Lorentz1) is attributed to the PEO chains freely moving in the 

water phase and the broader one (centered at δ 3.40 for the 

methylene resonance, Lorentz2) belongs to the mobile PEO 

chains located inside the swollen core. However, there is residual 

intensity in-between these two Lorentzian functions. A fit including 

a third Lorentzian function (Lorentz3) provides a better match with 

the experimental spectrum as shown in Figure 3, although not as 

good as that at natural pH (Figure S2). This third resonance is 

broad, indicating restricted mobility for the PEO protons belonging 

to this signal, hence inclusion in the swollen polymer core. The 

relative ratio of the three fractions (L1/L2/L3) is 27.1:39.4:33.5. 

Note that the estimated fraction for the water-solvated PEO 

chains (27.1%) is close to that estimated at the natural pH (30.3%). 

 

Figure 3. A: excerpt of the 1H NMR spectra of the toluene-swollen TPP@CCM-

2 at pH 13.6 in the methylene and methoxy PEO proton resonance region and 

deconvolution of the CH2 resonance; the experimental spectrum is shown twice, 

above by itself and below superimposed with the fit as the sum of three 

Lorentzian functions.  

It therefore appears that the MAA deprotonation does not 

change the core-shell interphase structuring. Since the core has 

low polarity, the deprotonated carboxylates that are placed inside 

the hydrophobic core will form tight ion pairs with sodium cations, 

the coordination of which is likely saturated by the PEO oxygen 

atoms of neighboring PEOMA monomer units, reminiscent of the 

alkali metal coordination by crown ethers. These Na-coordinated 

ethylene oxide functions are proposed to account for the third 

irregular Lorentzian distribution, the downfield shift relative to the 

free core-confined PEO chains being a consequence of the Na 

coordination, see Figure 4. The random arrangement of the 

carboxylates and PEO chains in the core accounts for the 

complex shape of this resonance. This study provides useful 

information for understanding the metal migration between the 

latex particles, which will be addressed below. 

 

Outer aqueous phase

Mobile toluene-swollen core

Less mobile 
P(MAA-co-PEOMA) 

shell

δ 2.54 (Methacrylic protons, not visible 
for the toluene-swollen latex in D2O)

δ 3.62
(sharp)

δ 3.5
(broad)



   

 

 

 

 

 

 

Figure 4. Cartoon of the proposed core-shell interphase structure for the 

toluene-swollen TPP@CCM latex at pH 13.6. 

b) Interparticle metal migration.   

Loading TPP@CCM with complex [Rh(acac)(CO)2] results in 

disappearance of the free TPP 31P resonance at δ -6.6 and 

appearance of a doublet at δ 47.5 (JPRh = 175 Hz), which is 

characteristic of the monophosphine adduct, see equation 1.[3]  

On the other hand, loading with only ½ equivalent of metal 

complex yields silent spectra because the rate of the self-

exchange process (equation 2) results in resonance coalescence 

at room temperature. 
 

[Rh(acac)(CO)2] + TPP@CCM     

[Rh(acac)(CO)(TPP@CCM)] + CO (1) 

[Rh(acac)(CO)(TPP@CCM)] + TPP@CCM   

TPP@CCM + [Rh(acac)(CO)(TPP@CCM)] (2) 

 

This rapid intraparticle exchange phenomenon gives us the 

opportunity of monitoring the metal migration from one particle to 

another without having to differently label the filled and empty 

polymers. Mixing equimolar samples of fully [Rh(acac)(CO)]-

loaded and unloaded TPP@CCM should ideally show the 

resonances of both the coordinated and the free phosphine under 

the hypothesis of no metal migration, whereas full equilibration 

yields a silent spectrum. A fuller investigation of the NMR 

properties of the [Rh(acac)(CO)]-loaded particles at various 

degrees of loading (Figure S4) shows residual resonances for the 

free phosphine functions up to 42% of metal loading and for the 

Rh-coordinated phosphine functions beyond 83.3% loading. 

When the experiment was run at the natural pH using 

TPP@CCM-2, a silent spectrum immediately resulted no matter 

how fast it was recorded after mixing, demonstrating very rapid 

metal redistribution among all polymer particles.  

We can conceive three possible mechanisms for the 

interparticle metal migration: (i) metal dissociation and migration 

as a neutral molecular complex (e.g. an aqua adduct) through the 

aqueous phase; (ii) carboxylic acid assisted migration through 

shell-shell contact; (iii) direct phosphine exchange following core-

core contact or interpenetration. An identical metal migration 

experiment run at higher pH, where the particle outer shell is 

negatively charged, gave additional useful information. The time 

evolution of the 31P{1H} NMR spectrum is shown in Figure 5. In 

this case, the resonances of [Rh(acac)(CO)(TPP@CCM)] at δ 

47.5 and Rh-free TPP@CCM at δ -6.6 are independently 

observable and their intensity decreases quite slowly, remaining 

detectable even after 11 h at room temperature. At the same time, 

a broad resonance without visible Rh coupling grows at δ 29.4. 

Comparing with the results shown in Figure S4, we conclude that 

there are still nanoreactors with less than 50% of free phosphine 

functions and others with less than 25% of Rh-coordinated 

phosphine functions after 11 h.  

The interparticle Coulombic repulsion should slow down the 

metal migration process for both the core-core contact or transient 

interpenetration mechanism and for the carboxylic acid-assisted 

shell-shell contact mechanism, even though deprotonation is 

expected in principle to enhance the carboxylate binding power 

and favor Rh transfer to the outer shell. Migration as a molecular 

complex via the aqueous phase, on the other hand, should be pH 

insensitive or even favored if OH- coordinates RhI more strongly 

than water to yield a greater amount of the migrating molecular 

species, [Rh(acac)(OH)(CO)]-. This result is consistent with either 

the direct phosphine exchange mechanism through core-core 

contact or the carboxylate-assisted mechanism through shell-

shell contact and excludes the molecular migration through the 

continuous phase as the major migration pathway at natural pH. 

It does not exclude, however, that the residual slow migration 

observed at high pH is associated to this pathway.  

 

 

Figure 5. 31P{1H} NMR spectra of the latex obtained by mixing equimolar 

amounts of [Rh(acac)(CO)(TPP@CCM-2)] and TPP@CCM-2 at pH 13.6. The 

data for each spectrum were collected for 35 minutes; the time intervals for data 

collection from the time of mixing are indicated on each spectrum. 

c) Migration of inorganic reagents to the hydrophobic 

polymer core. 

The identification of the species responsible for the new 

resonance at δ 29.4 in Figure 5 and the reason for its formation 

only at high pH is a necessary step for the identification of the 

main metal migration pathway. The reaction stoichiometry and the 

absence of other major new resonances suggest that the product 

has a P/Rh ratio of 2. The chemical shift of this resonance is 

typical of trans-[RhX(TPP)2(CO)] complexes (e.g. δ 28.97 for X = 

Cl).[16] The main difference between the experiments carried out 

at high and natural pH is the excess OH- in the aqueous phase 

and deprotonated carboxylic acid functions on the polymer shell. 



   

 

 

 

 

 

The nucleophilicity of these functions could favor replacement of 

the acetylacetonate ligand. Since neither of these anions 

possesses strong tendency to saturate a second coordination site 

through either chelation (for methacrylato) or bridging (for both 

methacrylato and hydroxydo), binding of a second phosphine 

function becomes possible in the product. 

In order to verify the compound stoichiometry, another 

experiment was carried out by loading TPP@CCM-3 with only 

50% [Rh(acac)(CO)2], followed by increasing the pH to 13.6 by 

NaOH addition. The 31P{1H} spectrum of the resulting solution, 

shown in Figure 6A(b), confirms the formation of the same broad 

resonance at δ 29.4. In this experiment the resonances of free 

and coordinated phosphine at δ -6.6 and 47.5 were immediately 

unobservable, consistent with rapid metal migration at natural pH. 

 

 

 

Figure 6. 31P{1H} NMR (A) and IR (B) spectra of [Rh(acac)(CO)(TPP@CCM)]: 

(a) at 100% loading (natural pH); (b) at 50% loading followed by addition of 

NaOH (pH 13.6); (c) at 50% loading followed by the addition of NaCl.  

Experiments (a) and (c) were run using TPP@CCM-2 (x = 0.10, or 30 TPP units 

per chain) and experiment (b) was run using TPP@CCM-3 (x = 0.25, or 75 TPP 

units per chain). 

In order to learn more about the chemical nature of this 

species, the latex was investigated by IR spectroscopy. Molecular 

compounds with the stoichiometry [RhX(CO)(TPP)2] are 

described in the literature for both X = OH (νCO = 1961 cm-1; δ(31P) 

= 31.2)  and X = O2CCH3 (νCO = 1972 cm-1; δ(31P) = 34.4).[17] The 

latex resulting from the addition of NaOH to the 50% loaded 

[Rh(acac)(CO)(TPP@CCM-3)] shows a CO stretching vibration 

centered at 1962 cm-1, Figure 6B(b), which is in closer 

correspondence with the band of [Rh(OH)(CO)(TPP)2]. Formation 

of the methacrylato complex may be expected to be favored, 

given the suitable placement of the carboxylates, at least partially, 

in the inner core (see Figure 3). However, although the number of 

carboxylate functions (15 per chain) is sufficient for the metal 

stoichiometry of TPP@CCM-2 (30 phosphine groups per chain, 

i.e. 15 Rh ions per chain), they are located only near the polymer 

shell, whereas the phosphine functions are homogeneously 

distributed in the polymer core. On the other hand, formation of 

the hydroxydo complexes implies migration of NaOH inside the 

hydrophobic core. This could occur through coordination of the 

Na ion by the PEO chains, as proposed for the Na counterion of 

the carboxylate groups in Figure 3. 

In order to confirm that the new compound is [Rh(OH)(CO)-

(TPP)2], resulting from incorporation of NaOH from the aqueous 

phase, we have also carried out a third experiment involving the 

same 50% [Rh(acac)(CO)]-loaded TPP@CCM-2, but now NaCl 

was added to the aqueous solution at the same concentration 

used for NaOH in the previous experiment (details in the 

experimental section). The resulting latex gave the 31P{1H} NMR 

spectrum shown in Figure 6A(c) and the IR spectrum shown in 

Figure 6B(c). Although the CO stretching vibration (centered at 

1980 cm-1) is coincidentally similar to that of 

[Rh(acac)(CO)(TPP@CCM-2)] (at 1981 cm-1, Figure 6B(a)), the 
31P{1H} NMR resonance (centered at ca. δ 28.5) is close to that 

attributed to [Rh(OH)(CO)(TPP@CCM-2)2], confirming that 

extensive formation of [RhCl(CO)(TPP@CCM-2)2] has taken 

place. For comparison, the molecular complex [RhCl(CO)(TPP)2] 

shows a doublet at δ 28.97[16] and a CO stretching vibration at 

1978 cm-1 in benzene[18] or at 1980 cm-1 in CHCl3.[17a] Conversely, 

adding NaCl to a [Rh(acac)(CO)(TPP@CCM-2)] latex (100% Rh 

loading) gave no change in the 31P NMR spectrum. These 

experiments illustrate that sodium chloride, like sodium hydroxide, 

is able to penetrate the CCM hydrophobic core. It further shows 

that, while neither NaCl nor NaOH react with [Rh(acac)(CO)-

(TPP@CCM)] (Equation 3), they do so in the presence of an 

additional equivalent of free TPP ligand (Equation 4). Note that 

the 31P resonances of the [RhX(CO)(TPP@CCM-2)2] species (X 

= OH, Cl) in Figure 6A do not show Rh coupling. This is because 

the constrained location of the TPP ligands in the polymer core 

does not allow reaction completion: a fraction of the TPP@CCM 

ligands will be incapable of finding the unreacted [Rh(acac)(CO)-

(TPP@CCM)] partner but will be available to operate the 

associative exchange with the [RhX(CO)(TPP@CCM)2] product, 

resulting in line broadening. The rate at which this reaction occurs 

(complete transformation at room temperature within the time 

needed to record the first IR spectrum after mixing) is quite 

remarkable, considering that it requires migration of ionic 

inorganic Na+X- species (X = OH or Cl), which are well solvated 

by water, toward a hydrophobic environment in which they are 

essentially insoluble. 
 

[Rh(acac)(CO)(TPP@CCM)]  +  NaX       

 No reaction (3) 

[Rh(acac)(CO)(TPP@CCM)] + NaX + TPP@CCM   

 [RhX(CO)(TPP@CCM)2]  + Na(acac)    (4) 

(X = OH, Cl) 

 



   

 

 

 

 

 

We have also carried out the metal migration study using fully 

[Rh(acac)(CO)]-loaded and the Rh-free TPP@CCM-2 latexes in 

the presence of NaCl at the same concentration as the NaOH 

used for the experiment in Figure 5, i.e. at the same ionic strength. 

The result of this experiment is the immediate generation of a 

solution showing an NMR spectrum identical to that in Figure 

6A(c). This result confirms that the rate of metal migration is 

controlled by the particle-particle contact and/or transient 

interpenetration, which may occur for the latex at natural pH, 

either with or without addition of NaCl, whereas it is strongly 

retarded upon deprotonation by NaOH of the polymer shell 

carboxylic acid functions. 

 

d) Shell-shell or core-core contact?. 

The dramatically reduced rate of metal migration for the 

negatively charged polymer particles relative to the neutral ones 

confirms the need for particle-particle contact but does not 

distinguish the direct phosphine exchange though core-core 

contact and the carboxylic acid-assisted exchange through shell-

shell contact. A distinction of these two mechanisms can be made 

on the basis of dynamic light scattering studies, using the 

reactions indicated in equation 4 as probes. Indeed, in the 

absence of core-core contact/interpenetration, the two phosphine 

ligands needed to coordinate a given Rh center must necessarily 

be placed within the same polymer core. In case of core-core 

contact/interpenetration, on the other hand, a certain extent of 

particle-particle coupling is expected. 

As shown in Figure 7a, mixing equivalent amounts of 

TPP@CCM-3 (0% Rh, A) and [Rh(acac)(CO)(TPP@CCM-3)] 

(100% Rh, B) yields a dispersion where the particle size 

distribution remains essentially unchanged. This is because, even 

at 50% loading, the Rh coordination sphere does not allow a 

second phosphine ligand to coordinate in the absence of the NaX 

(X = OH, Cl) reagent and coupling cannot occur, even in the 

presence of interpenetration. When the samples A and B are 

treated with NaOH to raise their pH to 13.6, the size distribution 

does not significantly change relative to natural pH, see Figure 7b. 

Mixing together A and B after individually raising their pH does not 

result in any significant change in the size distribution, as 

expected because of the slow metal migration (Figure 5). 

However, when the pH is raised only after mixing A and B, i.e. 

when the Rh distribution is equilibrated at 50% loading in all 

particles as we know from the NMR study, the size distribution 

shifts significantly to higher average size values. This 

demonstrates that the reaction leading to [Rh(OH)(CO)-

(TPP@CCM-3)2] may also involve, for a fraction of the Rh centers, 

two phosphine ligands belonging to two different particles. This 

fraction cannot be very extensive, however, otherwise 

macrogelation and precipitation of the latex would occur. 

Incidentally, this result also shows that reaction 4 (for X = OH) is 

kinetically competitive with the deprotonation of the shell 

carboxylic functions. If deprotonation were much faster than 

reaction 4, the negative charge accumulation on the polymer 

particle surface would lead to rapid particle separation, therefore 

not allowing any coupling to occur. The same aggregation 

phenomenon occurs upon mixing samples A and B pretreated 

with NaCl (same ionic strength as the experiment with NaOH), 

see Figure 7c. In this case, the presence of NaCl in the aqueous 

phase before mixing has no effect on the metal exchange, since 

the particle shell remains neutral and interpenetration is not 

blocked. The intervention of core-core contact/interpenetration for 

the TPP@CCM latex is therefore confirmed, proving that direct 

phosphine exchange constitutes the major mechanism for 

interparticle metal migration at the natural pH. 

A few additional considerations are in order. The size 

distribution (Dz = ca. 70 nm for TPP@CCM-3, whether 

[Rh(acac)(CO)]-loaded or not, whether at natural or basic pH) 

shifts by approximately the same extent upon addition of NaOH  

(Figure 7b, Dz = 93 nm) and NaCl (Figure 7c, Dz = 94 nm). This 

suggests that, for the NaOH reaction, coupling must actually be 

faster than shell deprotonation. A carboxylic acid deprotonation is 

a relatively rapid but not instantaneous process (for instance, 

activation barriers as low as 13.5 kcal/mol have been reported for 

the deprotonation of CF3COOH on a silver surface[19] or in the 20-

25 kcal/mol range for various acids on a copper surface[20]), 

although the build-up of negative charge has probably a negative 

effect on the deprotonation kinetics of adjacent acidic functions in 

a polymer chain. Thus, NaOH migration into the polymer core is 

significant before the negative charge build-up on the particle 

shell becomes sufficient to suppress the particle interpenetration 

process. These observations suggest that the Na+X- migration to 

the polymer core is an extremely rapid and facile process, which 
 

 

Figure 7.  DLS monitoring of various reactions between TPP@CCM-3 (sample A, 0% Rh) and [Rh(acac)(CO)(TPP@CCM-3)] (sample B, 100% Rh). a) At natural 

pH (A: Dz = 70 nm; PDI = 0.10. B: Dz = 67 nm; PDI = 0.12. A+B: Dz = 74 nm; PDI = 0.22). b) At pH 13.6 (A: Dz = 72 nm; PDI = 0.09. B: Dz = 74 nm; PDI = 0.14. A 

(pH 13.6) + B (pH 13.6): Dz = 77 nm; PDI = 0.21. A+B, then pH 13.6: Dz = 93 nm; PDI = 0.09). c) At natural pH with [NaCl] = 0.37 M (A: Dz = 69 nm; PDI = 0.17. B: 

Dz = 76 nm; PDI = 0.24. A+B: Dz = 94 nm; PDI = 0.07). 



   

 

 

 

 

 

seems surprising in light of the much greater compatibility of 

Na+X- with water relative to toluene. This point will be addressed 

again in the next section. 

Another interesting observation concerns the size and the 

size distribution of the coupled particles after reaction with NaOH 

or NaCl. Assuming spherical shape for the coupled objects, an 

increase of Dz from 70 to 94 nm corresponds to a volume ratio of 

ca. 2.4, suggesting that the agglomerated particles include on 

average 2-3 original particles. On the other hand, the distribution 

remains narrow and shifts completely, namely no particles remain 

at the low-size tail of the distribution before reaction, showing that                   

essentially all particles have become involved in a coupling 

process. Why would all particles be coupled but then 

agglomeration stops at the level of 2-3 particles per aggregate 

without further evolution? A possible explanation could be that the 

decrease of the total particle surface area corresponding to this 

agglomeration leads to an optimum of stability provided by the 

hydrophilic shells. However, an alternative explanation can also 

be imagined by extending the collision theory of chemical 

reactions to the particle-particle collisions leading to 

interpenetration. The collision of two particles is more probable 

than the simultaneous collision of three or more particles, by the 

same principle that bimolecular elementary processes are more 

probable than termolecular ones in chemical reactions. 

At any time, the aqueous dispersion will contain a particle 

distribution comprising a majority of individual particles and a 

small fraction of interpenetrated agglomerates of essentially only 

two particles. The chemical reaction can occur on both types of 

objects, leading to intraparticle (for both individual and already 

coupled objects) or interparticle (only for the agglomerates, 

leading to coupling) formation of [RhX(TPP)2(CO)] (X = OH or Cl) 

complexes. The supplemental Figure S5 shows a pictorial view of 

this process. The probability of interparticle coupling vs. 

intraparticle reaction is proportional to the fraction of associated 

particles times the extent of interpenetration (fraction of free 

phosphine ligands located in the interpenetrated area of the 

associated particles). Residual individual particles at the end of 

the chemical reaction can only be present if this probability is very 

small. Since Figure 7 shows that essentially no original 

nanoreactor remains uncoupled, this probability appears as 

sufficiently high. For the TPP@CCM-3 sample used for these 

experiments, there are ca. 2100 cross-linked arms per particle 

and 75 TPP ligands per chain for a total of 1.6∙105 TPP ligands 

and 0.8∙105 Rh complexes per particle. Thus, the persistence of 

an individual particle at the end of the chemical reaction requires 

80000 intraparticle chemical reactions without anyone of them 

involving a coupling event. Conversely, the formation of larger 

particle aggregates requires further collisions of an already 

coupled two-particle object and a third object (individual particle 

or already coupled aggregate). While the probability of individual 

particle collisions scales with the square of the particle 

concentration, the probability that a coupled two-particle 

aggregate collides with another individual particle scales linearly 

with the concentration of each entity and will thus be very small at 

the beginning of the reaction when most of the TPP and 

[Rh(acac)(CO)(TPP@CCM)] functions have not yet reacted. 

Clearly, as the reaction progresses and the concentration of the 

coupled objects increases, the collision probability leading to 

much greater aggregates increases but at the same time the 

fraction of unreacted free TPP and [Rh(acac)(CO)(TPP@CCM)] 

functions has decreased. Thus, these collisions are less and less 

likely to lead to further coupling. 

 

e) DLS study of the slow metal migration at pH 13.6 

The slow metal migration at pH 13.6 (section b, Figure 5) 

proves that the dominant pathway of interparticle metal migration 

involves particle-particle contact. The DLS study presented in the 

previous section (Figure 7) further demonstrates that this contact 

must involve core-core interpenetration. However, one question 

still remains unanswered: does metal migration as molecular 

species through the continuous aqueous phase occur at all?  

Notably, does the residual slow metal migration at pH 13.6 result 

from the interpenetration pathway following a less favorable 

particle-particle contact or from an additional pathway involving 

metal dissociation from the polymer scaffold and migration as a 

molecular species through the aqueous phase? 

A DLS investigation of the particle size after complete 

exchange at pH 13.6 provides useful information. Should 

migration still involve core-core contact, coupled particles would 

be observed. If, on the other hand, core-core contact is completely 

shut down, no coupling process would result from the molecular 

migration and/or the shell-shell contact mechanisms. The DLS 

investigation, shown in Figure 8, unequivocally shows that the 

average particle size and size distribution do not change. Hence, 

this experiment demonstrates that the slow migration at pH 13.6 

occurs without core-core contact. 

 

 

Figure 8. DLS study of the metal migration at pH 13.6 using TPP@CCM-3. 

Sample A, 0% Rh (Dz = 76.1 nm; PDI = 0.11); sample B, 100% Rh (Dz = 87.9 

nm; PDI = 0.19); the DLS of the 1:1 A+B mixture (Dz = 82.2 nm; PDI = 0.15) was 

recorded after completion of the metal migration according to 31P NMR 

monitoring (160 h). 

It is not possible at the moment to unequivocally distinguish 

between the carboxylate-assisted associative exchange through 

shell-shell contact and the molecular migration through the 

continuous phase at high pH. The Coulombic repulsion 

introduced by the charged carboxylate functions certainly 

disfavors shell-shell contact. However, this contact suffers from a 

weaker electrostatic barrier than core-core interpenetration. One 

possible way to distinguish these two pathways would be to 

investigate the metal migration for a related polymeric 



   

 

 

 

 

 

nanoreactor where the carboxylate functions are replaced by less 

coordinating anions. This is within our plans of future synthetic 

and mechanistic studies. It can be affirmed, however, that both 

the carboxylate exchange mechanism through shell-shell contact 

and the molecular migration mechanism through the continuous 

phase should be favored at high pH, the former because anionic 

carboxylates are stronger ligands than the neutral conjugate acid 

and the latter because hydroxide is a stronger ligand than water. 

Therefore, being already rather inefficient at high pH, these 

mechanisms should contribute even less to the overall metal 

migration process at the natural pH. 

 

f) Investigation of a model molecular reaction 

The molecular version of equation 4 has not been previously 

reported in the literature. Therefore, we have proceeded to its 

independent investigation. The molecular equivalents of 

equations 3 and 4 are represented below in equations 5 and 6, 

the [Rh(acac)(CO)(TPP)] complex being generated in situ from 

[Rh(acac)(CO)2] and TPP. 

 

 

 

 

Figure 9. 31P NMR spectra of the product of the reaction between 

[Rh(acac)(CO)2] and TPP in the presence of 1 equiv of nBu4NCl in toluene. (a) 

P/Rh = 1.06. (b) P/Rh > 2. The starred resonance (δ 29.25) corresponds to a 

minor amount of phosphine oxide impurity. 

Indeed, the reaction is rapid and quantitative when carried out 

in toluene using nBu4NCl as reagent. Under these conditions, use 

of slightly more than one equivalent of TPP (6%) gave rise to the 

dominant 31P NMR signal of [Rh(acac)(CO)(TPP)] at δ 48.44 (JPRh 

= 175.3 Hz)  and a minor doublet at δ 28.90 (JPRh = 126.8 Hz) for 

[RhCl(CO)(TPP)2] (Figure 9a). Use of a larger (but still lower than 

2 equivalents) TPP amount gave a more intense higher field 

resonance and a smaller lower field one. Raising the P/Rh ratio to 

slightly more than 2 equivalents made the [Rh(acac)(CO)(TPP)] 

resonance completely disappear and yielded a broad signal 

without Rh coupling for [RhCl(CO)(TPP)2] because of self-

exchange (Figure 9b). Incidentally, this result confirms that the 

large linewidth of the [RhCl(CO)(TPP@CCM)2] resonance in 

Figure 6A results from incomplete TPP consumption. The total 

consumption of the [Rh(acac)(CO)(TPP)] intermediate is 

confirmed by the complete disappearance of the acetylacetonate 

resonances from the 1H NMR spectrum at δ 5.34 (methyne 

proton) and 2.74 (methyl protons), but no new resonances were 

detected for the free acac- anion since the resulting sodium salt is 

insoluble in the NMR solvent (CDCl3).  

We have then proceeded to investigate the reaction in a 

biphasic toluene/water medium in order to simulate the process 

occurring inside the nanoreactor core. The extent of the reaction 

was evaluated with a chemically inert phosphine sulfide as 

internal standard (see experimental section). Mixing the 

[Rh(acac)(CO)(TPP)]-TPP (1 equiv) toluene solution with 

aqueous NaX (X = OH, Cl) resulted only in a slow interfacial 

reaction, as expected from the total insolubility of the sodium salts 

in toluene and of the Rh complex in water. Even after 1 h of stirring 

at room temperature, the 31P NMR spectra revealed only a minor 

broad resonance for the expected [RhX(CO)(TPP)2] products, see 

Figure 10(a). All P-containing compounds completely partition in 

favor of the toluene phase. Even though the resonance integration 

is subject to a large uncertainty, it seems that the reaction with 

NaCl proceeds a bit faster than with NaOH, the estimated 

conversion after 1 h being ca. 8 % for NaOH and ca. 13% for NaCl. 

Next, both reactions were repeated in the presence of excess 

PEO1000 (EO/Rh ratio = 6.5). The polymer molar mass (22 EO 

units on average) and the amount used relative to Rh 

approximately correspond to those of the related experiment with 

TPP@CCM. The reactions were again very slow, Figure 10(b), 

although the estimated conversions after 1 h are a bit greater than 

in the experiment without additive (ca. 16 % for NaOH and ca. 

20% for NaCl after 1 h). Thus, PEO plays a poor vectorizing role 

to bring NaX to the toluene phase. This result is not unexpected 

because PEO1000, although also soluble in toluene, partitions 

essentially quantitatively in favor of the aqueous phase when 

placed in a water/toluene biphasic system.[11] 

We have also tested the vectorization properties of 18-crown-

6, which is well known for its ability to bring inorganic anions into 

organic solutions, for the same reactions. Since this crown ether 

has the best size compatibility with potassium, these experiments 

were carried out with KOH and KCl as reagents. Using a 

stoichiometric amount of 18-crown-6 relative to potassium led 

again to a very slow reaction with KOH and to qualitatively similar 

spectra to those shown for the NaOH/PEO1000 reaction (estimated 

conversions: ca. 16 % after 1 h).  However, use of a larger amount 

([18-crown-6]/[K] = 5) led to a fast reaction with nearly quantitative 

conversion after only 10 min, see Figure 10A(c). The relatively 

small but non zero amount of residual free TPP is indicated by the 

relatively sharp resonances of both the [Rh(OH)(CO)(TPP)2] 

product and the residual [Rh(acac)(CO)(TPP)] intermediate 

(small doublet resonance centered at ca. δ 49.5, visible in the 

expanded trace). The dramatic acceleration by the excess 18-

crown-6 probably results from the profound alteration of the 

solvent medium (1.4 mL of the crown ether for 2 mL of water), 

partially compatibilizing the two phases. Use of 18-crown-6 in 

combination with KCl, on the other hand, results in a fast and 



   

 

 

 

 

 

quantitative reaction after 10 min even when using a 

stoichiometric amount, see Figure 10B(c). The total conversion 

(complete consumption of TPP) is indicated by the very sharp 

resonances of the two Rh compounds, the [RhCl(CO)(TPP)2] 

product at δ 29.55 (JPRh = 128.8 Hz) and the residual [Rh(acac)-

(CO)(TPP)] intermediate at δ 49.43 (JPRh = 177.9 Hz). The 

intermediate persists because the amount of TPP used in the 

experiment was slightly less than 2 equiv per Rh. Comparison of 

Figure 10A and Figure 10B shows that the reaction is in each case 

more extensive/faster for X = Cl relative to X = OH under the same 

experimental conditions, particularly for the experiments with the 

crown ether (c). This difference may result from the weaker H-

bonding interactions established by Cl- relative to OH- with water, 

hence its greater propensity to be transferred to the organic phase. 

 

 

Figure 10. 31P NMR spectra of the organic phase resulting from the biphasic 

reaction between [Rh(acac)(CO)(TPP)]-TPP in toluene and M+X- in water (X/Rh 

= ca. 13) under various conditions. A: X = OH; B: X = Cl. (a) With NaX, no 

additional additives, t = 1 h. (b) With NaX + PEO1000, t = 1 h. (c) With KX + 18-

crown-6, t = 10 min. See text for the relative amounts of the reagents. The resonance 

marked with S belongs to the internal standard (see experimental section; TPP/S = 

20.5:1) and the starred resonance is the TPP oxide impurity. 

We remind that, on the other hand, the reactions carried out 

in the presence of TPP@CCM, for both NaOH and NaCl, are 

quantitative and immediate, as most strikingly shown by the 

complete interparticle coupling (Figure 7), even for NaOH where 

the reaction inside the particle core is faster than the shell 

carboxylic acid deprotonation. The toluene and water phases are 

well separated by the CCM shell. Hence, the nature and 

structuring of the core-shell interface, discussed above in section 

a (Figure 2), seems crucial for allowing the rapid diffusion of NaX 

to the polymer core. The lack of shell backbone solvation by either 

water or toluene for the toluene-swollen particles induces a less 

mobile interface and forces a random distribution of the PEO 

chains both inside the polymer core and in the continuous 

aqueous phase, overruling the natural thermodynamic preference 

of free PEO chains to be located quantitatively in water. Although 

the backbone mobility on the NMR time scale is insufficient to 

observe a sufficiently sharp methacrylic methyl proton resonance, 

it must still be sufficient to rapidly exchange the inner and outer 

PEO chains (but no so rapidly to induce coalescence in the NMR). 

This exchange must obviously drag NaX molecules inside the 

hydrophobic core through Na+ coordination by the PEO chains, 

as proposed for the interface structure at high pH (Figure 3). Once 

inside the polymer core, the naked X- ions are able to rapidly 

attack the Rh centers leading to expulsion of the acetylacetonate 

anions. 

Conclusions 

We have reported and analyzed here two previously undescribed 

phenomena concerning unimolecular core-shell polymers in 

stable aqueous dispersions. The core-shell structure of the 

polymers in question (TPP@CCM) was generated using 

amphiphilic diblock arms cross-linked at the very end of the 

hydrophobic segment, with anchored ligands in the hydrophobic 

core outside the cross-linked part. The first phenomenon is 

interparticle molecular migration, revealed by the use of rhodium 

complexes as the migrating molecules and polymer-anchored 

phosphine functions as NMR spectroscopic probes. Fast 

migration of organic molecules between the polymer core and an 

outer continuous organic phase had already been demonstrated 

through the efficiency of the CCM as catalytic nanoreactors in 

biphasic hydroformylation,[3-5] where the reaction rate was shown 

to be affected only to a minor extent by the reactant and product 

mass transport kinetics. We have now demonstrated that 

molecular migration from one polymer core to another is very 

rapid, mostly occurring through direct contact between the particle 

cores during collisions. Interparticle metal migration as a 

molecular complex through the aqueous phase and/or 

carboxylate exchange through shell-shell contact, however, 

appears responsible for the residual slow migration at high pH. 

The second unprecedented phenomenon is the rapid transport of 

water confined ionic compounds to the hydrophobic particle core, 

in which they are totally insoluble, revealed by a peculiar, 

unprecedented reaction with the core-contained Rh complexes 

that induces the coordination of two phosphine ligands per Rh 

atom. These reactions occur mostly within a single particle core, 

but occasional interparticle coupling reactions also occur during 

collisions, as clearly demonstrated by the DLS experiments on the 

50% [Rh(acac)(CO)2]-loaded samples upon treatment with NaOH 



   

 

 

 

 

 

or NaCl. Our previously reported catalytic studies have also given 

evidence that the activated catalyst may, under vigorous stirring 

and forcing conditions, lead to interparticle coupling, a 

phenomenon that is apparently correlated to metal leaching.[4] 

The knowledge acquired with the investigations reported here will 

help further optimize the macromolecular structure aiming at 

achieving the zero leaching target in catalytic applications. The 

remarkable ability of simple Na+X- (X = OH, Cl) inorganic 

compounds to penetrate the toluene-swollen hydrophobic 

nanoreactor core seems determined by the structuring of the 

polymer core-shell interface, which forces a fraction of the PEO 

chains to be confined in the polymer core, although the backbone 

restricted mobility still allows sufficiently fast exchange of the inner 

and outer PEO chains. The peculiar action of the core-shell 

interface structuring, vectorizing ionic compounds from their 

preferred aqueous phase toward the hydrophobic one in which 

they are much less compatible, is relevant to anion transport 

across biological membranes and also opens many interesting 

perspectives for catalytic applications to reactions involving ionic 

compounds as co-catalysts or stoichiometric reagents. 

Experimental Section 

General. All manipulations were performed under an inert atmosphere of 

dry argon by using Schlenk line techniques. Solvents were dried by 

standard procedures and distilled under argon prior to use. 

Acetylacetonatodicarbonyl rhodium(I) ([Rh(acac)(CO)2], 99%, Strem), 

triphenylphosphine (TPP, >98.5%, Fluka), PEO1000 (Alfa Aesar) and 18-

crown-6 (99%, Janssen chimica) were used as received. Deuterated 

solvents (D2O, CDCl3, C6D5CD3, THF-D8) were purchased from Eurisotop. 

Latexes of core cross-linked nanoparticles functionalized by 

triphenylphosphine (TPP@CCM) were prepared as recently described.[3] 

The characteristics of the used latexes are summarized in Table 1. 

Characterization techniques. NMR: 1H NMR and 31P NMR spectra were 

recorded in 5 mm diameter tubes at 297 K in D2O using a Bruker Avance 

400 spectrometer. 1H chemical shifts were determined using the residual 

peak of deuterated solvent as internal standard and are reported in ppm 

(δ) relative to tetramethylsilane. 31P chemical shifts are reported relative to 

external 85% H3PO4. Peaks are labelled as singlet (s), doublet (d), triplet 

(t), multiplet (m) and broad (br). For the CCM characterization, the 

chemical shift scale was calibrated on the basis of the solvent peak (δ 2.50 

for DMSO, 4.79 for D2O), and 1,3,5-trioxane was used as an integration 

reference (δ 5.20). 

FTIR: Infrared spectra on the colloidal dispersions were measured with an 

FTIR 6700 ThermoScientific spectrometer equipped with DLaTGS 

detector. All spectra were collected in the transmission mode using a 

sealed cell equipped with CaF2 windows with 20 scans and a nominal 

resolution of 4 cm-1. 

DLS: The intensity-average diameters of the latex particles (Dz) and the 

polydispersity index (PDI) were measured at 25 °C on a Malvern Zetasizer 

NanoZS. After filtration through a 0.45 µm pore-size membrane of 

regenerated cellulose, deionized water or THF was used to dilute the latex 

sample. Solutions were analyzed without further filtration to ensure that 

undesired populations were not removed. Data were analyzed by the general-

purpose non-negative least squares (NNLS) method. The typical accuracy for 

these measurements was 10-15%. 

General procedure for the phosphine ligand complexation to 

[Rh(acac)(CO)2]. The [Rh(acac)(CO)(TPP@CCM-2)] latex (100% Rh 

loading to the phosphine functions) was prepared as reported previously.[3] 
31P{1H} NMR (162 MHz, CDCl3, 298 K): δ 47.6 (d, J = 175 Hz). The same 

procedure was used to prepare the TPP@CCM-1 and TPP@CCM-3 

latexes 100% loaded with the [Rh(acac)(CO)] fragment, by adjusting the 

amount of precursor [Rh(acac)(CO)2] complex to a slight excess (ca. 1.01 

equiv) relative to the amount of phosphine functions as detailed in Table 

1.  The 31P{1H} NMR resonances of the different latexes were identical. 

Interparticle metal exchange study involving 100% [Rh(acac)(CO)]-

loaded polymer latex and Rh-free polymer latex. (a) At the natural pH, 

using the TPP@CCM-2 particles. The two starting latexes were prepared 

independently by diluting 1.5 mL of TPP@CCM-2 (0.177 mmol of TPP, 

0.0885 mmol of MAA) with D2O (4.5 mL). The final pH of the aqueous 

phase was 5.5. One of these two samples was charged with 

[Rh(acac)(CO)2] (100% loading) as described above. The second sample 

was swollen with the same amount of toluene used for the first sample in 

order to obtain the same concentration of particles. Equivalent volumes of 

these two samples were then directly mixed in an NMR tube under argon 

and the resulting mixture was monitored by 31P{1H} NMR spectroscopy 

(see Results and Discussion). 

(b) Under basic conditions, using the TPP@CCM-2 particles. This 

procedure was identical to that described in section (a), except that the two 

starting latexes, one of which was charged with [Rh(acac)(CO)2] (100% 

loading) were prepared from 0.5 mL of TPP@CCM-2 (0.06 mmol of TPP, 

0.03 mmol of MAA) with D2O (1 mL). The Rh-charged latex was prepared 

by adding a slight excess of [Rh(acac)(CO)2] (ca. 1.1 equiv) to insure 

quantitative complexation of the phosphine functions, then the excess 

metal was removed by cannulating away the residual toluene phase 

following by washing the aqueous phase with fresh toluene several times 

until the washings were colorless. 60 µL of a concentrated NaOH solution 

(10 N, 0.6 mmol) was added to each latex to adjust the final pH to 13.6, 

before mixing in the NMR tube. 

Interparticle metal exchange study involving [Rh(acac)(CO)-

(TPP@CCM)] and TPP@CCM in the presence of NaCl. Stock solutions 

of TPP@CCM-2 (Table 1) and [Rh(acac)(CO)(TPP@CCM-2)] (100% 

metal loading) were prepared from 0.5 ml of latex (0.06 mol of DPPS) 

diluted into D2O (1 ml). To each sample was added 120 µL of a 

concentrated NaCl solution (5 N, 0.6 mmol). These two latexes were then 

directly mixed in equimolar amounts in an NMR tube under argon. The 

resulting solution was monitored by 31P{1H} NMR spectroscopy. 

Reaction between [Rh(acac)(CO)2], TPP and alkali metal reagents in 

toluene/water. Stock solutions were prepared as follows. A partially 

deuterated toluene solution contains [Rh(acac)(CO)2] (120 mg, 0.46 mol), 

TPP (235 mg, 0.90 mmol) and compound CpFe{η-1,2-

C5H3(PPh2S)(CH2OCH2-C6H4-p-CH3)}[21] (23.4 mg, 0.044 mmol) (used as 

internal standard) in 15 mL of solvent composed of 7.5 mL of C6D5CD3 and 

7.5 mL of regular toluene. Aqueous solutions of NaOH (10 N), KOH (10 N), 

NaCl (5 N) and KCl (4.6 N) were also prepared separately in degassed 

and deionized water. These solutions were used in the following 

experiments. 

a) Without additives. In a Schlenk tube, 2 mL of degassed and deionized 

water (2 mL) was treated with the NaOH stock solution (80 µL) or with the 

NaCl stock solution (160 µL) (0.80 mmol of sodium reagent). The toluene 

stock solution (2 mL, 0.062 mmol) was then added and the biphasic 

mixture was vigorously stirred at room temperature (final [NaX]/[Rh] = 13). 

Aliquots were withdrawn from the organic layer after 10 min and after 1 h 

and directly used for the NMR analyses. 



   

 

 

 

 

 

b) With PEO1000. This experiment was run as described in the above 

section, with the additional introduction of PEO1000 (17.6 mg, ca. 0.40 mmol 

of EO units), to the aqueous phase before introduction of the toluene stock 

solution. 

c) With 18-crown-6. Two different experiments were run as described in 

part (a), with the additional introduction of 18-crown-6. Furthermore, 

because of the lower concentration of the KCl stock solution, its added 

volume (170 µL) was adjusted to obtain the same 0.80 mmol amount of 

the inorganic reagent in the final mixture. In the first experiment, 0.17 mL 

(211 mg, 0.80 mmol) of the crown ether were added to the aqueous phase 

before introduction of the toluene stock solution ([18-crown-6]/[K] = 1).  In 

the second experiment the crown ether amount was larger: 0.85 mL (1.054 

g, 4.0 mmol; [18-crown-6]/[K] = 5). 
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