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Introduction

Abstract: Mechanical forces have been used to promote chemical reactions since the early
days of technology. Mechanochemical transformations are being applied in the processing of 
many materials, but the mechanisms of many of these reactions have only recently been 
unraveled. Several different ways exist to generate mechanical forces. In solution ultrasound 
is known as one of the most efficient methods to produce shear forces that are strong enough 
to degrade small molecules and to stretch and break macromolecules. Ultrasound was 
originally used to degrade molecules and polymers for the nonselective production of
radicals, but the disruptive forces have recently been focused towards scission of specific
bonds in macromolecules, which has enabled new approaches to synthetic chemistry.

Part of this chapter has been accepted for publication: J.M.J. Paulusse, R.P. Sijbesma, J. Pol.
Sci., Part A: Pol. Chem. 2006.



Chapter 1

1.1 Mechanochemistry

The most common way to influence the world around us is by mechanical forces. Yet, the use
of mechanical forces to effect chemical changes on a molecular scale is far from trivial. 
Unless the mechanical force is transferred onto a specific point in the molecule, side-reactions
will occur. Several kinds of mechanical forces have been used to perform chemical reactions,
among which grinding or ball milling, mastication, ultrasound and flow-based techniques. 

Theophrastus of Ephesus (371-286 B.C.), a student of Aristotle, was the first to report a
mechanochemical reaction.1 Grinding of cinnabar (mercury-sulfide) with a brass pestle and
mortar in the presence of vinegar produced metallic mercury. Of course, this is a very time-
consuming and labor intensive process. A related process is ball milling, in which a product is
mixed with steel or stone balls in a closed container which is tumbled for a certain time.
Industrial applications enclose the reduction of the particle size of solids, such as ores and
cement, but also the preparation of unique metal alloys that cannot be prepared in other ways.
Nonetheless, there is growing interest in the use of ball milling in synthetic chemistry. Kojima 
et al. milled metal nitrides (Li3N, Ca3N2) under a hydrogen atmosphere to produce metal 
imides, amides and hydrides (Li2NH, CaNH; LiNH2; LiH, CaH2) which are promising
materials for hydrogen storage.2 Pecharsky et al. used ball milling to perform a solvent-free 
Wittig reaction3 and for the synthesis of phosphonium salts.4 The mechanistics behind these 
reactions however, are still largely unknown.

In 1820, Thomas Hancock discovered that the plasticity of rubber is improved by mastication.
Raw rubber is difficult to process, but by kneading in a machine, carbon-carbon bonds are 
broken and the molecular weight is reduced.5,6 Apart from reducing the molecular weight, 
additives are also mixed in and cause chemical and physical changes in the rubber. Together
with vulcanization, it meant the birth of the modern rubber industry. Mechanochemical
reactions based on mastication are limited to the preparation of rubber compounds.

The development of ultrasound started with the discovery of the piezoelectric effect by Pierre
and Jacques Curie in 1880. At high frequencies, piezoelectric elements convert electrical 
energy into mechanical energy i.e. high frequency sound. Depending on its frequency,
ultrasound is denoted either as destructive (20 kHz – 2 MHz) or as non-destructive (5 MHz –
10 MHz). Whereas the latter is mainly used in diagnostic applications, sonochemical
applications require the high energy waves of destructive ultrasound. When a liquid is 
irradiated with ultrasound, the sound waves locally compress and expand the liquid (see 
Figure 1). The liquid will follow the movements, but the distance between the molecules can 
become so large that the liquid is so to say ‘broken’. Cavitation bubbles are then created,
which increase in size during several compression and rarefaction cycles. When a bubble 
grows beyond a certain size, it becomes unstable and collapses. During the collapse, liquid 
surrounding the bubble is strongly accelerated and collisions between the molecules create so-
called ‘hot-spots’ with very high temperatures and pressures. The effects of ultrasound are
usually divided into chemical and mechanical effects. The high temperatures are responsible
for chemical effects such as radical formation and sonoluminescence, whereas the large shear 
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forces induce mechanical effects. Ultrasound is known as one of the most efficient ways to
create shear forces in solution.7,8

Figure 1 Schematic representation of growth and collapse of cavitation bubbles. (Adapted
from reference 9) 

Hot-spots often accompany the shear forces created by cavitation, resulting in degradation 
and undesired reactions. Techniques based on extensional flow,10-13 such as ultra-high speed 
stirring and flow-cells, give rise to the same strong shear forces without cavitation, and
therefore avoid the non-specific effects of hot spots. However, the efficiency of these
processes is lower than that of ultrasound.

Apart from these macroscopic techniques, mechanochemical reactions have also been
performed on the nanoscale. Atomic force microscopy has been used to pull single molecules
apart. To this purpose, a specific molecule is attached between surface and tip and then 
stretched. During stretching the force on the tip is measured. This procedure is depicted
schematically in Figure 2. Single-molecule mechanochemistry1 is a rapidly growing field of
science. It has enabled researchers to investigate the complex processes involved in stretching 
polysaccharides,14 but also to determine the forces involved in supramolecular complexes,
such as the biotin-avidin complex,15,16 hydrogen bonded systems17,18 and coordination
complexes.19,20

Figure 2 Schematic force spectroscopy setup; stretching and breaking of a polymer chain.
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Mechanochemistry does not always involve the rupture of chemical bonds. Klibanov et al.
attached the enzyme trypsin onto a nylon fiber.21 This enzyme cleaves proteins at the carboxyl
side of the amino acids lysine and arginine. Upon stretching the nylon fiber, the enzyme was 
deformed and as a consequence also the cavity in which substrate molecules (protected 
arginine-esters) were converted, thereby inhibiting the reaction (see Figure 3). 

Figure 3 Deformation of an enzyme and its active site allows for reversible activity 
switching. (Adapted from reference 21) 

1.2 Ultrasound induced polymerizations

Ultrasound has been used extensively for synthetic purposes. In many cases, the aim of 
ultrasonication in synthesis is merely thorough homogenization of heterogeneous systems.
Nevertheless, examples of true sonochemical reactions are numerous. Cravotto and Cintas
have reviewed the literature concerning ultrasound in organic synthesis.22 Conceptually, the
step from using ultrasound for the formation of organic radicals to its use in polymer
chemistry is a small one, since radical polymerizations are among the most widely applied 
methods of producing polymers.23

After the discovery in the early 1950’s that ultrasound can be used to split water into 
hydrogen and hydroxide radicals,24-26 several groups proposed to intercept these radicals with
reactive monomers, as is shown in Scheme 1. Henglein and Schulz used the decomposition of 
water to polymerize acrylonitrile, which led to highly viscous products.24 Whereas Lindström 
and Lamm used the polymerization of acryl amide to gain more insights into the mechanism
of radical formation.27 Unfortunately, the polymers were only analyzed qualitatively.
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Scheme 1 Ultrasonic degradation of water and subsequent initiation of acrylonitrile (top) and 
acryl amide (bottom) radical polymerization.

Initially, ultrasound induced polymerizations were limited to water as a reaction medium.
Breakdown of organic solvents to form radicals had not been observed until Anbar et al.
showed in 1965 that under ultrasonic irradiation, acetonitrile decomposes into nitrogen, 
methane and hydrogen.28 Since then, many ultrasound initiated polymerizations in organic
solvents, in the absence of water, have been reported.

The first reports on this polymerization method concern rather ill-defined polymerizations of 
nitrobenzene,29 styrene, isoprene, and methyl methacrylate,30 which led to pitch-like or dark
brittle materials. Kruus et al. investigated the reasons for this coloration and suggested that 
the collapse of cavitation bubbles was powerful enough to induce reactions similar to
pyrolysis. It was shown that addition of hexane increases the vapor pressure, and thereby 
reduces the violence of cavitation, making the process more controlled.31 This prevented
coloration and resulted in the formation of high molecular weight polystyrene.

In most ultrasound induced polymerizations, the ultrasound replaces radical initiators such as
2,2'-azo-bis-isobutyrylnitrile (AIBN). However, ultrasound can also be used in combination
with chemical radical initiators. Price et al. showed that ultrasound can cleave azo-compounds
at 25 °C and initiate the radical polymerization of methyl methacrylate.32 The rate of 
ultrasonic decomposition of AIBN at room temperature was comparable to the decomposition
without ultrasound at 70 °C and enables the use of radical initiators at much lower 
temperatures.

Keurentjes et al. showed that sonochemistry can even be performed in liquid carbon 
dioxide.33 Cavitation is normally hampered by high pressures, though the high vapor pressure
of carbon dioxide compensates for this. In a mixture of carbon dioxide and methyl
methacrylate, collapsing cavitation bubbles degrade methyl methacrylate molecules to create 
radicals, which initiate the polymerization of methyl methacrylate;34 polymerization up to
molecular weights of nearly 500 kg/mol was achieved. This new polymerization process has
great potential, since initiators or organic solvents are no longer required. A continuous 
polymerization setup was worked out, but the low efficiency of ultrasound and the low 
polymerization rates are important hurdles that have to be overcome.35 A complication in 
ultrasound induced polymerizations is the increase in viscosity during polymerization of a
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monomer. This slows down the formation of cavitation bubbles and thereby the production of
radical initiators. Because of the anti-solvent properties of carbon dioxide, the hydrodynamic
volume of the polymers is much smaller than in the bulk, therefore the viscosity build-up is
also much slower during polymerizations. However, as molecular weight increases, ultrasonic 
depolymerization also becomes more pronounced, limiting the maximum molecular weight 
achievable.36

1.3 Ultrasound induced polymer scission

In addition to the chemical effects of ultrasound, the mechanical effects also play an
important role in ultrasound induced polymerizations, since they may cause scission of
polymers. Even before ultrasound was used to initiate polymerizations, it was known that
ultrasound can also break polymer chains.37,38 Collapse of cavitation bubbles induces strong 
shear gradients in addition to hot-spots. Whereas the hot-spots have a very local character, the
mechanical effects extend over much larger distances (micrometers). While small molecules
are merely translated by the shear forces, the effects on polymers are much larger since the
presence of a shear gradient results in chain extension and eventually scission of covalent 
bonds (see Figure 4). Chain rupture caused by shear is characterized by a limiting molecular
weight. The polymer chains must be long enough for the mechanical force to build up and
reach the level necessary to rupture a bond.39 This makes ultrasonic scission a non-random
technique that preferentially acts on the highest molecular weight polymers. Chain scission
can either result in homolytic or heterolytic bond cleavage. In either case, the chain ends
formed are highly reactive (charged species or radicals) and often lead to intramolecular
rearrangements or side reactions with other molecules.40

Figure 4 Collapse of a cavitation bubble produces a shear gradient (left); the shear gradient
can stretch and break polymers (right). 

1.4 Ultrasound induced block copolymer formation 

The macroradicals formed by scission of polymer chains can also be used to initiate new
polymerizations. In effect, block-copolymers may be produced with material properties 
different from that of a blend of homopolymers.41 Alexander et al. were the first to exploit the 
ultrasonic scission of polymer chains in this way, although initially they set out to investigate 
the identity of the endgroups formed by breakage of polymethacrylic acid.42 When the 
polymer was sonicated in the presence of styrene, a polymerization was initiated giving rise to 
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block copolymers of polymethacrylic acid and polystyrene, confirming the formation of
(macro)radicals. At the same time, Henglein combined the ultrasonic degradation of
polyacrylamide with the ultrasound induced polymerization of acrylonitrile in water. He
demonstrated that block copolymers can be prepared by breaking polyacrylamide chains with 
ultrasound in the presence of acrylonitrile43

Another way to produce block copolymers involves the coupling of two macroradicals. When
polystyrene was sonicated together with several poly(alkyl)methacrylates, block copolymers
were formed.44,45 Using this method, O’Driscoll et al. developed a continuous polymerization
setup for the production of homopolymers and block-copolymers, such as poly(styrene-block-
(methyl)methacrylate).46

Formation of the second block by reaction of the macro initiator with a different monomer
can not always be performed under the conditions of sonication, for example when ultrasound 
initiates side-reactions, or when the vapor pressure of the monomer prevents cavitation from 
taking place. In order to address this issue, Schmidt-Naake et al. divided the ultrasound
induced block copolymer formation in two separate steps.47 The first step consisted of
scission of poly(methyl)methacrylate in the presence of a nitroxide (for instance TEMPO or
BIPNO) resulting in endcapping.48 In a second step, the nitroxide terminated polymers were 
mixed with styrene, resulting in a controlled radical polymerization (see Figure 5). Although 
this procedure was quite effective, some of the initial homopolymer remained present after 
nitroxide end capping and residual nitroxide, resulted in the formation of homopolymers of 
the new monomer. Through selective precipitations, pure block-copolymer was isolated. The 
process is simple and can indeed easily give new block-copolymers. However, during 
sonication, monofunctional as well as bifunctional macro initiators are formed, if the chain is 
broken more than once. In the subsequent polymerization step this will then lead to AB as 
well as ABA block-copolymers.

Figure 5 Ultrasonic scission of poly(methyl)methacrylate, end capping with a nitroxide 
radical and subsequent nitroxide mediated polymerization of styrene.

The production of block-copolymers with ultrasound has not yet led to well-defined products.
High molecular weight polymers are required to form macro initiators, but this condition is
difficult to combine with a single scission event on the polymer. In order to reduce this
problem, the molecular weight can be chosen just below twice the limiting molecular weight, 
but this will result in low scission efficiency. For certain properties, well-defined products are
not required. Therefore, ultrasound may be employed as a useful tool in the (large scale) 
production of block copolymers, even though the process is not selective enough to prepare 
new block copolymers for fundamental studies of their material properties. 
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1.5 Site-specific cleavage 

A disadvantage of using macroradical initiators is that the chemical structure of the radicals is 
not uniform. In simple vinyl polymers, such as acrylates and styrene, scission of carbon-
carbon bonds at chemically equivalent positions leads to two different radicals as depicted in 
Scheme 2. The composition of the product mixture is even more complex when polymers
with non-equivalent bonds in the main chain are subjected to ultrasound. Although ultrasound
will preferentially break the weakest bonds, the process is not fully specific and will result in
a mixture of different macroradicals.1

Scheme 2 Scission of a polystyrene chain leading to a primary and secondary macroradical.

This was shown by Encina et al. who introduced ‘defects’ in polyvinylpyrrolidone (PVP).49

Vinylpyrrolidone was polymerized with AIBN in the presence of oxygen. This causes part of
the radicals to react with the oxygen and form peroxide linkages. The product, polymer 1
(Scheme 3) contains approximately 1 peroxide bond for every 500 carbon-carbon bonds. The
average bond enthalpy of an O-O bond is 146 kJ/mol versus 351 kJ/mol for a C-C bond.
Comparing the viscosity reduction of the peroxide containing PVP versus regular PVP 
samples showed that scission is 10 times faster, which shows that peroxide bonds break 5000
times more rapid than the C-C bonds in the polymer main chain.

Scheme 3 Synthesis of polyvinylpyrrolidone 1 containing peroxide linkages. 

More recently, Moore et al. also synthesized polymers containing a weak linkage.50 Two 
chains of -amino polyethylene glycol (molecular weight 20 kg/mol) were connected through 
an azo-linkage (2a) and through an alkyl-linkage (3) as depicted in Figure 6. Both polymers
were sonicated, and molecular weight reduction of azo-functionalized polymer 2a was
observed to be faster than the alkyl-linked polymer. Site-specific cleavage was further 
demonstrated with off-center azo-functionalized polyethylene glycol polymer 2b. A short
polymer chain (Mn = 10 kg/mol) was linked to a long polymer chain (Mn = 30 kg/mol) via an 
azo-linkage. Polymer 2b was sonicated and size exclusion chromatography measurements
showed the appearance of two peaks, one at 30 kg/mol and one at 10 kg/mol, which is in
agreement with the scission at the azo-linkage. In contrast to scission in regular polymers, this
procedure yields macroradicals of low polydispersity. The authors are currently studying the
system as an alternative for thermal or photo induced reactions.
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Figure 6 Polyethylene glycol polymers with a centered (2a) and an off-center (2b) azo-
linkage and a reference polymer with a central alkyl linker unit (3).

The research on site specific cleavage of weak bonds in coordination polymers indicates that
even higher selectivity may be obtained between covalent and non covalent bonds in 
supramolecular polymers. This topic has only recently begun to be explored and will be
discussed in the following section.

1.6 Coordination polymers 

When monomers in a polymer chain are connected by non-covalent interactions,
supramolecular polymers are obtained.51 A wide range of interactions has been used to
connect the monomers, for example hydrogen bonds, -  stacking, hydrophobic and 
hydrophilic interactions and ionic interactions. Coordination polymers are a special class of 
supramolecular polymers, in which the monomers are connected by ligand-to-metal
coordinative bonds. 

Coordinative interactions have been used to obtain self-assembled structures with many
different architectures ranging from discrete structures such as nanotubes,52 cages,53 grids54

and honeycombs55 to polymeric structures such as linear polymers56,57 and coordination block
copolymers.58 Although literature on coordination polymers and networks in the solid state is
extensive, the number of reversible coordination polymers is still rather limited.

1.6.1 Reversible coordination polymers

The first reversible coordination polymers actually recognized as such, were stereoregular 
coordination polymers developed by Van Koten et al.59 These coordination polymers are built 
up of either silver(I) or copper(I) and the N-[N-((5-R-thienyl)methylidene)-L-
methionyl]histamine ligand (4) (see Figure 7). The ligand contains several donor atoms and
each ligand coordinates to 3 different silver atoms, leading to a stereoregular helical polymer.
The molecular weight of the silver(I) coordination polymer was determined with vapor
pressure osmometry. Dilute solutions give the corresponding value for a monomeric species,
while at high concentrations (10% w/w) an average chain length of 5.5 units was determined.
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Figure 7 Complexation of ligand 4 with silver(I) triflate leading to silver(I) stereoregular
coordination polymers. (Crystal structure from reference 59) 

The initial interest in reversible coordination polymers stemmed from the desire to develop 
high molecular weight polymers, yet with ease in processability. Many functional polymers
such as photoactive polymers have very low solubility, whereas their oligomers readily
dissolve. Connecting soluble oligomers via a coordinative interaction has proven to be a 
suitable way to circumvent this problem. Rehahn et al. performed pioneering work with the
development of ruthenium-tetrakis-( -pyridyl)pyrazine60,61 and ruthenium-terpyridine62

coordination polymers. Both polymers are readily soluble in polar solvents such as
dimethylacetamide. End-group determination via NMR indicated molecular weights of up to
3.0  104 g/mol; for the pyrazine based polymer this was confirmed by SAXS investigations 
(Mw ~ 4.7  104 g/mol). The reversibility of these coordination polymers was not investigated, 
but taking into account that coordinating solvents have no effect on the polymers, reversibility 
can be considered very low.

The combination of bis-phenanthroline ligands with copper(I) and silver(I) led to truly 
reversible coordination polymers with rapidly exchanging ligands (see Figure 8).63-65 NMR 
analysis showed that a degree of polymerization of approximately 20 units was reached. In
coordinating solvents such as acetonitrile or pyridine, the ‘open’ structures were also
observed. Therefore, special care was taken to avoid the presence of coordinating molecules,
since these competed with the phenanthroline ligands and prevented the formation of high
molecular weight polymers.
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Figure 8 Copper(I) and silver(I) reversible coordination polymers based on a bifunctional
phenanthroline ligand.

Hunter et al. functionalized porphyrin molecules with two pyridyl groups which, in
combination with a six-coordinate cobalt(II) center, led to the formation of rod-like
coordination polymers.66 The polymers were analyzed with size exclusion chromatography
and pulsed-gradient spin-echo (PGSE) NMR diffusion experiments. Weight averaged
molecular weights of up to 1.4  105 g/mol were reached, a value far exceeding degrees of 
polymerization attained for porphyrin systems via covalent synthesis thus far.

Rowan et al. reported several different reversible coordination polymers based on -
conjugated materials. Small bifunctional ligands based on a phenylene-ethynylene unit (6a,
see Figure 9) were combined with zinc(II) and yielded polymeric material as evidenced by 
viscometry.67 However, also conjugated polymeric ligands were developed, by endgroup
functionalization of poly(p-phenylene-ethynylene) with a pyridine-bisimidazolyl unit (6b).68

In combination with zinc(II) or iron(II), poly(p- phenylene-ethynylene) coordination polymers
were obtained. Similarly, an alternative to poly(p-xylylene) was synthesized;69 this polymer
has very attractive material properties (high thermal stability, low dielectric permittivity,
excellent mechanical properties), but is very difficult to process. Poly(p-xylylene) was also 
functionalized with a pyridine-bisimidazolyl unit (7b) and coordination polymers were 
formed by complexation with zinc(II) or iron(II). However, the good material properties were
lost. Therefore, a small amount of lanthanum(III) was added which formed crosslinks 
between the polymer chains and tough materials were obtained.

Figure 9 Ditopic monomers and their polymeric analogues based on phenylene-ethynylene
and xylylene moieties.
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Apart from evidencing that reversible coordination polymers have several interesting 
advantages to offer as photoactive materials,70,71 these examples also show that reversible 
coordination polymers come in all shapes and sizes. Whereas most supramolecular polymers
are either based on monomers containing mutually complementary (A-D) or self-
complementary (B-B) binding sites,72 reversible coordination polymers are generally based on 
two monomers with complementary binding sites (A-A & D-D) (see Figure 10).

Figure 10 Types of connectivities in supramolecular polymers.

The combination of stoichiometric amounts of a bifunctional ligand and a metal that can 
accommodate two donor atoms may lead to linear polymers; deviations from this 
stoichiometry leave either ligands or metal centers uncomplexed. These will then function as 
endgroups and limit the degree of polymerization.73,74 Monofunctional ligands also act as
endgroups and monomer purity is therefore of high importance. Conversely, deliberate 
addition of monofunctional monomers was used to demonstrate the linearity of hydrogen-
bonded supramolecular polymers.66,75,76 A further requirement for high degrees of 
polymerization is that the reversible interaction between the monomers is sufficiently high.77

An equilibrium exists between bound, partially bound and unbound monomers; high 
association constants will move this equilibrium towards bound monomers and decrease the
amount of partially bound monomers that act as endgroups.

The influence of ligand exchange dynamics was shown by Craig et al.78,79 Two nearly 
identical reversible coordination polymers based on palladium pincer complexes and
bipyridines were shown to have very similar equilibrium constants, while their ligand 
dissociation kinetics differed by two orders of magnitude. In effect, the degree of 
polymerization is the same for both systems, as was established with dynamic light scattering
experiments, while the viscosities of the polymers were very different as a consequence of the 
different kinetics.

Linear polymers can only form when the two donor atoms of the ligand coordinate to
different metal centers. At low concentrations however, the probability that donor atoms
coordinate to the same metal increases and cyclic oligomers may form just as well. Reversible 
coordination polymers are equilibrium systems, in which dynamic ligand exchange allows the 
system to respond to changes in its environment. As such, cyclic and linear species 
interconvert. Theory on cyclization77,80 shows that such systems are characterized by a critical
concentration. Below this concentration only cyclic oligomers are present, whereas above this 
concentration, all the additional material leads to the formation of linear species with a 
concentration dependent degree of polymerization. In order to form high molecular weight 
polymers, either high concentrations are required or long monomer lengths. One of the
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specific features of reversible polymers is that in solution, the average degree of 
polymerization is low and the materials are easy to process, whereas in the melt,
concentrations are very high and the equilibrium shifts towards high degrees of
polymerization giving rise to mechanical properties typical for entangled polymers (See
Figure 11). 

Figure 11 Schematic representation of the equilibrium between rings and chains in solutions 
of reversible coordination polymers.

1.6.2 Reversible coordination networks

In linear polymers, the degree of functionality is (close to) 2; increasing this value above 2 
leads to network structures.81 To obtain reversible coordination networks, either the number
of donor-atoms a metal center can accommodate can be increased, or the number of donor-
atoms per monomeric unit (via multidentate ligands). 

Rowan et al. developed stimuli-responsive reversible coordination networks82 by combining a 
bifunctional pyridine-bisimidazolyl ligand (8) with bifunctional transition metals (Zn2+ or 
Co2+) and a small amount of a trifunctional lanthanide (3% of La3+ or Eu3+) in acetonitrile, as
shown in Scheme 4. All 4 combinations were prepared and showed reversible gel-sol
transitions at 100 C. Furthermore, these gels were also mechanoresponsive; the Co/La based
gel for example showed thixotropic behavior when shaken and gelated within 20 s.
Rheological analysis83 of the Zn/La based gel showed that it responds mostly elastically to
shear stresses up to 155 Pa. When higher shear stresses were applied, the storage modulus
dropped dramatically. Rowan et al. also investigated the reformation process in detail. This 
revealed that, although the system had gelated within 16 s, complete reconstitution took 18
min.

Scheme 4 Reversible coordination networks based on lanthanides and transition metals.
(Adapted from reference 82)
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Water soluble reversible coordination networks84,85 were reported by Sudhölter et al.
Bifunctional pyridine-biscarboxylate ligands were combined with neodymium and lanthanum
metal centers. These lanthanoid metals can accept up to three of these ligands and may lead to 
crosslinked systems. The viscoelastic behavior of the neodymium based system did not show
gel-like behavior indicating that a network with active crosslinks did not form. Instead the 
system was proposed to consist mainly of linear coordination polymers, due to significant
cyclization, as depicted in Figure 12.

Figure 12 Schematic representation of the equilibrium between linear polymers and
networks.

The use of multidentate ligands to form coordination networks is not as straightforward as the 
use of metals that coordinate several ligands. Because of the high tendency of cyclization,
long spacer lengths are required. Multi-arm functional polymers are however, difficult to
synthesize. Polydentate ligands offer a solution to this problem, but lead to rather ill-defined 
systems.

Te Nijenhuis et al. developed gelating coordination networks based on partially hydrolyzed
polyacrylamide 9 and chromium.86 Partial hydrolysis of high molecular weight (106 g/mol)
and ultra high molecular weight (107 g/mol) polyacrylamides converted the amides into acid
functionalities (~25%), which act as ligands that coordinate chromium(III) ions, as depicted in 

. The coordinative interaction was shown to be strongly pH-dependent. Low pH is
required to ensure that free Cr3+ ions are present; however, high pH deprotonates the 
carboxylic acid groups, and makes them good ligands. In effect, this system only gelates
between pH 5-9. Due to the unfavorable equilibrium of Cr3+, the rate of crosslinking is very
slow and long times were required to reach equilibrium. The processes could be slowed down 
even further by addition of citric acid; this acid further lowers the Cr3+ concentration. On the 
contrary, the gelation process was catalyzed by addition of a small portion of Cr2+ salt.

Scheme 5

Scheme 5 Complexation of partially hydrolyzed polyacrylamide with chromium(III) leads to 
reversible crosslinks (Adapted from reference 86). 
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Craig et al. extended their earlier work on linear coordination polymers based on 
palladium(II) or platinum(II) pincer complexes and bipyridines by employing poly(4-vinyl
pyridine).79 When the pincer was mixed with the polymer (2% by functional group, 100 g/L),
a 2000-fold increase in viscosity was observed. As mentioned before, this system enabled
them to investigate the dynamic contribution of ligand exchange to the rheological properties
of the coordination network.78

Coordination networks can also be formed by combining different types of interactions.87

Helical linear coordination polymers have been prepared by complexation of ethylene-glycol
functionalized bipyridine ligands with silver(I).88 Secondary interactions cause crosslinking
between the polymer chains and form a coordination network. These networks result in 
stimuli-responsive gels, and changing the counter anion enables switching between sol and
gel states. 

1.7 Aim and outline of the thesis 

The design of new ligands is a well established way to achieve higher selectivity and activity
in transition metal catalyzed reactions. However, this is a time consuming and sometimes
haphazard procedure, considering the fact that detailed understanding of many catalytic
reactions is often lacking. A general aspect of homogeneous catalysis however, is the need for
ligand dissociation. Many catalyst precursors require loss of a ligand to perform a catalytic
cycle (see Figure 13). 

Figure 13 Ultrasonic activation of a catalyst.

In this thesis attempts are presented to develop mechanical forces as a new method to
influence the coordination sphere of transition metal complexes and to apply this principle in 
coordination chemistry and catalysis. The use of ultrasound is investigated as a method to
selectively break the coordinative bonds in coordination polymers and dissociate the ligands. 
In order to transduce these forces onto the ligands of a metal complex, soluble coordination 
polymers or network structures with high molecular weight are required. The preparation of
these largely unexplored classes of coordination compounds is worked out, and the products 
are analyzed in detail. In addition to studying the mechanism and efficiency of ultrasonic
scission, the requirements for application of this principle in catalysis are investigated. 

Chapter 2 discusses the design and preparation of reversible coordination polymers. Three 
sterically and electronically distinct bifunctional phosphorus ligands were combined with
palladium(II) and platinum(II), yielding linear coordination polymers and coordination 
networks. The corresponding ring-chain equilibria were studied with 31P DOSY NMR.
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Polymerization in the melt gave high molecular weight polymers, from which the kinetic
stability of the different complexes was determined.

The synthesis of a high molecular weight reversible coordination polymer based on 
diphenylphosphine telechelic polytetrahydrofuran and palladium(II) dichloride is described in
Chapter 3. Sonication of this coordination polymer caused a reversible decrease in molecular
weight owing to scission of the coordinative palladium-phosphorus bonds. 

Quantification studies of the ultrasonic scission process are reported in Chapter 4.
Complexation of dicyclohexylphosphine telechelic polytetrahydrofuran with palladium(II)
dichloride led to a kinetically stable coordination polymer. When this polymer is mixed with a 
kinetically labile palladium(II) bis-phosphine complex, ligand exchange only takes place
when the mixture is sonicated, and therefore serves as a means of quantification.

The selectivity of ultrasonic scission of polymers containing linkages of different strength is
reported in Chapter 5. Different coordinative bonds were employed to examine the
specificity of ultrasonic scission. Furthermore, the application of ultrasound induced ligand
exchange in the synthesis of block-copolymers is presented.

Chapter 6 describes the reversible mechanochemistry of two coordination networks. Stable 
gels were prepared by complexation of rhodium(I) and iridium(I) chloride with 
diphenylphosphinite telechelic polytetrahydrofuran. The gels were sonicated to give sols in a 
reversible manner and the relation between equilibration kinetics and the reformation of gels 
was investigated.

The insights obtained from this research are evaluated in the Concluding Remarks, and
several approaches for the application of mechanical forces in catalysis are given.
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Reversible, High Molecular Weight Palladium(II) and 
Platinum(II) Coordination Polymers Based on Phosphorus
Ligands

Abstract: A general strategy for the preparation and characterization of high molecular
weight coordination polymers based on bifunctional phosphorus ligands and palladium(II) or
platinum(II) dichloride is described. Metal-to-ligand stoichiometry is of key importance for
the formation of linear coordination polymers with high degrees of polymerization and was 
studied in detail. Heating of precursor complexes in the melt led to the highest degrees of
polymerization. Peak molecular weights of 7.1  104 g/mol were reached, corresponding to a 
degree of polymerization of 100 units. The coordination polymers based on palladium(II)
dichloride were demonstrated to be linear by performing a stopper experiment. Complexation
with platinum(II) resulted in the formation of a network polymer due to platinum’s ability to 
coordinate three phosphorus atoms. The palladium(II) coordination polymers form reversibly 
and are in equilibrium with rings. The concentration dependence of the ring-chain equilibria
was studied for the palladium(II) complexes with 31P NMR spectroscopy and size exclusion 
chromatography and critical concentrations of 70–180 mM were determined, below which no
polymers are present. 

This work has been published: J. M. J. Paulusse, J. P. J. Huijbers, R. P. Sijbesma, 
Macromolecules 2005, 38, 6290-6298; J. M. J. Paulusse, R. P. Sijbesma, Chem. Commun.
2003, 1494-1495.



Chapter 2

2.1 Introduction

Reversible coordination polymers are a subset of supramolecular polymers,1 whose 
monomeric units are linked by kinetically labile coordinative bonds to metal atoms or ions. 
Dynamic ligand exchange allows the material to establish equilibrium in response to changes
in its environment, which should lead to novel mechanical properties. Although a large
diversity of kinetically inert coordination polymers has been studied, particularly in the solid
state, mounting interest in supramolecular polymers has only recently resulted in intensive 
exploration of the potential of reversible coordination polymers.2-10 Those investigations treat 
how individual aspects of the coordination chemistry, such as the nature of ligand and metal,
solvent,7 and stoichiometry, influence structure and dynamics8 of the reversible polymers.

Just like for covalent condensation polymers, the degree of polymerization (DP) of
coordination polymers is highly dependent on factors such as monomer purity, complex
stoichiometry and the presence of rings.11,12 To date, these factors have not been addressed 
comprehensively with reversible coordination polymers. This chapter deals with the synthetic
efforts made to address these factors in phosphine based coordination polymers with the aim 
to obtain high degrees of polymerization.

Making coordination polymers

Reversible coordination polymers consist of metals and bifunctional ligands. When the ligands coordinate to the
metal, long polymers can form, but there is also a possibility of forming rings. At low concentration, the
probability that both ends of the bifunctional ligand coordinate the same metal center is much higher than the
chance that both ends coordinate to different metal centers. At high concentrations however, the probability that
they coordinate to different metal centers increases. 

Reversible coordination polymers are equilibrium systems consisting of cycles and linear polymers. When the
concentration is changed, this equilibrium also changes, however, the rate at which this happens depends on the
strength of the coordinative metal-ligand bond. A set of phosphorus ligands was synthesized, that have very 
different electronic and steric properties. As a result, the coordinative bond can be made weaker or stronger.

Palladium complexes with diphenylphosphinite or diphenylphosphine ligands reach equilibrium within half a day,
dicyclohexylphosphine complexes take several months to fully equilibrate.

To obtain high molecular weight linear coordination polymers, the concentration of the solution has to be very 
high. The highest concentration possible is achieved when we have pure material, without solvent. Therefore,
the complexes were heated to their melting temperatures and indeed peak molecular weights of 7.1  104 g/mol
were reached, corresponding to 100 units.
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Our interest in phosphine-based coordination polymers stems from the desire to incorporate
catalytically active transition metal complexes in the main chain of a polymer.13,14 Many of
the transition metal coordination complexes used in catalysis contain phosphorus ligands.
Phosphorus coordination chemistry is highly suitable for the construction of reversible 
polymers, because the electronic and steric properties of the ligands can be tuned to control 
binding strength and exchange kinetics. The latter is highly advantageous, because analytical
techniques such as size exclusion chromatography (SEC) and NMR spectroscopy can be used
for polymer characterization when equilibration is decreased to a rate slower than the 
experimental time scale.

This chapter outlines a general strategy for the synthesis of high molecular weight reversible
coordination polymers based on bifunctional phosphorus ligands with palladium(II) and
platinum(II) metal salts.

2.2 Ligand synthesis 

To study suitable ligands for palladium(II)- and platinum(II)-based coordination polymers,
three different classes of monofunctional phosphorus ligands (compounds 1, 3 and 5) and 
bifunctional phosphorus ligands (compounds 2, 4 and 6) with widely differing coordination
properties were synthesized (Scheme 1). Alkyldiphenylphosphines and alkyldicyclohexyl-
phosphines are widely applied in coordination chemistry15 because of their good -donor
properties, while the less known alkyldiphenylphosphinites were prepared as a complement to 
the -donating phosphines.

Scheme 1 Mono- and bifunctional phosphorus ligands 1-6.

Monofunctional phosphine ligand 1 and bifunctional 1,12-bis(diphenylphosphino)dodecane
(2) were synthesized in 78% and 88% yield via nucleophilic substitution on 1-bromododecane
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and 1,12 dibromododecane, respectively, with commercially available potassium
diphenylphosphide. Ligand 1 is a liquid at room temperature that crystallizes upon cooling to
4 °C. Hence, purification by recrystallization or precipitation was not practical. Diphosphine
2, alternatively, is a solid and was recrystallized from boiling acetonitrile. 

Alkyldicyclohexylphosphine ligands were synthesized by lithiation of dicyclohexylphosphine
and subsequent nucleophilic attack on the bromo precursors to give ligands 3 and 4. The 
products were obtained as clear liquids in yields of 63% and 50%, respectively. Both
compounds are rather sensitive to oxidation and hydrolysis.

Phosphinite ligands 5 and 6 were synthesized by reacting chlorodiphenylphosphine with 1-
dodecanol and 1,12-dodecanediol, respectively, in THF in the presence of triethylamine.
Removal of hydrochloric acid salts by filtration yielded pure 5 and 6 in 90% and 48% yield,
respectively. Both ligands crystallized upon cooling to 4 ºC.

2.3 Complexation stoichiometry

One of the main considerations in the preparation of coordination polymers with a high 
degree of polymerization is to obtain a perfect stoichiometry between ligand and metal. The 
slightest deviation will result in a low molecular weight material.7 Moreover, stoichiometry
control is critical in phosphine-based coordination polymers as the effect of excess ligand on 
dynamics of exchange can be pronounced. Ligand exchange in palladium(II) and platinum(II)
complexes is known to follow an associative mechanism and small quantities of free ligand 
can dramatically affect this process.16 The exclusive formation of complexes with the
stoichiometry required for polymerization (2:1 ligand to metal) was first investigated with
monofunctional ligands. 
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Scheme 2 Structures of complexes 7-12.

Complexes 7-9 (Scheme 2) were prepared by stirring the ligands with a 10% excess of 
palladium(II) dichloride in dichloromethane at room temperature. The complexation was 
monitored by 31P NMR and required ~3 days for the alkyldiphenylphosphine and
alkyldiphenylphosphinite ligands (1 and 5) and at least 7 days for alkyldicyclohexylphosphine
(3). After this time, the excess palladium(II) salt was filtered off and the solvent was 
evaporated. All three complexes were dried in vacuo resulting in yellow powders in high 
yields. 31P NMR analysis showed complete formation of the new complexes (Table 1). The 
high yield and purity of the complexes may be explained by the use of a small excess of
metal, which drives formation of 2:1 complexes to completion. Weaker 2:2 complexes are not
formed due to an unfavorable equilibrium when a very low concentration of uncomplexed
palladium(II) dichloride is present in solution. This is supported by the observation that, in the
presence of an equimolar amount of a soluble palladium(II) source (dichloro(1,5-
cyclooctadiene) palladium), chloro-bridged complex 11 was identified by a single peak at  = 
30.8 ppm in 31P NMR17 and its identity was further confirmed by MALDI-TOF mass
spectroscopic analysis. Formation of complexes with a ligand-to-metal stoichiometry higher
than 2:1, giving rise to networks with bifunctional ligands was not observed, even when an 
excess of ligand 1 was used in combination with palladium(II) dichloride. 31P NMR  showed
the presence of complex 7 and free ligand 1, but no additional peaks or changes in chemical
shift were observed.
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Table 1 31P NMR chemical shifts of free ligands and their complexes in deuterated
chloroform.

ComplexesFree
ligand

Shift (ppm) Ligand:metal
stoichiometry PdCl2 Shift (ppm) PtCl2 Shift (ppm),

JPt–P (Hz) , JP–P
(Hz)

1 -16.0 2:1 7 16.5 10 7.0 (3656)
1:1 11 30.8
3:1 12 16.4 d (3605, 18) 

6.4 t (2379, 18)
2 -16.0 1:1 13 16.5 16 7.0 (3656)
3 -4.8a 2:1 8 21.8
4 -4.8a 1:1 14 21.8
5 112.4 2:1 9 110.0
6 112.4 1:1 15 110.0

a Measured in toluene-d8.

Platinum(II) forms kinetically very stable complexes with phosphorus ligands, exhibiting 
exchange rates which are ~105 times slower than the corresponding palladium(II)
complexes.18 This difference is of importance for the study of coordination polymers, as it
may allow for direct investigation of the effect of kinetics on polymer properties.8 Ligand 1
was complexed with platinum(II) dichloride leading to complex 10. In contrast to 
palladium(II) dichloride, platinum(II) dichloride is indeed soluble in dichloromethane and
therefore cannot be used in excess. Complexation was completed within 24 h and removal of
the solvent afforded a yellow solid. 31P NMR analysis shows a singlet at = 7.0 ppm; the 
platinum-phosphorus coupling of 3656 Hz is indicative of a cis-coordinated complex.19

In contrast to palladium(II) dichloride, platinum(II) dichloride can coordinate more than two 
phosphine ligands.19 When 3 equivalents of the phosphine were mixed with the metal
precursor, 35% of tris-phosphine complex 12 was formed. Addition of 5 equivalents of ligand
1 led to 71% formation of 12 and the complex was isolated by crystallization from
acetonitrile. 31P NMR analysis of these crystals indicated that complex 12 was obtained in
high purity. A characteristic doublet at  = 16.4 ppm (JPt–P = 3605 Hz, JP–P = 18 Hz) and a
triplet at  = 6.4 ppm (JPt–P = 2379 Hz, JP–P = 18 Hz), were observed originating from the two 
phosphorus atoms cis to the chloride atom and the single phosphorus atom trans to the
chloride.

2.4 High molecular weight coordination polymers 

Having established the conditions to obtain 2:1 ligand-to-metal coordination complexes in
monofunctional systems, we decided to prepare coordination polymers from bifunctional 
ligands 2, 4 and 6 and palladium(II) or platinum(II) dichloride in two sequential steps. In the 
first step, relatively concentrated (80 mM) solutions of bifunctional phosphorus ligands were 
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stirred with a 10% excess of palladium(II) dichloride, until 31P NMR showed complete
disappearance of free ligand. Similar complexation times as for the monofunctional ligands 
(3-7 days) were required. When the reaction had reached completion, the complexes were
filtered in order to remove remaining palladium(II) dichloride. After evaporation of solvent, 
the samples were dried in vacuo to give yellow powders in quantitative yields. The
platinum(II) dichloride complex of bifunctional alkyldiphenylphosphine ligand 2 was 
prepared in a similar way, except that a stoichiometric amount of metal (PtCl2) was used. In 
the second step, the powders were heated as melts at a temperature of 185 °C for 10 minutes
in vacuo. All complexes changed color from yellow to red/brown. 

Scheme 3 Structures of complexes 13-16.

Figure 1 Flexible fiber drawn from melt polymer 13.
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Figure 2 DSC trace of polymer 13.

After cooling to room temperature, palladium(II) polymers 13-15 (Scheme 3) were obtained
as brittle brown solids whereas platinum(II) polymer 16 (Scheme 3) was a completely
insoluble black material. Thermal behavior of polymer 13 was studied with differential 
scanning calorimetry (DSC), which showed  a glass transition at 68 °C, above which 
temperature flexible fibers could be drawn (see Figures 1 and 2). Both the presence of a Tg

and the fiber-forming properties of the melt support the polymeric nature of 13. Palladium(II)
complexes 13–15 dissolved in chloroform without residue and were characterized using 1H,
13C and 31P NMR and size exclusion chromatography (SEC). 1H and 13C NMR spectra of the 
products provided no indication of ligand-decomposition, while 31P NMR analysis (Table 1) 
showed simple spectra with single peaks at positions corresponding to those of the 
monofunctional model compounds. In the melt, all palladium(II) in polymer 13 was trans
coordinated. Cis-trans equilibration took place very rapidly after dissolution in deuterated 
chloroform and equilibrium was reached within 15 minutes, with a final 1:4 cis-to-trans ratio.

Figure 3 SEC traces of Pd-coordination polymers 13–15 after polymerization in the melt
(left) and Pt-coordination polymer 16 before polymerization in the melt (right). 
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Table 2 SEC data of palladium(II) coordination polymers 13–15 after polymerization in the 
melt and platinum(II) coordination polymer 16 before polymerization in the melt.

Complex Mtop (g/mol)a DPtop
b

13 7.1  104 100
14 5.0  103 7
15 3.2  103 4
16 3.2  104 40

Values are based on polystyrene standards; a Mtop is defined as the molecular weight at the top 
of the elution peak; b DPtop is the corresponding degree of polymerization.

SEC analysis (Table 2) of the melt polymers in CHCl3 gave evidence of high molecular
weight polymers for all three PdCl2 complexes, as well as peaks corresponding in molecular
weight to monomer, dimer and oligomers. The traces in Figure 3 (left) show that especially 13
has a very high molecular weight, the top of the band eluting with a molecular weight of 7.1 ×
104 g/mol, based on polystyrene standards.20 This corresponds to a DP of 100. 
Dicyclohexylphosphine complex 14 and phosphinite complex 15 also showed the presence of 
polymeric material, although Mtop was significantly lower than for 13. The higher molecular
weight of complex 13 is in line with the high purity with which ligand 2 was obtained via 
recrystallization. Ligands 4 and 6 were unfortunately liquid at room temperature and could
not be recrystallized. The elution of the coordination complexes at high hydrodynamic
volumes on SEC demonstrates the polymeric nature of the materials. It also indicates that the
kinetics of ligand exchange is slow under chromatographic conditions, because equilibration 
during chromatography is expected to lead to dissociation and low molecular weight and/or
cyclic material. In fact, any exchange on the column will lead to lower molecular weight 
material. Therefore, the actual molecular weight distribution before chromatography is only
correctly reflected by the SEC trace in the limit of kinetically inert coordination complexes.

The insolubility of platinum(II) dichloride complex 16 prompted us to investigate SEC of the
precursor material that had not been melted. Figure 3 (right) shows the presence of 
remarkably high molecular weight material. Presence of polymer with a molecular weight that 
exceeds the exclusion limit of the SEC column (4  105 g/mol) results in an erroneous peak at
a mass of 106 g/mol. The main peak elutes at a molecular weight of 3.2  104 g/mol,
corresponding to a DP of ~40. The solubility of PtCl2 may have led to a slight deviation from 
2 of the ligand/metal ratio in 16, although the imbalance must be small since a signal of a 
platinum(II) complex with three phosphine ligands was not observed in 31P NMR of 16.  In
complexes with a fixed 2:1 ligand to metal stoichiometry, deviations from a 2:1 ligand/metal 
ratio will lead to a lowering of the DP. However, from the studies on complex 12, we have 
learned that it is possible for a platinum(II) center to coordinate three phosphines. Exceeding 
a 2:1 ligand/metal ratio will therefore lead eventually to network formation, depending on the 
exact value of the ligand/metal ratio and the amount of rings present in the mixture. We
ascribe the high molecular weight of 16 before melting to the presence of branch points in the
form of tris-coordinated platinum(II), coexisting with an approximately equal number of
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rings. Opening of rings upon melting of 16 would result in network formation. The complete
insolubility of 16 after melting supports this explanation.

To further investigate the exchange kinetics and the effect of dilution, freshly prepared CDCl3
solutions of the three palladium(II) polymers were diluted to a concentration of 1 mM in
monomer and SEC was performed on samples taken after 0 and 24 hours (Figure 4). For
polymers 13 and 15, dilution results in the formation of new species at significantly lower 
molecular masses and equilibrium was approached after 24 h, whereas the SEC trace of the
solution of 14 did not change at all over the course of the experiment. Quantitative 
information on the rates of these processes was obtained by monitoring the appearance of new
signals (of low molecular weight cyclic material, see below) in the 31P NMR spectrum. For 
polymer 13, equilibration, as judged by the time-dependent increase of the new signals, 
follows first order kinetics with a half-life of ~13 hours. Monitoring equilibration of complex
15 under similar conditions yielded a half-life of 11 hours, while the  equilibration process of
complex 14 at 1 mM in CDCl3 was so slow that after 11 days only minute formation of
monomeric cyclic material was observed.

Figure 4 Normalized SEC-traces of palladium(II) alkyldiphenylphosphine coordination
polymer 13 (left) and palladium(II) alkyldicyclohexylphosphine coordination polymer 14
(right) immediately after dissolution and after equilibration at 1 mM for 24 h.

2.5 Linearity of the coordination polymers 

Linear polymers can be distinguished from branched or other less well-defined polymers by 
the effect of monofunctional material. As derived by Flory for condensation polymers, the
degree of polymerization of a polymer remains high as long as the average functionality is
higher than 2.21 However, in systems with a functionality of close to 2 (linear polymers),
reduction of the functionality by mixing in monofunctional material immediately leads to a
drastic reduction in DP. This so-called "stopper experiment" has been used to demonstrate the 
linearity of hydrogen bonded supramolecular polymers.22 A stopper experiment on polymer
13 was performed by mixing the solid polymer precursor complex with specific amounts of 
solid complex 7. Complex 7 was used instead of free ligand 2 in order to maintain the correct
stoichiometry. Upon heating to 185 °C, the molten mixture starts equilibrating to a degree of
polymerization which is limited by the monofunctional phosphine ligands. Melt polymers
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from mixtures containing 0, 1, 5, 10 and 50% of 7 were prepared and their molecular weights
were determined by SEC (Figure 5). 

Figure 5 SEC traces of coordination polymer 13 prepared in the presence of monofunctional
complex 7 acting as a chain stopper and subsequent polymerization in the melt. Measured 
molecular weights (based on PS standards) of oligomers are indicated at the top, with actual 
molecular weights in brackets. 

The values of Mtop, shown in Table 3, strongly decrease when increasing amounts of 7 are
added. This confirms the linearity of the polymers. Mtop of polymer prepared in the absence of
stopper complex 7 is ~7.1  104 g/mol, corresponding to a degree of polymerization of 100
units. This DP is expected for a material containing 2% of monofunctional impurity. The
identity of the monofunctional impurity is at present not known, but most probably these are 
mono-functionalized or partially oxidized ligands that can coordinate to palladium(II)
dichloride only once. Taking this 2% impurity into account, good agreement is found between 
calculated and experimental values for Mtop (Table 3). 

Table 3 Molecular weights of melt polymer 13 prepared in the presence of complex 7.

Percentage chain
stopper 7

Mtop (g/mol)a Mtop (calc) Mtop (calc) for 2% 
monofunctional impurity

0 7.1  104 7.2  104

1 3.5  104 1.4  105 4.8 × 104

5 2.3  104 2.9  104 2.1 × 104

10 1.3  104 1.4  104 1.2 × 104

50 2.0  103; 1.3  103 2.9  103 2.8 × 103

a Values are based on polystyrene standards.

2.6 Ring-chain equilibria 

The identity of the low molecular weight species formed upon equilibration of dilute solutions 
of polymers 13–15 was studied in detail using SEC on chloroform solutions at a concentration
of ~1 mM in monomers. These solutions were prepared from the precursor polymers without
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going through the melting step. In control experiments, identical results were obtained with
equilibrated solutions of the melt polymers. SEC analysis on precursor polymers of 13, 14 and
15, obtained immediately after dissolution, indicates the presence of oligomeric species in 
addition to polymeric material. Since the 31P NMR spectrum of the material does not show
signals of uncomplexed phosphine or oxidized phosphine, it must be concluded that these 
oligomers are cyclic. SEC analysis reveals that mononuclear cyclic palladium(II) complex 13
(MW = 716 g/mol) has a longer retention time (corresponding to a smaller hydrodynamic
volume) than ligand 2 (MW = 538 g/mol). This observation is entirely in line with the smaller
hydrodynamic volume of cycles compared to corresponding linear species.14,23 Similar
observations were made for the oligomers in the SEC traces of 14 and 15.

31P NMR spectra of precursor polymers obtained immediately after dissolution, showed for all 
three complexes 13-15 the presence of several signals close to that of the peak in the 
corresponding melt polymer. Precursor polymer 13 shows two sets of signals: a set around  = 
17 ppm (80%), which originates from trans-palladium(II) dichloride complexes, the second
set at = 26 ppm (20%) corresponds to cis-palladium(II) dichloride complexes. Complex 14
showed a single set at  = 22 ppm, which belongs to trans-palladium(II) dichloride
complexes. Complex 15 showed one set of signals at  = 110 ppm, which corresponds to
trans palladium(II) dichloride complexes.

Diffusion-ordered spectroscopy (DOSY) was used to identify the relative sizes of the different 
species in complexes 13-15. The 31P-DOSY data are summarized in Table 4. Relative
diffusion coefficients are normalized to the highest value. All three complexes show the 
presence of small and large species. This can be seen in the DOSY spectra of phosphine
complexes 13 and 14 (Figure 6) where species with very low diffusion coefficients were
identified, corresponding to high molecular weight material.

Table 4 31P NMR chemical shifts and relative diffusion coefficients of Pd-complexes 13-15.

Complex 13 Complex 14 Complex 15
Chemical

shift
(ppm)

Relative
diffusion

coefficient (-)

Chemical
shift (ppm)

Relative
diffusion

coefficient (-)

Chemical
shift (ppm)

Relative
diffusion

coefficient (-)
17.1 1.00 23.8 1.00 107.4 1.00
16.6 0.78 22.4 0.68 107.9 0.83
16.5 0.42 22.0 0.56 108.5 0.68

21.7 0.24 108.9 0.47
Measured in chloroform-d, 100 mM; Complexes 13-15: see Scheme 3. 
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Figure 6 31P DOSY NMR of Pd-alkyldiphenylphosphine complex 13 (left) and Pd-alkyl-
dicyclohexylphosphine complex 14 (right). 

31P NMR peak integrals are in good agreement with SEC results. The SEC trace of complex
13 shows similar amounts of monomeric and dimeric cycles, a smaller amount of trimers and
a large amount of polymeric material, whereas 31P NMR shows four distinct signals: 9% of
the smallest species, 14% of a larger species, 5% of the third species and by far the largest
intensity comes from the last signal, 72%. We assign these signals respectively to the
monomeric, dimeric and trimeric cycles and polymeric material. 31P chemical shifts are very 
sensitive to changes in the environment and the fact that all these species can be identified 
separately is most probably caused by decreasing ring strain in the cyclic complexes.

Scheme 4 Ring-chain equilibrium of complex 13.

2.7 Determination of the critical concentration

In reversible systems, cyclic structures are in equilibrium with linear polymeric species
(Scheme 4). This equilibrium is characterized by a critical polymerization concentration, 
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below which only cyclic material is present and above which the concentration of cyclic
material is constant and only linear polymer is formed.11,12 This critical concentration can be 
determined by assessing the partial concentration of one or more cycles, while changing the
total concentration. Knowing which 31P NMR resonance arises from which cycle makes it
possible to study the concentration behavior of the three complexes. Concentration series of 
complexes 13-15, ranging from 0.5 mM to 0.2 M, in deuterated chloroform were prepared. 
The solutions of complexes 13 and 15, with fast exchange, were left standing for 1 week, to 
ensure that equilibrium was fully reached. In Figure 7a, the partial concentration of the trans
monomeric cycle of complex 13 is plotted against total concentration. In Figure 7c this is 
done for the partial concentrations of monomeric, dimeric and trimeric cycles of complex 15.
Up to a certain concentration, the partial concentration of the monomeric cycle increases
approximately linearly, but above this concentration it is constant. The critical polymerization
concentration of complex 13 is ~70 mM in deuterated chloroform. Similar behavior was 
observed for complex 15; the critical concentration was determined to be ~180 mM. A
concentration series was also prepared for complex 14, but because of the extremely slow
exchange, it took ~60 days for the complex to reach equilibrium. In Figure 7b, the partial
concentrations of the monomeric, dimeric and trimeric cycles are plotted, resulting in a 
critical concentration of ~150 mM.
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a

b

c

Figure 7 Concentration dependence of the partial concentration of oligomers in equilibrated 
CDCl3 solutions of  Pd-alkyldiphenylphosphine complex 13 (a) Pd-alkyldicyclohexyl-
phosphine complex 14 (b) and Pd-alkyldiphenylphosphinite complex 15 (c). 

Theory predicts that the equilibrium concentrations of strainless cycles is a monotonically
decreasing function of ring size.11,12 The fact that the dimeric cycle of complex 14 is more
abundant than the monomeric cycle indicates that the latter is not strainless. The same holds 
for complex 15, for which the monomeric and dimeric cycle are present in similar
concentrations. The pronounced differences in shifts of 31P NMR signals of monomeric,
dimeric and trimeric cycles of 13 suggest that also in these complexes some ring strain is 
present.
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2.8 Conclusions

High molecular weight coordination polymers with DP's up to several hundreds have been 
prepared by complexation of bifunctional phosphorus ligands with palladium(II) dichloride
and subsequent polymerization in the melt. The complexes were shown to have exchange
kinetics which are fast enough to obtain equilibrium materials, while still slow enough to
allow analysis with SEC. Platinum(II) dichloride complexes of alkyldiphenylphosphine
ligands also gave high molecular weight coordination polymers, but here exchange is slow.
Moreover, the possibility of forming complexes with 3:1 ligand-to-metal stoichiometry made
it difficult to suppress the formation of networks. Control over stoichiometry by carefully 
choosing a solvent in which PdCl2 was poorly soluble proved to be the key to successful
preparation of polymers with high DP's. The ability to purify the ligands was also shown to 
have a strong effect on DP; solid ligand 2, which could be purified by recrystallization gave
significantly higher DP's than the ligands that were obtained as oils. Ligand exchange in the 
complexes establishes a ring-chain equilibrium which was studied using SEC and 31P NMR.
The concentration dependence of the equilibria was shown to conform to theory, which 
predicts a critical concentration below which only rings are present. The value of this critical
concentration is relatively high for the monomer lengths studied and shows that for the study
and application of reversible coordination polymers at low concentrations, diphosphines with
longer spacer lengths will be useful, since these will decrease the critical concentration 
further.14 These will be discussed in Chapter 3. 

By identifying key factors for the preparation of high molecular weight phosphine metal 
coordination polymers, a general method for obtaining reversible coordination polymers has 
been outlined and the behavior and potential of these materials can now be studied in full
detail.

2.9 Experimental Section 

General procedures. 1H NMR (400 MHz), 13C NMR (100 MHz) and 31P NMR (162 MHz) 
spectra were recorded on a Bruker 400 spectrometer in deuterated chloroform unless stated 
otherwise. Chemical shifts are reported in ppm and referenced to tetramethylsilane and 
chloroform (proton and carbon) and external 85% phosphoric acid (phosphorus). Diffusion-
ordered 31P NMR (202 MHz) spectra were recorded on a Varian Inova 500 spectrometer, with
85% phosphoric acid as an external reference. Diffusion measurements were evaluated with 
the Varian DOSY software incorporated in VNMR. Elemental analyses were carried out 
using a Perkin-Elmer 240. MALDI-TOF spectra were obtained on a Perceptive Biosystems
Voyager DE-Pro MALDI-TOF mass spectrometer (accelerating voltage 20 kV; grid voltage 
74.0%; guide wire voltage 0.030%; delay 200 ms; low mass gate, 900 amu). Samples for
MALDI-TOF were prepared by adding a solution of the corresponding complex in THF (20

L, c = 1 mg/mL) to a solution of -cyano-4-hydroxycinnamic acid in THF (10 L, c = 20 
mg/mL) and subsequent thorough mixing. This mixture (0.3 L) was brought on a sample
plate and solvent was evaporated. Differential scanning calorimetry (DSC) measurements
were obtained with a Perkin-Elmer Pyris-1, calibrated to cyclohexane and indium. Glass
transition temperatures were determined at a heating rate of 20 °C/min (half Cp extrapolated).
Syntheses of the ligands and the complexes were carried out under a dry argon atmosphere
using standard Schlenk techniques. Tetrahydrofuran was distilled from sodium-potassium;
dichloromethane and deuterated chloroform were distilled from P2O5. Diethyl ether,

34



Reversible, High Molecular Weight PdII and PtII Coordination Polymers Based on Phosphorus Ligands

acetonitrile and n-hexane were degassed before use. n-Butyl lithium (1.6 M), was titrated
before use. Silica gel 60 (0.040-0.063 mm) was purchased from Merck. Potassium
diphenylphosphide (0.5 M in THF), chlorodiphenylphosphine (98%), n-butyl lithium in
hexanes (1.6 M), 1,12-dihydroxydodecane (99%), 1-dodecanol (98%), 1-bromododecane
(97%) and 1,12-dibromododecane (98%) were purchased from Aldrich; palladium dichloride 
(99.9%), platinum dichloride (99.9%), dichloro(1,5-cyclooctadiene) palladium (99%) and
dicyclohexylphosphine (98%) were purchased from STREM.

SEC-analysis. Size exclusion chromatography was performed on a Shimadzu LC10-AT, 
using Polymer Laboratories PL Gel 5 m mixed-D column (linear range of MW: 200 –
400000 g/mol), a Shimadzu SPD-10AV UV-vis detector at 254 nm and chloroform as eluent
at a flow rate of 1 mL/min (20 °C). Polystyrene standards were used for calibration. 
Alternatively, molecular weights of the lower oligomers of complex 13 (observed as separate 
peaks in Figure 5) were used for calibration. Comparison with polystyrene standards revealed
that the actual molecular weight is underestimated by 25% or less when polystyrene standards
are used.

1-(Diphenylphosphino)dodecane (1). 1-Bromododecane (1.87 g, 7.50 mmol) was dissolved 
in dry THF (50 mL) and the stirred solution was cooled to -78 ºC with acetone/dry ice. A
solution of potassium diphenylphosphide in THF (0.5 M, 15.0 mL, 7.50 mmol) was slowly 
added to the mixture. After complete addition, the mixture was stirred for an hour at -78 ºC
and left to warm to room temperature. The mixture was stirred overnight. Solvent was
removed in vacuo and the solids were suspended in dry dichloromethane (40 mL) and filtered 
over a glass filter. To remove residual impurities the mixture was filtered over silica, which
was dried from water and air before use. Solvent was removed in vacuo. The product, a clear 
liquid was obtained in 78% yield. The liquid crystallizes when cooled to 5 °C. H (400 MHz): 
7.35-7.49 (m, 10H, Ph), 2.08 (t, 4H, CH2P), 1.13-1.53 (m, 20H, CH2), 0.92 (t, 3H, CH3). C
(121 MHz): 139.44 (d, 2C, Ph) 132.73 (d, 4C, Ph), 128.42 (s, 4C, Ph), 128.33 (d, 2C, Ph),
31.94 (s, 1C, alkyl), 31.24 (d, 1C, alkyl), 29.68 (s, 1C, alkyl), 29.64 (s, 1C, alkyl), 29.37 (m,
3C, alkyl) 29.28 (s, 1C, alkyl), 28.06 (d, 1C, alkyl), 26.05 (d, 1C, alkyl), 22.72 (s, 1C, alkyl),
14.15 (s, 1C, alkyl). P (162 MHz): -16.0 (s, 1P). 

1,12-Bis(diphenylphosphino)dodecane (2). 1,12-Dibromododecane (3.28 g, 10.0 mmol) was 
dissolved in dry THF (50 mL) and the stirred solution was cooled to -78 ºC with acetone/dry
ice. A solution of potassium diphenylphosphide in THF (0.5 M, 40.0 mL, 20.0 mmol) was 
slowly added to the mixture. After addition, the mixture was stirred for an hour at -78 ºC and
left to warm to room temperature. The mixture was stirred overnight. Solvent was removed in 
vacuo and the solids were suspended in dry dichloromethane (40 mL) and filtered over a glass
filter. Solvent was removed in vacuo. White crystals were obtained in 88% yield by
recrystallization from boiling acetonitrile. H (400 MHz): 7.47-7.28 (m, 20H, Ph), 2.01 (t, 4H,
CH2P), 1.47-1.18 (m, 20H, CH2). C (121 MHz): 139.44 (d, 4C, Ph) 133.05 (d, 8C, Ph),
128.76 (s, 8C, Ph), 128.70 (d, 4C, Ph), 31.57 (d, 2C, CH2P), 29.88 (d, 2C, alkyl), 29.60 (s, 4C,
alkyl), 28.40 (d, 2C, alkyl), 26.32 (d, 2C, alkyl). P (162 MHz): -16.0 (s, 2P). Elemental
analysis calcd (%) for C36H44P2: C 80.27, H 8.23. Found: C 79.83, H 7.97.

1-(Dicyclohexylphosphino)dodecane (3). Dicyclohexylphosphine (2.00 g, 10.1 mmol) was 
dissolved in dry THF (50 mL) and cooled to –78 C and n-butyl lithium (1.6 M, 6.3 mL, 10 
mmol) was added. This mixture was left to warm to room temperature and then added to, an
ice-cooled, 0 C mixture of 1-bromododecane (2.51 g, 10.1 mmol) in 50 mL of dry THF. This
mixture was stirred for 30 minutes and left to warm to room temperature. Solvent was
removed in vacuo and the solids were suspended in dry diethyl ether (50 mL). To remove
residual impurities the mixture was filtered over silica that was dried from water and air. 
Solvent was removed in vacuo. The product, a clear liquid was obtained in 63% yield. H (400
MHz, toluene-d8): 2.07-1.43 (m, 44H, CH2+CH), 1.15 (t, 3H, CH3). C (75 MHz, toluene d-
8): 34.50 (d, 2C, alkyl), 32.86 (s, 1C, alkyl), 32.55 (d, 1C, alkyl), 31.31 (d, 2C, alkyl), 30.67
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(d, 4C, alkyl), 30.42 (d, 2C, alkyl), 29.92 (d, 2C, alkyl), 29.67 (d, 1C, alkyl), 28.30-28.14 (m,
4C, alkyl), 27.47 (s, 2C, alkyl), 23.62 (s, 1C, alkyl), 22.55 (d, 1C, alkyl), 14.80 (s, 1C, CH3).

P (162 MHz, toluene-d8): -4.8 (s, 1P).

1,12-Bis(dicyclohexylphosphino)dodecane (4). Dicyclohexylphosphine (3.0 g, 15 mmol, 2
equivalents) was dissolved in 50 mL dry THF. This solution was cooled to –78 C and n-butyl
lithium (1.6 M, 9.5 mL, 15 mmol) was added. This mixture was left to warm to room
temperature and then added to an ice cooled mixture of 1,12-dibromododecane (2.5 g, 7.6
mmol) in 50 mL or dry THF. This mixture was stirred for 30 minutes and left to warm to
room temperature. Solvent was removed in vacuo and the solids were suspended in dry
diethyl ether (50 mL). To remove residual impurities the mixture was filtered over silica that
was dried from water and air. Solvent was removed in vacuo. The product, a clear liquid was 
obtained in 50% yield. The liquid crystallized when cooled to 4 C. H (200 MHz): 2.25-1.31
(m, 68H, CH2+CH). C (100 MHz) 33.44 (d, 4C, PCH), 31.73 (d, 2C, alkyl), 30.49 (d, 4C, 
alkyl), 29.73 (d, 4C, alkyl), 29.49 (s, 2C, alkyl), 29.12 (d, 4C, alkyl), 28.63 (d, 2C, alkyl),
27.58-27.42 (m, 8C, alkyl), 26.70 (s, 4C, alkyl), 21.40 (d, 2C, PCH2). P (162 MHz, toluene-
d8): -4.8 (s, 2P) 

1-(Diphenylphosphinito)dodecane (5) 1-Dodecanol (2.5 g, 13 mmol), which was dried from
water with dry toluene, and 1.9 mL of triethylamine (1.4 g, 13 mmol) were dissolved in dry
THF (50 mL) and the stirred solution was cooled to 0 °C with ice. Chlorodiphenylphosphine
(3.0 g, 13.4 mmol) was slowly added to the mixture. After complete addition, the solution was
stirred for an hour at 0 °C and left to warm to room temperature. Solvent was removed in
vacuo and the solids were suspended in dry dichloromethane (50 mL). To remove residual
impurities the mixture was filtered over silica that was dried from water and air. Solvent was 
removed in vacuo. The product was obtained as a clear liquid in 90% yield. The liquid
crystallizes when cooled to 5 C. H (400 MHz): 7.54-7.34 (m, 10H, Ph), 3.87 (q, 2H, CH2O),
1.71 (t, 2H, C H2CH2O), 1.38-1.28 (m, 18H, CH2), 0.91 (t, 3H, CH3) C (75 MHz): 142.32 (d,
2C, Ph), 130.43 (d, 4C, Ph), 129.29 (s, 2C, Ph), 128.40 (d, 4C, Ph), 70.43 (d, 1C, CH2O),
32.08 (s, 1C, alkyl), 31.59 (d, 1C, alkyl), 29.80-29.46 (m, 6C, alkyl), 25.99 (s, 1C, alkyl),
22.84 (s, 1C, alkyl), 14.28 (s, 1C, alkyl) P (162 MHz): 112.4 (s, 1P)

1,12-Bis(diphenylphosphinito)dodecane (6). 1,12-Dodecanediol (2.50 g, 12.4 mmol) was
dried from water by coevaporation with dry toluene and subsequently dissolved in 100 mL of 
dry THF. Triethylamine (2.49 g, 24.7 mmol, 2 equivalents) was added and the stirred solution
was cooled to 0 C with ice. Chlorodiphenylphosphine (5.45 g, 24.7 mmol, 2 equivalents) was
slowly added to the mixture. After complete addition, the solution was stirred for one hour at 
0 C and left to warm to room temperature. Solvent was removed in vacuo and the solids were 
suspended in dry dichloromethane (50 mL). To remove the triethylamine salt, the mixture was
filtered over silica that was dried from water and air. Solvent was removed in vacuo. The
product, a clear liquid was obtained in 48% yield and crystallized when cooled to 4 C.

H (400 MHz): 7.57-7.35 (m, 20H, Ph), 3.93-3.87 (m, 4H, CH2O), 1.77-1.70 (m, 4H, 
CH2CH2O), 1.41-1.29 (m, 16H, CH2). C (75 MHz): 142.41 (d, 2C, Ph), 130.40 (d, 4C, Ph),
129.26 (s, 2C, Ph), 128.37 (d, 4C, Ph), 70.38 (d, 2C, CH2O), 31.55 (d, 2C, alkyl), 29.65-29.41
(m, 6C, alkyl), 25.96 (s, 2C, alkyl). P (162 MHz): 112.4 (s, 2P).

Palladium dichloride bis(1-(diphenylphosphino)dodecane) (7). A mixture of palladium(II)
dichloride (37 mg, 0.21 mmol, 0.55 equivalents) and 1-(diphenylphosphino) dodecane (133 
mg, 0.38 mmol) in dry dichloromethane (7 mL) was stirred for 24 hours. The mixture was 
filtered in order to remove the excess palladium(II) dichloride and solvent was removed in
vacuo, yielding a bright yellow solid in 92% yield. H (400 MHz): 7.70-7.22 (m, 20H, Ph), 
2.41-2.27 (m, 4H CH2P), 1.28-0.98 (m, 40H, CH2), 0.91 (t, 6H, CH3). C (121 MHz): 133.83
(s, 2C, Ph), 130.61 (d, 4C, Ph), 128.34 (s, 4C, Ph), 128.28 (s, 2C, Ph), 32.08 (s, 1C, alkyl),
31.38 (d, 1C, alkyl), 29.79-29.42 (m, 6C, alkyl), 28.21 (d, 1C, alkyl), 26.12 (d, 1C, alkyl),
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22.85 (s, 1C, alkyl), 14.28 (s, 1C, alkyl). P (162 MHz): 16.5 (s, 2P). Elemental analysis calcd 
(%) for C48H70Cl2P2Pd: C 65.04, H 7.96. Found: C 64.84, H 7.91. MALDI-TOF MS: 851.5
(M+ -Cl). 

Palladium dichloride bis(1-(dicyclohexylphosphino)dodecane) (8). A mixture of
palladium(II) dichloride (56 mg, 0.32 mmol, 0.55 equivalents) and 1-
(dicyclohexylphosphino)dodecane (210 mg, 0.57 mmol) in dry dichloromethane (10 mL) was 
stirred for 48 hours. The mixture was filtered in order to remove the excess palladium(II)
dichloride and solvent was removed in vacuo, yielding an orange oil in 99% yield. H (400
MHz): 2.30-1.25 (m, 88H, CH2+CH), 0.94 (t, 6H, CH3). C (75 MHz): 33.25-32.94 (m, 4C, 
alkyl), 32.08 (s, 4C, alkyl), 29.83-29.44 (m, 18C, alkyl), 29.07 (s, 4C, alkyl), 27.57-27.41 (m,
8C, alkyl), 26.62 (s, 4C, alkyl), 25.52 (s, 2C, alkyl), 22.85 (s, 2C, alkyl), 14.27 (s, 2C, CH3).

P (162 MHz): 21.8 (s, 2P). Elemental analysis calcd (%) for C48H94Cl2P2Pd: C 63.32, H
10.41. Found: C 63.10, H 10.67.

Palladium dichloride bis(1-(diphenylphosphinito)dodecane) (9). A mixture of 
palladium(II) dichloride (74 mg, 0.41 mmol, 0.53 equivalents) and 1-
(diphenylphosphinito)dodecane (0.28 g, 0.79 mmol) in dry dichloromethane (20 mL) was
stirred for 48 hours. The mixture was filtered in order to remove the excess palladium(II)
dichloride and solvent was removed in vacuo, yielding a bright yellow solid in 99% yield. H
(300 MHz): 7.87-7.42 (m, 40H, Ph), 3.68 (q, 2H, CH2O), 1.37-1.13 (m, 40H, CH2), 0.92 (t, 
3H, CH3). C (75 MHz): 133.16-128.12 (m, 20C, Ph), 69.40 (s, 1C, CH2O), 31.86 (s, 1C, 
alkyl), 30.01-29.07 (m, 8C, alkyl), 25.37 (s, 1C, alkyl), 22.63 (s, 1C, alkyl), 14.08 (s, 1C, 
alkyl). P (162 MHz): 110.0 (s, 2P). 

Platinum dichloride bis(1-(diphenylphosphino)dodecane) (10). A mixture of platinum(II)
dichloride (30.5 mg, 0.11 mmol, 0.50 equivalents) and 1-(diphenylphosphino)dodecane (81 
mg, 0.23 mmol) in dry dichloromethane (5 mL) was stirred for 24 hours. The mixture was 
filtered in order to remove the residual platinum(II) dichloride and solvent was removed in
vacuo, yielding a light brown solid in 84% yield. H (400 MHz): 7.76-7.20 (m, 20H, Ph),
2.27-2.14 (m, 4H CH2P), 1.60-1.05 (m, 40H, CH2), 0.88 (t, 6H, CH3). C (121 MHz): 133.79
(s, 4C, Ph), 131.16 (d, 8C, Ph), 128.50 (s, 8C, Ph), 128.45 (s, 4C, Ph), 32.25 (s, 2C, alkyl),
31.02 (s, 2C, alkyl), 29.94-29.31 (m, 14C, alkyl), 25.47 (d, 2C, alkyl), 23.03 (s, 2C, alkyl),
14.46 (s, 2C, alkyl). P (162 MHz): 7.0 (s, 2P, JPt-P = 3656 Hz). ESI MS: 849.3 (M+ -Cl).

-Chloropalladium chloride (1-(diphenylphosphino)dodecane) dimer (11). A mixture of 
palladium(II) dichloride bis(benzonitrile) (138.5 mg, 0.36 mmol) and 1-(diphenylphosphino)
dodecane (128 mg, 0.36 mmol) in dry dichloromethane (10 mL) was stirred for 24 hours. The 
mixture was filtered and dried in vacuo in order to remove all solvent and benzonitrile,
yielding a red solid in 90% yield. H (400 MHz): 7.81-7.20 (m, 20H, Ph), 2.40-2.30 (m, 4H 
CH2P), 1.50-1.08 (m, 40H, CH2), 0.87 (t, 6H, CH3). C (121 MHz): 133.57 (s, 4C, Ph), 132.01
(d, 8C, Ph), 129.08 (s, 8C, Ph), 128.95 (s, 4C, Ph), 32.20 (s, 2C, alkyl), 31.14 (d, 2C, alkyl),
29.94-29.31 (m, 12C, alkyl), 27.82 (d, 2C, alkyl), 24.21(d, 2C, alkyl), 23.03 (s, 2C, alkyl),
14.37 (s, 2C, alkyl). P (162 MHz): 30.8 (s, 2P). Elemental analysis calcd (%) for
C48H70Cl4P2Pd2: C 54.20, H 6.63. Found: C 55.38, H 6.91. MALDI-TOF MS: 1061.2 (M+ -
2H).

Platinum dichloride tris(1-(diphenylphosphino)dodecane) (12). A mixture of platinum(II)
dichloride (72 mg, 0.27 mmol, 0.20 equivalents) and 1-(diphenylphosphino) dodecane (480 
mg, 1.35 mmol) in dry dichloromethane (20 mL) was stirred for 24 hours. The mixture was 
filtered in order to remove the excess platinum(II) dichloride and solvent was removed in 
vacuo. Subsequently, the white solid was dissolved in acetonitrile (30 mL), heating the
mixture was necessary to dissolve the entire solid. The mixture was left standing at 4 °C. 
After 2 days spherulites started crystallizing out and yielded pure platinum(II) dichloride tris-
phosphine compound (56%). H (400 MHz): 7.50-6.84 (m, 30H, Ph), 2.38-2.22 (m, 6H 
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CH2P), 1.70-1.10 (m, 60H, CH2), 0.89 (t, 9H, CH3). C (121 MHz): 136.64 (s, Ph), 133.67 (s,
Ph), 129.68 (s, Ph), 129.57 (s, Ph), 129.14 (s, Ph), 125.74 (s, Ph), 121.82 (s, Ph), 32.21 (s, 3C,
alkyl), 30.65 (s, 3C, alkyl), 29.93-29.36 (m, 21C, alkyl), 26.19 (s, 3C, alkyl), 22.99 (s, 3C, 
alkyl), 14.43 (s, 3C, alkyl). P (162 MHz): 16.40 (d, 2P, JPt–P = 3605 Hz, JP–P = 18 Hz), 6.40
(t, 1P, JPt–P = 2379 Hz, JP–P = 18 Hz). 

Palladium dichloride (1,12-bis(diphenylphosphino)dodecane (13). A mixture of 
palladium(II) dichloride (72 mg, 0.41 mmol, 1.1 equivalents) and 1,12-
bis(diphenylphosphino)dodecane (200 mg, 0.37 mmol) in dry dichloromethane (10 mL) was 
stirred for 24 hours. The mixture was filtered in order to remove the excess palladium(II)
dichloride and solvent was removed in vacuo, yielding a bright yellow solid in 97% yield. H

(400 MHz): 7.73-7.33 (m, 20H, Ph), 2.46-2.37 (m, 4H, CH2P), 1.54-1.04 (m, 20H, CH2). C
(121 MHz): 134.04 (t, 8C, Ph) 130.64 (s, 4C, Ph), 128.50 (t, 8C, Ph), 31.57 (d, 2C, CH2P),
29.88 (d, 2C, alkyl), 29.60 (s, 4C, alkyl), 28.40 (d, 2C, alkyl), 26.32 (d, 2C, alkyl). P (162
MHz): 16.52 (s, n  2P, polymer). Elemental analysis calcd (%) for C36H44Cl2P2Pd: C 60.39,
H 6.19. Found: C 58.26, H 5.92.

Palladium dichloride bis(1,12-bis(dicyclohexylphosphino)dodecane) (14). A mixture of 
palladium(II) dichloride (400 mg, 2.26 mmol, 1.05 equivalents) and 1,12-bis(dicyclohexyl-
phosphino)dodecane (1.2 g, 2.2 mmol) in dry dichloromethane (40 mL) was stirred for 48 
hours. The mixture was filtered in order to remove the excess palladium(II) dichloride and 
solvent was removed in vacuo, yielding a yellow-orange solid in 98% yield. H (200 MHz): 
2.19-1.26 (m, 68H, CH2+CH) C (100 MHz): 33.17-32.95 (m, 4C, alkyl), 32.11 (s, 2C, alkyl),
29.85-29.05 (m, 14C, alkyl), 27.56-27.40 (m, 8C, alkyl), 26.60 (s, 4C, alkyl), 25.51 (s, 2C,
alkyl), 18.76 (s, 2C, PCH2) P (162 MHz, toluene-d8): 21.8 (s, n  2P, polymer) (s, n  2P).
Elemental analysis calcd (%) for C36H68Cl2P2Pd: C 58.41, H 9.26. Found: C 58.02, H 9.22.

Palladium dichloride bis(1,12-bis(diphenylphosphinito)dodecane) (15). A mixture of
palladium(II) dichloride (0.32 g, 1.8 mmol, 1.1 equivalents) and 1,12-bis(diphenyl-
phosphinito)dodecane (0.93 g, 1.6 mmol) in dry dichloromethane (20 mL) was stirred for 48 
hours. The mixture was filtered in order to remove the excess palladium(II) dichloride and 
solvent was removed in vacuo, yielding a yellow-orange solid in 99% yield. H (400 MHz): 
7.80-7.37 (m, 20H, Ph), 3.74-3.51 (m, 4H, CH2O), 1.35-1.04 (m, 20H, CH2). C (75 MHz):
132.53-131.78 (m, 16C, Ph), 128.28 (s, 8C, Ph), 69.67 (s, 2C, CH2O), 30.31-29.54 (m, 8C,
alkyl), 25.82 (s, 2C, alkyl). P (162 MHz): 110.0 (s, n  2P, polymer). Elemental analysis
calcd (%) for C36H44O2Cl2P2Pd: C 57.81, H 5.93. Found: C 56.83, H 5.92.

Platinum dichloride (1,12-bis(diphenylphosphino)dodecane (16). A mixture of 
platinum(II) dichloride (276 mg, 1.04 mmol, 1.1 equivalents) and 1,12-
bis(diphenylphosphino)dodecane (558 mg, 1.04 mmol) in dry dichloromethane (50 mL) was 
stirred for 24 hours. The mixture was filtered in order to remove the excess platinum(II)
dichloride and solvent was removed in vacuo, yielding a yellow solid in 93% yield. H (400 
MHz): 7.58-7.15 (m, 20H, Ph), 2.30-2.14 (m, 4H, CH2P), 1.90-1.00 (m, 20H, CH2). C (121
MHz): 133.74 (s, 4C, Ph), 131.26 (s, 8C, Ph), 129.55 (s, 8C, Ph), 128.54 (s, 4C, Ph), 30.97 (s, 
2C, alkyl), 29.70-29.20 (m, 8C, alkyl), 25.41 (d, 2C, alkyl). P (162 MHz): 7.0 (s, n  2P,
polymer, JPt–P = 3656 Hz). Elemental analysis calcd (%) for C36H44Cl2P2Pt: C 53.73, H 5.51.
Found: C 53.45, H 5.42.
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Reversible Mechanochemistry of a Palladium(II) Coordination 
Polymer

Abstract: Reversible coordination polymers were developed by complexation of
diphenylphosphine telechelic polytetrahydrofuran with palladium(II) dichloride. This led to 
the formation of high molecular weight linear polymers (Mw = 1.7  105) at low
concentrations (1.5 mM in toluene). After sonication for 1 hour, the weight averaged 
molecular weight of the polymer was reduced from 1.7  105 g/mol to 1.0  105 g/mol. Upon
standing for 24 hour, the original molecular weight was completely restored. The process is
highly reversible, which means that no new endgroups are formed. A further implication is 
that the decrease in molecular weight must be fully attributed to the formation of large cycles.

This work has been published: J. M. J. Paulusse, R. P. Sijbesma, Angew. Chem. 2004, 116,
4560-4562; Angew. Chem., Int. Ed. 2004, 43, 4460-4462.



Chapter 3

3.1 Introduction

The design and synthesis of appropriate ligands is a well-established, but sometimes 
cumbersome method to control the coordination chemistry of transition metal complexes.
Manipulating the coordination sphere by mechanical means is an exciting, yet barely explored 
alternative,1 that may open up novel avenues in coordination chemistry and catalysis.
Although mechanical forces act on even the smallest molecules, the effect of extensional
forces is most pronounced in macromolecular species. If these forces act on a coordination 
polymer2 of sufficient length, the noncovalent bonds may be broken.3 Reversibility4-7 of the
coordinative interactions could then result in continuous reformation of polymer chains until a
steady state degree of polymerization is reached. Irreversible disruption of covalent bonds is
known to occur in polymers subject to strong shear forces;8,9 it is the basis of processing 
technologies such as mastication of natural rubber10 and even causes unwanted degradation of 
macromolecules in chromatography.11 Ultrasonication is one of the most efficient methods to 
induce breakage in polymer chains in homogeneous solution.12,13 The shear forces required for 
chain scission are provided by the collapse of cavitation bubbles created by ultrasound. In this
chapter, the synthesis and reversible sonochemistry of high molecular weight coordination
polymers in dilute solution is presented.

 Breaking polymers apart and putting them back together

When ultrasound acts on a solution, cavitation bubbles can be created, which upon collapse induce large shear
forces. These mechanical forces can stretch and eventually break polymer chains. When these bonds break,
highly reactive chain ends are formed that result in a wide variety of chemical reactions.

The reversible coordination polymers introduced in this chapter consist of polymer chains connected by
reversible palladium-phosphorus bonds. Sonication of these polymers resulted in a decrease in molecular weight
as was shown by size exclusion chromatography, demonstrating that the polymer chains were broken. When the 
sonicated polymers were left standing for a day, the original molecular weight was reobtained. Reversibility of the
process indicates that only a reversible bond is broken.

A chain is only as strong as its weakest link and the coordinative bond is much weaker than a covalent bond. 
When mechanical forces stretch these polymers, only this weaker bond is broken and a free phosphine ligand is 
obtained together with a palladium mono-phosphine complex. The free phosphine ligand attacks other 
palladium-phosphine complexes, and replaces another ligand. Eventually the ligand will recombine with a mono-
phosphine palladium complex and restore a less reactive state without free phosphine ligand. 
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3.2 Reversible coordination polymers of phosphine telechelic polymers

Polymeric diphosphine 1 was prepared by cationic polymerization of tetrahydrofuran initiated
by triflic anhydride14 and subsequent termination by the diphenylphosphine anion (Mn = 7.3
103 g/mol; Mw/Mn = 1.11). Linear coordination polymers 2 were obtained by stirring a toluene 
solution of ligand 1 with a small excess of palladium(II) dichloride for 2 days. The small
excess is used to obtain perfect stoichiometry and is removed afterwards by filtration (see also 
Chapter 2). 

Scheme 1 Synthesis of polymeric diphosphine ligand 1 and coordination polymer 2; DTBP = 
2,6 di-tert-butyl pyridine, Tf = trifluoromethanesulfonyl.

Size-exclusion chromatographic (SEC) analysis of the equilibrated samples of 2 at different 
concentrations (Figure 1, left) shows a combination of high molecular weight material15 (Mtop

= 2.5  105 g/mol, Mw = 1.7  105 g/mol, based on polystyrene standards) in combination with 
peaks at 1.1  104 and 2.3  104 g/mol. The low molecular weight peaks correspond well to
the molecular weights of cyclic monomers and dimers (7.5  103 and 1.5  104 g/mol).

Figure 1 Molecular weight distributions of 2 equilibrated in toluene at different 
concentrations (left) and molecular weight distributions of 2 (1.5 mM in toluene), equilibrated 
in the presence of different fractions of [PdCl2{1-(diphenylphosphino)dodecane}2] (right). 

The molecular weight distributions in Figure 1 (left) show that even at the lowest 
concentration high molecular weight material is present, and the data are in line with an
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equilibrium between cyclic and linear complexes with a critical polymerization
concentration16,17 of approximately 0.15 mM. Ligand-exchange rates in 2 are slow on the SEC
timescale. A lifetime of approximately 13 hours was found for the closely related
palladium(II) dichloride 1,12-bis(diphenylphosphino)dodecane system described in Chapter 
2.

In linear coordination polymers, the degree of polymerization is strongly influenced by 
stoichiometric imbalance between bifunctional ligand and metal, or by the presence of mono-
functional ligands.4,18,19 Indeed, intentional addition of 1-(diphenylphosphino)dodecane
(added as palladium(II) dichloride complex to preserve metal to ligand stoichiometry) to 2 led
to a reduction of the molecular weight after equilibration and confirms the linear nature of the
polymer (Figure 1, right).

3.3 Reversible ultrasonic scission 

Ultrasound induced scission of coordination polymer 2 was studied using a sonication probe 
in toluene under argon. A 1.5 mM solution, which had been equilibrated for 3 days, was 
sonicated for 1 hour while the temperature was kept constant at 20 C. Samples were taken
during the experiment and analyzed with SEC. The results of the sonication experiment are
shown in Figure 2 (left). After sonication for 1 hour, Mw has decreased from 1.7  105 g/mol
to 1.0  105 g/mol.

Figure 2 Ultrasound induced molecular weight reduction of 2 at 1.5 mM in toluene: 
molecular weight distributions of samples taken during sonication (left) and molecular weight 
(Mw) during reversibility test consisting of 5 cycles of sonication (1 h) followed by 
equilibration (23 h).

1H NMR, 13C NMR, and 31P NMR spectroscopy show that no chemical degradation of 
complex 2 has occurred. Furthermore, after leaving the sample for 1 day, the original
molecular weight distribution was restored nearly quantitatively. In order to test the
reversibility of the sonochemical degradation, a 1.5 mM solution was sonicated for 1 hour and
left to equilibrate for 23 hours. This procedure was repeated 5 times. In Figure 2 (right),
weight averaged molecular weights of the sample in time are depicted and show no sign of 
irreversible polymer degradation. The reversibility of the effects of sonication shows that no 
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covalent bonds are broken in the process, and that the mechanical degradation is highly 
selective for the weaker palladium-phosphine coordination bonds.

Although the temperature was kept constant at 20 °C during all sonication experiments, it is
necessary to confirm that the reduction of molecular weight is indeed brought about by the
mechanical action of ultrasound, and not by a trivial heating effect. Therefore, an equilibrated
solution of 2 was heated at 80 C for 3 hour and then analyzed at room temperature by SEC.
Compared to sonication, heating resulted in a much smaller decrease of Mw from 1.7  105 to 
1.5  105 g/mol. Moreover, heating leads to an increase in lower molecular weight material
over the whole molecular weight range, most strongly of monomeric cycles, whereas 
sonication leads to an increase of polymeric material of a more specific length (after 5 min of 
sonication the strongest increase is found at M = 1.9  105 g/mol).

In a second control experiment, a solution of complex 2 was equilibrated for 3 days at 0.35 
mM. This sample was subsequently concentrated swiftly by partially evaporating the solvent. 
This resulted in a 1.5 mM solution with the molecular weight distribution corresponding to
that of a less concentrated solution. Part of this sample was sonicated and showed a strong
reduction of molecular weight, while without sonication, the molecular weight distribution
shifted towards higher molecular weight (Figure 3). This experiment shows that sonication
moves the composition of the solution away from thermodynamic equilibrium.

Figure 3 Molecular weight evolution of equilibrating and sonicated samples of 1.5 mM
solutions of 2 with non-equilibrium composition.

3.4 Mechanism of ultrasonic scission in reversible coordination polymers 

Ultrasonic chain scission is a non-random process acting preferentially on longer chains.10,12,13

In solutions of 2, this is evidenced by the complete disappearance of the highest molecular
weight polymers after short sonication times (Figure 2, left). Several observations suggest a
mechanism resulting in the formation of cyclic polymers. For a reduction in molecular weight
of any linear polymer, either additional chain ends or rings have to be formed (or a 
combination of both). Ligand exchange in palladium(II) phosphine complexes is known to
occur predominantly via an associative mechanism, and is therefore strongly accelerated by
trace amounts of free phosphine.20 Because sonicated solutions of 2 equilibrate with the same 
rate as non-equilibrium solutions obtained by other means, (e.g. by quickly increasing the 
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concentration) the presence of significant amounts of free phosphine endgroups after 
sonication may be excluded, giving rise to the conclusion that the newly formed polymer is
mainly cyclic. We propose that the phosphine chain ends formed by breaking react rapidly
with a palladium complex either intramolecularly or intermolecularly (Scheme 2). In each 
case, upon substitution on the palladium center a new reactive phosphine endgroup is formed
and a chain reaction is initiated which terminates when a free phosphine reacts with a
coordinatively unsaturated palladium(II) chain end. However, intermolecular reaction merely
results in redistribution to give a statistical (most probable) chain length distribution, but does
not change the average molecular weight of the polymer. On the other hand, intramolecular
attack of a phosphine endgroup results in splitting off of a cycle, and effects the net reduction 
of molecular weight observed in sonicated solutions of 2.

Scheme 2 Proposed elementary steps upon sonication of 2.

3.5 Conclusions

The results presented in this chapter demonstrate that ultrasound may be used to mechanically
induce ligand dissociation of transition metal complexes. Thus, a novel method to study and
control the chemistry of coordination complexes is made available. The creation of vacant 
coordination sites in combination with the complete reversibility of the process points the way 
to application of this principle in transition metal catalysis. Before ultrasonic scission of
coordination polymers can actually be applied, more information must be gained about the
mechanism. Chapter 4 deals with the quantification of the scission process and the reactivity
changes induced by ligand dissociation. 

3.6 Experimental section 

General procedures. 1H NMR (400 MHz), 13C NMR (100 MHz) and 31P NMR (162 MHz) 
spectra were recorded on a Bruker 400 spectrometer in deuterated chloroform unless stated 
otherwise. Chemical shifts are reported in ppm and referenced to tetramethylsilane and 
chloroform (proton and carbon) and external 85% phosphoric acid (phosphorus). MALDI-
TOF spectra were obtained on a Perceptive Biosystems Voyager DE-Pro MALDI-TOF mass
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spectrometer (accelerating voltage 20 kV; grid voltage 74.0%; guide wire voltage 0.030%;
delay 200 ms; low mass gate, 900 amu). Samples for MALDI-TOF were prepared by adding a
solution of the corresponding complex in THF (20 L, c = 1 mg/mL) to a solution of -
cyano-4-hydroxycinnamic acid in THF (10 L, c = 20 mg/mL) and subsequent thorough
mixing. This mixture (0.3 L) was brought on a sample plate and solvent was evaporated.
Size exclusion chromatography was performed on a Shimadzu LC10-AT, using Polymer
Laboratories PL Gel 5 m mixed-D column (linear range of MW: 200 – 400000 g/mol), a 
Shimadzu SPD-10AV UV-vis detector at 254 nm and chloroform as eluent at a flow rate of 1
mL/min (20 °C). Polystyrene standards were used for calibration. Sonication experiments 
were carried out with a Sonics VCX 500 Watt Ultrasonic Processor (Sonics & Materials Inc.)
A 13 mm probe was used at a frequency of 20 kHz, at 30% of the maximum amplitude of 125

m. Syntheses of the ligands and the complexes were carried out under dry Argon atmosphere
using standard Schlenk techniques. Toluene, diethyl ether and tetrahydrofuran were distilled 
from sodium-potassium; dichloromethane and deuterated-chloroform were distilled from 
P2O5. Silica gel 60 (0.040-0.063 mm) was purchased from Merck. Potassium
diphenylphosphide (0.5M in THF), methyltriflate (99%), triflic anhydride (99%) and 2,6-di-
tert-butylpyridine (97%) were purchased from Aldrich and used without further purification;
palladium dichloride (99.9%) was purchased from STREM; palladium dichloride
bis(benzonitrile) (99%) was purchased from ACROS. The syntheses of 1-
(diphenylphosphino)dodecane and the corresponding palladium(II) dichloride complex were 
described in Chapter 2. 

, -Bis(diphenylphosphino)polytetrahydrofuran (1). In a typical polymerization, 2,6 di-
tert-butylpyridine (85.2 mg, 0.445 mmol) was added to 200 mL tetrahydrofuran (178.0 g,
2.47 mol). This mixture was stirred for 15 minutes, while cooling the mixture to 0 ºC. Triflic
anhydride (1.34 g, 4.76 mmol) was added to the mixture. After 20 minutes, 19.0 mL of a 0.5 
M solution of potassiumdiphenylphosphine (9.51 mmol) in tetrahydrofuran was added to the 
reaction mixture. The mixture was left stirring for 15 minutes. Solvent was removed in vacuo
resulting in a dark yellow/black oil. This oil was dissolved in dichloromethane (200 mL) and
stirred well. The suspension was filtered in order to remove all potassium salts. Residual
dissolved potassium salts were removed by filtration over a small layer of dried silica with
dichloromethane as eluent. Dichloromethane was removed and the white solid was dissolved
in 100 mL of diethyl ether. At -18ºC, the poly-tetrahydrofuran crystallizes out and
precipitates. This was repeated once, in order to remove all impurities. Finally, diethyl ether 
was evaporated in vacuo yielding a white powder (22.0 g, 67%). H (400 MHz): 7.45-7.30 (m,
20H, Ph), 3.62-3.20 (m, n  4H CH2O), 2.08 (t, 4H, CH2P) 1.73-1.48 (m, n  4H, CH2CH2O).

C (121 MHz): 139.0 (s, 4C, Ph), 133.1 (s, 8C, Ph), 128.7 (s, 12C, Ph), 70.9 (m, n  2C,
CH2O), 31.57 (d, 2C, CH2P), 26.80 (m, n  2C, CH2CH2O). P (162 MHz): -16.0 (s, n  2P).
Mn = 7.3  103 g/mol SEC: Mn = 1.5  104 g/mol, Mw = 1.7  104 g/mol, Mw/Mn = 1.11, based 
on polystyrene standards. MALDI-TOF: 6337 g/mol.

Palladium dichloride ( , -bis(diphenylphosphino)polytetrahydrofuran) (2). A mixture of
palladium(II) dichloride (51 mg, 0.287 mmol, 1.1 equivalents) and , -
bis(diphenylphosphino)polytetrahydrofuran (1.88 g, 0.261 mmol) in dry toluene (188 mL)
was stirred for 48 hours. The mixture was filtered in order to remove the excess of
palladium(II) dichloride and yielding a bright yellow solution. The solvent was not 
evaporated; the solution was immediately used in the sonication experiments. H (400 MHz):
7.75-7.14 (m, m  20H, Ph), 3.51-3.23 (m, m n  4H CH2O), 2.46 (t, m  4H, CH2P) 1.72-
1.45 (m, m n  4H, CH2CH2O). C (121 MHz): 139.23 (s, m  4C, Ph), 134.01 (s, m  8C,
Ph), 128.15 (s, m  12C, Ph), 70.62 (m, m n  2C, CH2O), 31.04 (d, m  2C, CH2P), 26.55
(m, n  2C, CH2CH2O). P (162 MHz): 16.4 (s, m  2P) (n is the degree of polymerization of
polymer 1, m is the degree of supramolecular polymerization of coordination polymer 2.)
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Stopper experiment. A mixture of complex 2 in toluene (1.5 mM, 60 mL, 90 mmol) and a 
specific amount of palladium(II) dichloride bis {1-(diphenylphosphino)dodecane} (for 
example 10%: 8.0 mg, 9 mmol) was stirred for 3 days. The solvent was not evaporated; the 
solution was immediately used in the sonication experiments.  

Sonication experiments. In a typical sonication experiment, the reaction vessel was charged 
with 25 mL of the 1.5 mM toluene solution of polymeric complex 2. Argon was bubbled 
slowly through the stirred solution. The temperature of the mixture was kept constant at 20 °C 
by cooling with water. The probe was put at approximately 1 cm distance off the bottom of 
the vessel. During the sonication experiment, SEC-samples were taken and frozen in liquid 
nitrogen. For analysis, the samples were swiftly heated up to room temperature and analyzed 
without further purification. 
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4

Quantification of Ultrasound Induced Chain Scission in 
Palladium(II) Coordination Polymers

Abstract: The efficiency of ultrasound induced chain scission was studied using solutions of
a kinetically inert reversible coordination polymer (3) and a kinetically labile stopper complex
(4). Coordination polymer 3 was obtained through complexation of dicyclohexylphosphine
telechelic polytetrahydrofuran with palladium(II) dichloride. This coordination polymer is 
unreactive towards palladium(II) dichloride bis(1-diphenylphosphino)dodecane (4), because
ligand dissociation in the coordination polymer is slow. However, upon ultrasonication of
polymer 3 in the presence of 4 (in toluene), formation of palladium(II) heterocomplexes was
observed with 31P NMR. Heterocomplex formation, the consumption of 4, and changes in 
molecular weight were used to quantify the scission process. In the presence of 60 equivalents
of the alkyldiphenylphosphine stopper complex, the reduction in molecular weight was 
strongly enhanced; over a period of 8 h the weight averaged molecular weight was reduced 
from 1.1  105 to 2.3  104 g/mol while 47% of the palladium(II) complexes in the
coordination polymer had been converted into heterocomplexes. The stopper complex is not
expected to change the scission rate, and the stronger weight reduction therefore implies
suppression of cyclization and redistribution processes. The results show that the system of 3
in combination with scavenger 4 is a suitable system to study the efficiency of ultrasound
induced chain scission of coordination polymers.

This work has been published: J. M. J. Paulusse, J. P. J. Huijbers, R. P. Sijbesma, Chem. Eur. 
J. 2006, 12, 4928-4934.



Chapter 4

4.1 Introduction

Ultrasonication of solutions containing reversible palladium(II) coordination polymer 1
causes scission of the coordinative bonds and leads to the formation of free phosphorus
ligands and coordinatively unsaturated palladium(II) species, as described in Chapter 3. The 
liberated phosphorus ligands substitute phosphorus ligands of other palladium(II) bis 
phosphine complexes, which leads to a redistribution of the chain lengths. This process is 
terminated when a free ligand recoordinates to a coordinatively unsaturated palladium(II)
complex. Size exclusion chromatography (SEC) measurements show a reversible decrease in
the molecular weight upon irradiation of coordination polymer 1 with ultrasound for 1 h. A
reversible decrease in molecular weight implies that no new endgroups are created and that 
cyclic polymers must form. For the application of this method in coordination chemistry and
catalysis, the scission process needs to be highly efficient, and a method to the quantify
scission efficiency is desirable. However, when coordination polymer 1 is sonicated during
several hours (see Figure 1, right), no further decrease in molecular weight is observed 
already after 2 h. Ultrasonic scission still occurs after this time,1 but does not lead to changes
in the mass distribution. Quantification of the scission process based on SEC measurements is 
not useful, because of the relatively rapid equilibration as well as the formation of cyclic
oligomers.

How fast is ultrasonic scission of coordination polymers?

In Chapter 3 it was shown that when a coordination polymer is sonicated, the polymers are broken and a 
decrease in molecular weight is observed. Quantification of this process is very important, because it makes 
optimization studies possible. It is however, difficult to quantify the scission process on the basis of this 
molecular weight decrease; after 2 hours of sonication, no further weight decrease is observed, because re-
formation of the polymers is competitive with scission. This chapter describes how the scission rate can be
quantified by interception of the liberated chain ends and formation of kinetically stable heterocomplexes. 

Upon breakage of a coordinative bond, a ligand is released and a coordinatively unsaturated metal complex is
formed; if these species are reacted with different coordination complexes, ligand exchange reactions takes 
place, which lead to the formation of stable heterocomplexes.

A kinetically stable coordination polymer based on dicyclohexylphosphine ligands was synthesized. The ligands 
of this polymer do not dissociate during the experiment. Ligand exchange with a different complex therefore only
occurs when the polymer is sonicated. 

The amount of heterocomplex was measured with 31P NMR and size exclusion chromatography and from this,
the speed of ultrasonic scission was determined. During 8 hours, approximately half of the complexes in the
coordination polymer was converted into heterocomplexes.
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Figure 1 Reversible coordination polymer 1 based on diphenylphosphine telechelic
polytetrahydrofuran and palladium(II) dichloride (left); Mw during sonication of 1 (right).

In this chapter, quantification of ultrasound induced chain scission in a kinetically stable 
coordination polymer of dicyclohexylphosphine telechelic polytetrahydrofuran and
palladium(II) dichloride is presented. The use of an alkyldiphenylphosphine palladium(II)
complex is described, which suppresses cyclization by scavenging reactive phosphine chain 
ends, and the rate of ultrasonic chain scission is analyzed using two independent methods,
size exclusion chromatography (SEC) and 31P NMR spectroscopy.

4.2 Synthesis of a kinetically stable coordination polymer

In Chapter 2, the synthesis of three palladium(II) dichloride bis-phosphine complexes was 
described.2 From the studies concerning their ligand exchange kinetics it was concluded that
alkyldicyclohexyl-phosphines form extremely stable complexes with palladium(II) dichloride
with equilibration times of several months. These ligands are suitable for the synthesis of a
coordination polymer that is kinetically more stable than polymer 1.

Therefore, dicyclohexylphosphine telechelic polytetrahydrofuran was synthesized by cationic
polymerization of tetrahydrofuran, and terminated with lithium dicyclohexylphosphine,
yielding polymeric ligand 2 with a number average molecular weight (Mn) of 6.7  103 g/mol,
based on 1H NMR, and a polydispersity index of 1.11. Coordination polymer 3 was obtained
by stirring a toluene solution of ligand 2 (20.0 g/L, 2.91 mM) with an excess of palladium(II)
dichloride in toluene for 7 days (Scheme 1). SEC analysis of 3 showed the presence of high-
molecular-weight material (Mpeak = 1.1  105, Mw = 6.1  104 g/mol, based on PS-standards),
accompanied by a peak at 1.0  104 g/mol which represents the cyclic monomer (see Figure 2,
left). The maximum degree of supramolecular polymerization is approximately 16 units,
which corresponds to approximately 6% impurity in the material; most likely,
monofunctionalized polymeric ligands or ligands with one oxidized phosphine endgroup act 
as stopper. 
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Scheme 1 Synthesis of , -bis(dicyclohexylphosphino)polytetrahydrofuran 2 and its PdCl2

coordination polymer 3, Tf = trifluoromethanesulfonyl.

4.3 Design of the stopper complex 

For the scavenging of reactive phosphine chain ends created by ultrasonic scission, a 
compound is required with high reactivity towards alkyldicyclohexylphosphine ligands and 
coordinatively unsaturated palladium, whereas the scavenger compound itself, nor any of its
reaction products should display reactivity towards the coordination polymer. These 
requirements suggested the use of palladium(II) dichloride with less nucleophilic bis-
alkyldiphenylphosphine ligands, e.g. complex 4, as a candidate for scavenging chain ends. It 
was anticipated that the high nucleophilicity of alkyldicyclohexylphosphines would result in
complete displacement of one alkyldiphenylphosphine ligand (Scheme 2), while the liberated
alkyldiphenylphosphine ligand would be unreactive towards the coordination polymer, but
would react with coordinatively unsaturated Pd chain ends.

Scheme 2 General scheme for the interception of dicyclohexylphosphine chain ends with a
low molecular weight complex containing less nucleophilic diphenylphosphine ligands. 

The validity of this assumption was first studied by mixing 1-(dicyclohexylphosphino)-
dodecane 5 with 4 equivalents of complex 4 in toluene-d8 (Figure 2). This immediately led to
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quantitative formation of heterocomplex 6, as was evident from the 31P NMR spectrum
depicted in Figure 2. After mixing, the signal of free ligand 5 had disappeared and a new 
peak, originating from free 1-(diphenylphosphino)dodecane ligand 7, was observed at 
 = –16.0 ppm. Formation of heterocomplex 6 was confirmed by the appearance of two

doublets at  = 27.5 ppm and = 13.0 ppm (JP-P = 527 Hz) in the 31P NMR-spectrum. The
large coupling constant implies that the heterocomplex adopts a trans-configuration in
toluene.3
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Figure 2 31P NMR spectrum of the product mixture obtained upon addition of 5 to a solution 
of 4 in toluene-d8.

To evaluate the reactivity of stopper complex 4 towards the coordination polymer, a toluene 
solution of 3 (1.5 mM) containing 1.7 equivalents of complex 4 was stirred without sonication 
at 20 C. The reaction was followed by monitoring reduction of the peak of 4 in the SEC
trace. Within the first hour approximately 1.2% heterocomplex was formed, whereas after 5 
hours 2.2% heterocomplex was observed. This time course suggests that the initial exchange 
is due to the presence of impurities, such as bridged palladium(II) dichloride complexes and 
free dicyclohexylphosphine ligands, and that the true exchange rate between coordination
polymer 3 and stopper complex 4 is very low. This hypothesis was verified by mixing the 
chloro-bridged coordination polymer 8 with stopper complex 4. After 30 min approximately
15% exchange had taken place, leading to the formation of several new complexes amongst
which heterocomplex 9 (see Scheme 3). 

Scheme 3 Reaction of chloro-bridged coordination polymer 8 with stopper complex 4.
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4.4 Quantification of scission by monitoring the reduction of molecular weight

Solutions of 3 in toluene (1.5 mM monomer) were sonicated for 3 hours using a sonication
probe in the presence of respectively 0, 1.7, 10, and 60 equivalents of complex 4. Samples for
31P NMR and SEC analysis were taken at regular intervals (Figure 3, left). In the absence of 4,
a decrease in weight averaged molecular weight from 1.3  105 g/mol to 7.6  104 g/mol was
observed after 3 h, while a greater decrease in Mw was observed in the presence of 4, to 4.5 
104 (1.7 eq.), 4.4  104 (10 eq.) and 4.1  104 g/mol (60 eq.). After 8 h of sonication, in the
presence of 60 equivalents of 4, Mw was further decreased to 2.3  104 g/mol.

Figure 3 SEC-traces measured before and after 3 hours of sonication of coordination
polymer 3 in the presence of 0 equivalents, 1.7 equivalents, and 60 equivalents of complex 4
(left); SEC-traces measured after 0, 3 and 8 hours of sonication of coordination polymer 3 in 
the presence of 60 equivalents of 4, with assignment (right). 

In addition to giving rise to a faster decrease in molecular weight, the presence of 4 also led to
the formation of different products. Upon extensive sonication for 8 h, the SEC trace of the
solution containing 60 equivalents of 4 displayed 2 peaks with molecular weights 1.5  104

and 2.6  104 g/mol (PS-standards, see Figure 3, right). These peaks are absent in the SEC
trace of 3 sonicated in the absence of 4, and are assigned to dodecyldiphenylphosphine-
stoppered monomers and dimers, respectively. The molecular weights of these species were
used to calibrate the number and weight averaged degrees of polymerization (DPn and DPw) in 
the SEC traces of the sonication experiment in the presence of 60 eq of 4 (Figure 4, left). 
These changes were used to calculate the amount of chain scission expressed as the fraction 
of broken complexes in the coordination polymer (Equation 1), using the assumption that no 
recombination takes place. This analysis indicates that sonication results in 39% scission of 
coordination complexes over the course of 8 h, 25% being broken after 3h. (Figure 4, right). 

0t,Nxt,N DP
1

DP
1incomplexesbrokenofFraction 3 (1)

The SEC trace can only be used to evaluate chain scission when a high concentration of 4 is
present. If scavenging is inefficient, an unknown fraction of cyclic species with lower 
hydrodynamic volumes4 is formed, making calibration impossible.
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Figure 4 Weight and number averaged degree of polymerization (left) and ligand exchange
(right) of coordination polymer 3 during sonication with 60 eqs. of 4.

4.5 Quantification of scission by monitoring ligand exchange with 31P NMR and SEC 
analyses

The rate of ultrasound induced chain scission of polymer 3 was further quantified by
monitoring the formation of the palladium(II) heterocomplex with 31P NMR. Upon sonicating
the toluene solutions of 3 containing alkyldiphenylphosphine complex 4, 2 new doublets
appeared in the 31P NMR spectrum at  = 27.5 ppm and = 13.0 ppm (JP–P = 527 Hz) which 
were assigned to the alkyldicyclohexylphosphine and the alkyldiphenylphosphine phosphorus
atoms in the heterocomplex, respectively, in accordance with the earlier described ligand 
exchange experiment. The fraction of broken complexes of 3 was calculated by determining
the ratio of the peak intensities using Equation 2.

HomoPCyHeteroPCy

HeteroPCy

22

2

IntegralIntegral
Integral

incomplexesbrokenofFraction 3      (2) 

The extent of ultrasonic scission was determined in an independent fashion by monitoring the 
decrease in intensity of the signal of 4 in SEC traces of the same solutions.5 During
sonication, 4 is consumed by ligand exchange and the intensity of the corresponding peak
decreases. Taking the stoichiometry of the stopper complex into account, the amount of
ultrasonic scission was calculated with Equation 3.
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][][
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3

443    (3) 

In Figures 5, ultrasonic scission, as derived from NMR and SEC, has been plotted against
time. For sonication times below 30 min., NMR data are not available, since the signal to 
noise ratio of the peaks of the heterocomplex was insufficient. Nevertheless, good agreement
between the two quantification methods is observed. The plots of Figure 5 show that a higher
concentration of stopper complex 4 led to increased heterocomplex formation.  In the 
presence of 1.7 equivalents of 4, approximately 20% of the complexes in the coordination
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polymer were converted into a heterocomplex after 3h, against 35 % when 60 eq of 4 were
present; after 8 hours of sonication, a total of 47% heterocomplex had formed. Since the 
presence of 4 is not expected to influence the rate of scission, the differences reflect the
increased efficiency of scavenging. Even in the presence of 60 eq of 4, scavenging is not
guaranteed to be quantitative. The rate of heterocomplex formation in the presence of 60 eq of
4 is therefore a lower limit for the true rate of chain scission.

Figure 5 Ligand exchange in coordination polymer 3 in the presence of 1.7 equivalents (left);
and 60 equivalents of 4 (right). 

4.6 Discussion and conclusions 

In Chapter 3 the reversible, ultrasound-induced chain scission of polymer 1 is described and a 
mechanism is proposed in which the phosphine free chain ends initiate a series of ligand
exchange reactions, which is terminated by recombination of chain ends.6 Since this process
only leads to redistribution, and not to a reduction in molecular weight, the stable fragments
observed with size exclusion chromatography (SEC) were proposed to be cyclic species
formed by backbiting. In the kinetically stable system of coordination polymer 3 in 
combination with efficient scavenging of chain ends by complex 4, cyclization and 
redistribution are suppressed, and a higher efficiency of chain scission is predicted. 
Qualitative comparison of the SEC traces in Figure 3 (left) shows that the addition of complex
4 indeed strongly enhances the efficiency of molecular weight reduction. This confirms the 
hypothesis that without stopper, only a fraction of the scission events results in a reduction of 
molecular weight.

The system of 3 in combination with scavenger 4 is a suitable system to study the efficiency
of ultrasound induced chain scission of coordination polymers. Three independent methods
have been used to quantify the efficiency of the scission process. In principle, the method
based on the reduction in DP observed with SEC can be used to analyze the scission
experiment either in the absence or the presence of an excess of 4, because the coordination 
polymer is kinetically inert and does not re-equilibrate during the experiment. However, the 
method can only be used in a quantitative manner in the presence of 4, since in the absence of 
stopper an unknown amount of cyclic material with smaller hydrodynamic volume is formed.
Quantification of the scission efficiency in the presence of 60 equivalents of stopper shows 
that the DPn is reduced from 2.7 to 1.3 over the course of 8 h, implying that during this time
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each chain, on average, is broken more than once. It is also evident that the efficiency of the 
process is much higher in the initial stages of sonication, when longer chains are still present,
than during the last 4 hours. This is in line with the higher susceptibility to scission of longer
chains.7-9 The chain length dependence of the scission rate means that it is not very useful in
the present system of highly polydisperse polymers to give a number for the overall rate of
scission.

The other two methods to quantify scission described here directly probe the amount of ligand
exchange by measuring either the intensity of heterocomplex in the 31P NMR spectrum, or the
amount of stopper complex consumed according to SEC. These data give scission rates which
are in very good agreement with each other. Comparison of these data with the DP
measurements also gives a fair agreement, although the amount of chain scission based on DP
gives a lower estimate for the rate of scission (39% vs 47 % after 8 h, see Figure 4, right). The
difference may be ascribed to a reduction in the fraction of cyclic species upon sonication. 
Since linear products have a larger hydrodynamic volume than the corresponding rings, this
results in underestimating the change in DP.

In comparison, all three methods to quantify chain scission have limitations. While the SEC 
traces give the most detailed information on the scission process, using these traces to extract
changes in DP is restricted by the need for calibration and the presence of a changing fraction 
of cyclic species. The other two methods, using NMR or the peak of 4 in SEC are limited in 
the amount of information they give on changes in molecular weight distribution, but these
methods are convenient and their results are in excellent agreement with each other. 

The heterocomplex formation reported in this chapter is an important step toward ultrasound
induced coordination mechanochemistry and mechanocatalysis. For application in catalysis,
however, practical applications require an increased scission rate. The use of ultrasound in the
synthesis of new coordination compounds on the other hand, is within reach when
monofunctionalized polymeric phosphine ligands are used. These ligands then lead to 
complexes with a single metal center in the middle of the chain, which enables quantitative 
scission and ultrasound controlled coordination chemistry, as discussed in Chapter 5.

4.7 Experimental Section 

General procedures. 1H NMR (400 MHz), 13C NMR (100 MHz) and 31P NMR (162 MHz) 
spectra were recorded on a Bruker 400 spectrometer in deuterated chloroform unless stated 
otherwise. Chemical shifts are reported in ppm and referenced to tetramethylsilane and 
chloroform (proton and carbon) and external 85% phosphoric acid (phosphorus). Size
exclusion chromatography was performed on a Shimadzu LC10-AT, using Polymer
Laboratories PL Gel 5 m mixed-D column (linear range of MW: 200 – 400000 g/mol), a 
Shimadzu SPD-10AV UV-vis detector at 254 nm and chloroform as eluent at a flow rate of 1
mL/min (20 °C). Polystyrene standards were used for calibration. Sonication experiments 
were carried out with a Sonics VCX 500 Watt Ultrasonic Processor purchased from Sonics &
Materials Inc. A 13 mm probe was used at a frequency of 20 kHz, at 30% of the maximum
amplitude of 125 m. Syntheses of the ligands and the complexes were carried out under a 
dry argon atmosphere using standard Schlenk techniques. Tetrahydrofuran was distilled from 
sodium-potassium; diethyl ether was distilled from molecular sieves; dichloromethane and 
deuterated chloroform were distilled from P2O5. Diethyl ether was degassed before use. 
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n-Butyl lithium was titrated before use. Silica gel 60 (0.040-0.063 mm) was purchased from
Merck. n-Butyl lithium in hexanes (1.6 M), was purchased from Aldrich; dichloro(1,5-
cyclooctadiene) palladium (99%), palladium dichloride (99.9%) and dicyclohexylphosphine
(98%) were purchased from STREM. The syntheses of 1-(diphenylphosphino)dodecane, 1-
(dicyclohexylphosphino)dodecane and their palladium(II) dichloride complexes have been
described in Chapter 2. 

, -Bis(dicyclohexylphosphino)polytetrahydrofuran (2). Dicyclohexylphosphine (1.04 g,
5.24 mmol, 2.2 equivalents) was dissolved in tetrahydrofuran (30 mL) and the stirred solution 
was cooled to –90 C. n-Butyl lithium (1.6 M, 3.27 mL, 5.2 mmol, 2.2 equivalents) was
slowly added to the mixture. After complete addition the yellow mixture was stirred and left 
to warm to room temperature.

A mixture of di-tert-butyl-pyridine (42.6 mg, 0.22 mmol, 0.09 equivalents) and dry
tetrahydrofuran (100 mL) was cooled to 0 C with ice. Trifluoromethane sulfonic anhydride
(0.67 g, 2.4 mmol) was added to the mixture. After stirring for 50 minutes at 0 C, the 
solution of lithium dicyclohexylphosphine in tetrahydrofuran was added to the reaction 
mixture. This mixture was stirred for 30 minutes and left to warm to room temperature.
Solvent was removed in vacuo resulting in a yellow oil. In order to remove residual
impurities, the oil was dissolved in 150 mL diethyl ether and this mixture was filtered over
silica that was dried from water and air. At -18 C , -bis(dicyclohexylphosphino)
polytetrahydrofuran crystallizes out and precipitates. This was repeated once, in order to 
remove al impurities. Finally the solvent was removed in vacuo, yielding a white solid (10.9 
g, 68%). H (400 MHz): 3.55-3.2 (m, n  4H, CH2O), 1.74-1.17 (m, n  4H, CH2CH2O and 
44H, alkyl). C (100 MHz) 70.70 (s, n  2C, CH2O), 33.40 (d, 4C, alkyl), 30.45 (d, 8C, alkyl),
29.09 (d, 8C, alkyl) 27.44-25.34 (m, n  2C, CH2CH2O and 4C, alkyl), 21.27 (d, 2C, PCH2).

P (162 MHz): -3.25 (s, 2P). Molecular weight via end-group determination (1H NMR): Mn = 
6.7  103 g/mol. SEC: Mn = 1.5  104 g/mol, Mw = 1.7  104 g/mol, Mw/Mn = 1.11, based on 
polystyrene standards.

Palladium dichloride ( , -bis(dicyclohexylphosphino)polytetrahydrofuran) (3). Due to
the sensitivity of ligand 2 towards oxygen, a large amount of the ligand is rapidly
complexated using a soluble palladium source and the insoluble palladium(II) dichloride was
used to obtain perfect stoichiometry.2 Palladium(II) dichloride (1,5-cyclooctadiene) (91 mg,
0.32 mmol, 0.75 equivalents), palladium(II) dichloride (27 mg, 0.15 mmol, 0.35 equivalents)
and , -bis(dicyclohexylphosphino)polytetrahydrofuran 2 (2.69 g, ~0.27 mmol) were
dissolved in 135 mL dry toluene and this mixture was stirred for 7 days. The mixture was 
filtered in order to remove the excess palladium(II) dichloride yielding a clear yellow
solution. Solvent was not evaporated; the 20 g/L solution was immediately used in sonication 
experiments. Only a small sample was dried for analysis purposes. H (400 MHz): 3.58-3.22
(m, n  4H, CH2O), 1.90-1.19 (m, m n  4H, CH2CH2O and m  44H, alkyl). C (100 MHz): 
70.74 (s, m n  2C, CH2O), 33.03 (s, m  4C, alkyl), 29.43 (s, m  8C, alkyl), 28.96 (d, m
8C, alkyl), 27.52-26.3 (m, m n  2C, CH2CH2O and 4C, alkyl), 22.09 (s, 2C, PCH2). P (162 
MHz): 23.24 (s, m  2P). (n is the degree of polymerization of polymer 2, m is the degree of 
supramolecular polymerization of coordination polymer 3)

Dipalladium(II) (di- -chloride) dichloride ( , -bis(dicyclohexylphosphino) poly-
tetrahydrofuran) (8). Coordination polymer 3 (1.23 g, 0.178 mmol) was dissolved in toluene 
(50 mL) and dichloro(1,5-cyclooctadiene) palladium (51 mg, 0.178 mmol) was added. The 
mixture was heated to 80 °C for 24 hours. Solvent was removed in vacuo yielding a dark
yellow oil. (1.18 g, 95%) H (400 MHz): 3.60-3.34 (m, n  4H, CH2O), 2.00-1.25 (m, m n
4H, CH2CH2O and m  44H, alkyl). C (100 MHz): 70.54 (s, m n  2C, CH2O), 35.36 (s, m

 4C, alkyl), 29.24 (s, m  8C, alkyl), 28.76 (d, m  8C, alkyl), 26.62 (m, m n  2C, 
CH2CH2O and 4C, alkyl), 22.051 (s, 2C, PCH2). P (162 MHz): 55.29 (s, m  2P). (n is the 
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degree of polymerization of polymer 2, m is the degree of supramolecular polymerization of 
coordination polymer 8.)

Sonication experiments. Part of the 20.0 g/L solution of 3 in toluene (2.91 mM) was diluted 
with toluene to 10.0 g/L (1.45 mM) and a water-cooled glass vessel was filled with 30.0 mL. 
The solution was sonicated while slowly bubbling argon through and samples for SEC-
analysis were taken at regular intervals. These samples were immediately frozen in liquid 
nitrogen and left to warm to room temperature only just before SEC-measurement. In the case 
of quantification experiments, a specific amount of complex 4 was added. (1.7 equivalents: 
65.5 mg, 7.40  10-5 mol; 10 equivalents: 385 mg, 4.35  10-4 mol; 60 equivalents: 2.31 g, 
2.61  10-3 mol.) 
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Ultrasonic Scission of Coordination Polymers: Breaking the 
Weakest Link 

Abstract: The influence of the strength of coordinative linkages on ultrasonic scission of 
polymer chains was investigated. Polytetrahydrofuran with a palladium(II) dichloride bis-
dicyclohexylphosphine moiety (3) was sonicated and shown to rapidly dissociate under the 
action of ultrasound, whereas covalent polytetrahydrofuran (pTHF 35K) of similar molecular 
weight showed only a slight decrease in molecular weight. Kinetically stable coordination 
polymers were developed by complexation of palladium(II) and platinum(II) dichloride with 
dicyclohexylphosphine telechelic polytetrahydrofuran. Ultrasonic scission of these polymers 
was investigated and the palladium(II) based polymer 4 was shown to break more rapidly 
(67% scission after 4 hours) than platinum(II) coordination polymer 5 (49% scission after 6 
hours). Ultrasonic scission of heteronuclear coordination polymer 6 containing palladium(II) 
and platinum(II) metal centers in equimolar quantities, occurred at a rate comparable to that 
of the platinum(II) coordination polymer 5. Due to the lower bond strength of the palladium-
phosphine bonds, exclusive scission of the palladium(II) centers occurred, as evidenced with 
31P NMR spectroscopy. DFT calculations of the palladium-phosphorus and platinum-
phosphorus bond energies give respective values of 141 and 169 kJ/mol. This shows that 
ultrasonic scission is site-specific even when the difference in bond energies is as low as 28 
kJ/mol.  
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5.1 Introduction

The mechanical activation of specific bonds in a molecule offers interesting perspectives in
chemical synthesis. Ultrasound is one of the most efficient ways of producing mechanical 
forces in solution. Ultrasonic sound waves produce cavitation bubbles that upon collapse 
induce large shear forces. When these shear forces act on polymer chains, the chains are
stretched and sometimes even broken, causing homolytic or heterolytic cleavage of covalent
bonds. These macroradicals have for example been used to produce block-copolymers.
Although quite effective, the raw power of ultrasound does not lead to well-defined products;
for example, multiple scission events can occur on the same chain leading to bifunctional and 
monofunctional macroradicals. Recently however, several approaches have been reported to
activate specific bonds in polymer chains, in a more defined way.

Encina et al. showed that ultrasound breaks polymer chains more rapidly as the bonds in the
chain become weaker.1 In her research, polyvinylpyrrolidone A containing peroxide linkages, 
with a bond energy of 146 kJ/mol, was sonicated and shown to break significantly faster than
the regular polymer which has only carbon-carbon bonds with bond energies of 350 kJ/mol.

Breaking the weakest link 

In Chapter 3, ultrasonic scission was shown to only break the coordinative bonds in a palladium coordination 
polymer. The high selectivity for the palladium-phosphorus bonds can be explained by the large difference in
bond energies between the strong covalent bonds and the much weaker coordinative bonds in the system. But
what happens when a coordination polymer contains two different weak bonds?

In this chapter, the influence of coordinative linkages on ultrasonic scission of polymers was investigated.
Coordination polymers with only palladium or platinum coordinative bonds were synthesized, and ultrasonic 
scission of these polymers was investigated. This revealed that the palladium based coordination polymers
break faster than the platinum coordination polymers. However, still the difference between coordinative and
covalent bonds is then studied. 

A coordination polymer consisting of both palladium and platinum coordinative bonds was therefore synthesized.
Sonication of this polymer makes it possible to determine which of the weaker bonds breaks more easily. The
experiment revealed however, that only the palladium centers were broken.

Also the formation of coordination block copolymers is described. In Chapter 4, ultrasound induced ligand 
exchange was used to quantify the amount of ultrasonic scission. Instead of using a small stopper complex, also
a different polymeric complex may be used. This then leads to a heterocomplex and the formation of a block
copolymer.
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Moore et al. demonstrated preferential breakage of weaker bonds when polyethyleneglycol
polymers containing diazo-functionalities were sonicated.2 Regardless of whether these
functionalities were present precisely in the center of a 40 kg/mol polymer chain (B) or off-
center connected to a 10 kg/mol and a 30 kg/mol polymer chain (C), exclusive scission of the 
diazo-groups occurred, due to the large difference in bond energies between the diazo moiety
(100-125 kJ/mol) and the carbon-carbon and carbon-oxygen bonds (350 and 360 kJ/mol
respectively).

In Chapters 3 and 4, reversible ultrasonic scission of palladium(II) coordination polymers
based on diphenylphosphine telechelic polytetrahydrofuran was described. The reversible
decrease in molecular weight indicated selective scission of the coordinative palladium
phosphorus bond. Furthermore, the scission rate of a kinetically inert palladium(II)
coordination polymer was quantified by sonication in the presence of a labile palladium(II)
stopper complex. Although scission was shown to be completely selective for the 
coordinative bond, two fundamental issues concerning ultrasound induced breaking of
polymers remain unexplored. A) How does critical molecular weight depend on bond
strength? B) How far can the selectivity between weaker and stronger bonds be taken? In
other words, what is the smallest difference in bond strength that still leads to exclusive
scission of the weakest bond.

In this chapter, ultrasonic scission of covalent polytetrahydrofuran of several molecular
weights is investigated and compared with scission of palladium(II) and platinum(II)
coordination polymers. An attempt is made to correlate our findings to the bond-energies of 
the broken bonds. By further decreasing the difference in bond energies between weak bonds,
the specificity of ultrasonic scission is examined. Finally, the potential of applying ultrasound
in the preparation of coordination block copolymers is briefly explored.

5.2 Syntheses of polymeric ligands and complexes 

Tetrahydrofuran was polymerized cationically with methyl triflate as initiator, and terminated
with lithium dicyclohexylphosphine to yield monofunctional polymeric ligand 1 (Mn = 1.7
104 g/mol, see Table 1).3 Initiation of the polymerization with triflic anhydride yielded
bifunctional polymeric ligand 2 (Mn = 1.2  104 g/mol) as described in Chapter 4. Termination
of the bifunctionally initiated polymerization with water gave dihydroxy polytetrahydrofuran
with appropriate molecular weights for reference sonication experiments. Molecular weights 
and polydispersities are summarized in Table 1. 
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Table 1 Molecular weights and polydispersities of ligands, coordination complexes and
reference covalent polytetrahydrofuran.

Ligand/Polymer Mn (g/mol) Mw/Mn Complex Mn (g/mol) Mw/Mn

1 1.7  104 1.10 3 2.9  104 1.17

2 1.2  104 1.14 4 2.8  104 4.86
5 2.7  104 4.71
6 2.2  104 4.77

pTHF 56K 5.6  104 1.94
pTHF 40K 4.0  104 2.04
pTHF 35K 3.5  104 1.36
pTHF 27K 2.7  104 1.23

Complexation of mono and bifunctional polymeric ligands with palladium(II) dichloride or 
platinum(II) dichloride (see Scheme 1) was followed with NMR spectroscopy and size 
exclusion chromatography (SEC). Complexation of monofunctional ligand 1 to give 3
resulted in a shift towards higher molecular weight, while the polydispersity of the product
was nearly identical to that of the starting material, as observed with SEC (see Figure 1, left). 
In contrast to this, complexation of bifunctional ligand 2 with palladium(II) dichloride,
platinum(II) dichloride and an equimolar mixture of these metal salts, gave coordination
polymers 4, 5 and heteronuclear coordination polymer 6 respectively, with very broad
molecular weight distributions. As shown in Figure 1 (right), a broad bimodal distribution is
obtained, which is in agreement with an equilibrium mixture of cyclic oligomers and high 
molecular weight linear polymers. Due to this, number averaged molecular weights are rather
low (~ 2.5  104 g/mol), while the weight averaged molecular weights are very high (~ 1.3 
105 g/mol). The molecular weight distributions of all three coordination polymers are similar
to the palladium(II) coordination polymers described in Chapters 3 and 4.

Scheme 1 Preparation of complex 3 and coordination polymers 4-6.
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Figure 1 SEC traces of free ligand 1 and its palladium(II) complex 3 (left); SEC traces of
coordination polymers 4-6 (right).

5.3 Comparison of critical molecular weights

Ultrasonic scission of polymers is characterized by a critical molecular weight, below which 
no chains are broken. In order to compare critical molecular weights for scission of a 
coordination polymer chain with that of a covalent chain, a set of covalent
polytetrahydrofuran polymers was sonicated during 4 hours. Samples for size exclusion
chromatography analysis were taken at regular intervals. Ultrasonic scission of the polymers
caused a reduction in molecular weight as depicted in Figure 2.

Figure 2 Number averaged weights of sonicated polytetrahydrofuran polymers (pTHF 27K,
pTHF 35K, pTHF 40K, pTHF 56K).

The strong molecular weight dependence of ultrasonic scission is evident from Figure 2.
Whereas the molecular weight of pTHF 56K drops to half its original weight, pTHF 27K is
hardly affected by ultrasound, and we therefore conclude that the limiting molecular weight of 
polytetrahydrofuran polymers is approximately 2.7  104 g/mol.4 A more precise
determination requires sonication experiments on highly monodisperse samples which are 
more difficult to obtain.

To determine the influence of coordinative bonds on the critical molecular weight, complex 3
was obtained which contains a single palladium(II) bis-dicyclohexylphosphine moiety. The 
monofunctional ligand from which it was prepared has a molecular weight of 1.7  104 g/mol,
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which is distinctly lower than the critical molecular weight 2.7  104 g/mol, to prevent 
scission of covalent bonds. Analogously to the quantification studies described in Chapter 4 
complex 3 was sonicated in the presence of 10 equivalents of the palladium(II) dichloride
bis(1-dodecyldiphenylphosphine) stopper complex (7). Ultrasound induced dissociation of the 
complex liberates an alkyldicyclohexylphosphine ligand that immediately reacts with stopper
complex 7 to form a heterocomplex as shown in Scheme 2. 

Scheme 2 Ultrasonic scission of complex 3 in the presence of stopper complex 7 leads to 
heterocomplex formation.

SEC results are shown in Figure 3. A markedly different course of the sonication experiment
is observed for the coordination complex compared to pTHF 35K which has approximately
the same molecular weight. In contrast to the modest scission rate observed for the covalent 
pTHF 35K, complex 3 disappeared almost completely, causing the formation of a completely
new peak at approximately half the original molecular weight. 31P NMR spectroscopy showed
that 70% of the palladium(II) bis alkyldicyclohexylphosphine complexes had been converted 
into heterocomplexes, while Mtop decreased from 4.0  104 to 2.1  104 g/mol.

Figure 3 SEC traces measured during sonication of pTHF 35K (left) and complex 3 (right).

5.4 Selective scission of the weakest bond 

The difference in bond strength between the covalent bonds of polytetrahydrofuran and the 
coordinative palladium-phosphorus bonds is very large. The difference in bond strength was 
therefore narrowed down by comparing two coordination polymers based on palladium(II)
and platinum(II) dichloride and ligand 2.

The quantification studies reported in Chapter 4 are based on the use of a coordination 
polymer with high kinetic stability and on the rapid reaction with a stopper complex to form a
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product which is also kinetically inert.5 This ensures that ligand exchange only takes place 
through ultrasound induced dissociation of the polymeric ligand. A system based on 
platinum(II) dichloride is therefore also suitable, however, the 31P NMR spectra will be more
complicated because both palladium(II) and platinum(II) heterocomplexes are present.

For assignment of the 31P NMR spectrum, a low molecular weight analogue of the
platinum(II) heterocomplex was prepared by complexation of equimolar amounts of 1-
dodecyldicyclohexylphosphine 8 and 1-dodecyldiphenylphosphine 9 with platinum(II)
dichloride (see Scheme 3). This led to a statistical mixture of heterocomplex 10, and the 
corresponding homocomplexes 11 and 12 in a 90:5:5 ratio as determined from 31P NMR.
Heterocomplex 10 consists of two doublets at = 17.7 ppm (dicyclohexylphosphine part, JPt-P

= 2555 Hz.) and  = 12.1 ppm (diphenylphosphine part, JPt-P = 2435 Hz.) with JP-P = 460 Hz. 
The relatively small platinum-phosphorus coupling constants indicate trans-coordination,6

which is confirmed by the large phosphorus-phosphorus coupling constant.7

Scheme 3 Formation of platinum(II) heterocomplex 10 and the homocomplexes 11 and 12.

First, coordination polymer 4 was sonicated in the presence of 10 equivalents of stopper 7.
During 4 hours of sonication, the molecular weight of the coordination polymer decreased 
from 2.8  104 to 1.2  104 g/mol, which corresponds to 67% heterocomplex formed as 
determined by 31P NMR; calculations based on the average degree of polymerization (DPn)
revealed a value of 54%. The scission rate of this polymer is higher than for the coordination
polymer reported in Chapter 4 (67% vs. 35%, 31P NMR, 4 hr). This difference is ascribed to 
the higher molecular weight of the bifunctional ligand, which results in less palladium(II)
centers at equal degrees of polymerization.

Secondly, the platinum(II) dichloride based coordination polymer 5 was sonicated in the 
presence of 10 equivalents of stopper complex 7. After 6 hours, the molecular weight of the 
polymer had decreased from Mn = 2.7  104 to 1.3  104 g/mol, (see Figure 4, left)
corresponding to 47% ultrasonic scission as determined from DPn. 31P NMR spectroscopy
showed the formation of a platinum(II) heterocomplex, with similar chemical shifts and 
phosphorus-phosphorus coupling as complex 10 (see Figure 5, top). Part of the signals of the
heterocomplex overlap with that of the stopper complex. Nonetheless, the extent of ligand 
exchange was determined, 49% of the platinum(II) complexes had been converted into a 
heterocomplex. The scission rate of the platinum(II) coordination polymer is therefore 
significantly lower than that of the palladium(II) based polymer.
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Figure 4 SEC traces measured during sonication of platinum(II) coordination polymer 5 (left)
and palladium(II)-platinum(II) heteronuclear coordination polymer 6 (right).

Figure 5 31P NMR spectra of platinum(II) coordination polymer 5 (top) and heteronuclear
coordination polymer 6 (bottom) after respectively 6 and 5 hours of sonication in the presence
of stopper complex 7 (black dot: palladium(II) heterocomplex; open square: platinum(II)
heterocomplex; Pd, Pt: corresponding homocomplex; P=O: phosphine-oxide stemming from 
complex 7).

Considering the difference in scission rates observed between coordination polymers 4 and 5,
the bond strength data made us wonder whether ultrasonic scission would also result in 
exclusive rupture of the weakest bond when the energy difference between two bond-types is 
much smaller. To this purpose, heteronuclear coordination polymer 6 was sonicated in the
presence of 10 equivalents of the stopper complex. This resulted in a molecular weight 
decrease from Mn = 2.2  104 to 1.2  104 g/mol over the course of 5 hours of sonication (see 
Figure 4, right). The scission rate is approximately equal to that of platinum(II) coordination
polymer 5, (39% after 4 hours) as shown in Figure 6. The amount of ultrasonic scission was 
determined using the SEC trace (DPn) as described in Chapter 4. 
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31P NMR spectroscopy evidenced exclusive scission of the palladium(II) centers in the 
coordination polymer (39% after 5 hours). No platinum(II) heterocomplex could be observed, 
not even after 5 hours of sonication (see Figure 5, bottom).

Figure 6 Ultrasonic scission of coordination polymers 3, 4 and 5 as determined from the SEC
average degree of polymerization.

5.5 Ultrasound induced block copolymer formation 

Instead of using the palladium(II) dichloride bis(1-dodecyldiphenylphosphine) complex 7 as
scavenger for the dissociated polymeric ligands of complex 3, a polymeric stopper complex
may also be employed, which then may lead to the formation of block-copolymers. To this 
purpose, a diphenylphosphine-polystyrene complex was synthesized. Styrene was 
polymerized anionically, using n-butyl lithium as an initiator (see Scheme 4).8 Termination
with chlorodiphenylphosphine to directly form the functionalized polymer was unsuccessful. 
The polystyrene anion was therefore first reacted with an excess of 1,4-dibromobutane.9 The 
purified polystyrene-bromide 13 was subsequently reacted with potassium diphenylphosphine
to give polymeric ligand 14 (Mn = 3.8  103 g/mol, P.D.I. = 1.20). Complexation with 
palladium(II) dichloride yielded the corresponding polymeric complex 15, which was 
observed with NMR spectroscopy and SEC (Mn = 7.9  103 g/mol, P.D.I. = 1.16).

Scheme 4 Synthesis and complexation of polystyrene-phosphine 14.
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Polymeric complex 3 was sonicated in the presence of the kinetically labile polystyrene
complex 15. SEC-analysis at first showed the presence of a high molecular weight peak 
(polytetrahydrofuran), and a lower molecular weight peak (polystyrene). During sonication,
both peaks of the homocomplexes decrease in intensity and a new peak formed with a peak
molecular weight of 1.8  104 g/mol, as shown in Figure 7.10

Figure 7 SEC-traces measured during sonication of polytetrahydrofuran complexes 3 and
polystyrene complex 15.

With 31P NMR, formation of the heterocomplex was observed, implying formation of a 
polytetrahydrofuran-polystyrene block-copolymer (16) ( PCy2 = 28.5 ppm, PPh2 = 13.5 ppm,
JP-P = 527 Hz). The block-copolymer was purified from any residual homopolymers by two
precipitations. First, the mixture was dissolved in a minimal amount of toluene and
precipitated in methanol; polytetrahydrofuran is moderately soluble in methanol, whereas 
polystyrene is insoluble. The block-copolymer also precipitates due to the polystyrene tail. 
Conversely, the mixture was dissolved in diethyl ether and cooled to -20 °C. At this 
temperature, polystyrene stayed in solution, but polytetrahydrofuran precipitated from
solution, as well as the block-copolymer. Apart from NMR spectroscopy, this precipitation
behavior is also indicative of a block-copolymer.

5.6 Discussion and conclusions

The influence of bond strength on the ultrasonic scission of polymers has been investigated. 
While scission of covalent polytetrahydrofuran pTHF 35K resulted only in a minimal
decrease of molecular weight, polymeric complex 3, with very comparable molecular weight, 
was shown to readily dissociate under the action of ultrasound.

A more subtle difference of bond strengths was investigated by comparing ultrasonic scission
of palladium(II) and platinum(II) coordination polymers 4 and 5. The palladium-phosphine
bonds break more rapidly, but the difference is modest, 67% ultrasonic scission after 4 hours
vs. 49% scission over the course of 6 hours (31P NMR). The scission rate of the heteronuclear
coordination polymer 6 was comparable to the platinum(II) coordination polymer 5 (49%).
However, 31P NMR analysis showed that exclusive scission of the palladium-phosphine bonds
occurred.
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The modest decrease in scission rate when platinum(II) centers are employed in the
coordination polymers may seem contradicting with the high selectivity observed when the
heteronuclear coordination polymer is sonicated. However, these results are consistent with 
the generally accepted mechanism of ultrasonic scission. A specific minimum force is
required to break a chain; incorporation of weak bonds in a polymer chain decreases this
force. However, the forces involved in ultrasonication are so high that nearly all chains that 
enter the shear field around a collapsing cavitation bubble will break regardless of the 
presence of any weak bonds. On the other hand, if bonds of different strengths are present in 
the same chain, accumulation of shear stress will be interrupted as soon as the weakest bond
breaks, and the shear stress will not reach levels high enough to break the stronger bonds.
Eventually, the coordination polymer will be broken down to oligomers containing 
platinum(II) in the main chain and stoppered with palladium(II) complexes. If the molecular
weight of these oligomers is high enough, also the platinum(II) center can be dissociated and
form heterocomplexes.

In the covalently bonded polytetrahydrofuran chains, ultrasonic scission can occur either at 
the carbon-carbon bond or at a carbon-oxygen bond. The dissociation energies of these bonds 
are respectively 350 and 360 kJ/mol. Data on the dissociation energies of coordinative bonds
is scarce, however several reports exist on DFT calculations to estimate coordinative bond
energies.11-14 The bond strengths of palladium(II) and platinum(II) alkyldicyclohexyl-
phosphine complexes were therefore calculated. Complexes based on 1-pentyldicyclohexyl-
phosphine ligands were used in the calculations because their electronic structures closely 
resemble that of the polymeric ligands. The total energy of the complex was determined as
well as the partial energies of ligand and coordinatively unsaturated metal center. The 
difference between these energies was used as approximation for the energy required to break 
the coordinative bond. Calculations were performed with Gaussian03.15 The reliability of the
calculations was tested by determining the bond energies of carbon-carbon bonds and carbon-
oxygen bonds (see Computational details). 

From the investigations presented in Chapter 2, it became clear that platinum(II) complexes of
-donating phosphines are more stable than the corresponding palladium(II) complexes. This 

observation is corroborated by the large differences in ligand exchange rates in these
complexes.16 For the palladium(II) 1-pentyldicyclohexylphosphine complex a bond energy of 
141 kJ/mol was calculated, the corresponding platinum(II) complex has a bond energy of 169 
kJ/mol. These values correspond with the scission data on the palladium(II) and platinum(II)
coordination polymers. Furthermore, it shows that a difference in bond-energy of 28 kJ/mol is
enough to lead to exclusive scission of the weakest bond in heteronuclear coordination
polymer 6. This energy difference is vastly lower than the energy differences investigated 
earlier.1,2

DFT calculations may be very useful in predicting bond strengths of coordination compounds.
The current set of coordination polymers can be easily expanded by employing palladium(II)
or platinum(II) dibromide or diiodide, which will have significant effects on the strength of
the coordinative bonds. Sonicating these coordination polymers and comparing the scission
data with calculations can then test the reliability of the calculations. The bond energy 
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differences between weaker bonds may be further lowered to explore the limits of selective
scission.

Finally, with well-defined polymeric complexes at hand, ultrasound induced coordination
chemistry comes into sight, of which the polytetrahydrofuran-polystyrene block copolymer
formation is an example. Sonication of coordination polymers, based on bifunctional 
polymeric ligand 2, in the presence of a polymeric stopper complex may lead to ABA tri-
block copolymers.

5.7 Experimental Section 

General procedures. 1H NMR (400 MHz), 13C NMR (100 MHz) and 31P NMR (162 MHz) 
spectra were recorded on a Bruker 400 spectrometer in deuterated chloroform unless stated 
otherwise. Chemical shifts are reported in ppm and referenced to tetramethylsilane and 
chloroform (proton and carbon) and external 85% phosphoric acid (phosphorus). Syntheses of
the ligands and complexes were carried out under dry Argon atmosphere using standard
Schlenk techniques. Tetrahydrofuran was distilled from sodium-potassium; dichloromethane
and deuterated chloroform were distilled from P2O5. Diethyl ether, and methanol were 
degassed before use. n-Butyl lithium was titrated before use. Styrene was filtered over neutral
aluminum oxide in order to remove the stabilizer and impurities; subsequently argon was 
bubbled through to remove oxygen. Styrene (99%), 1,4-dibromobutane (98%) basic 
aluminum oxide 90 (0.063-0.200 mm) and silica gel 60 (0.040-0.063 mm) were purchased 
from Merck; palladium dichloride (99.9%), platinum dichloride (99.9%), dichloro(1,5-
cyclooctadiene) platinum (99%), dichloro(1,5-cyclooctadiene) palladium (99%) and
dicyclohexylphosphine (98%) were purchased from STREM. Chlorodiphenylphosphine
(95%), n-butyl lithium in hexanes (1.6 M, 2.5 M), trifluoromethanesulfonic anhydride (99%)
and methyl trifluoromethanesulfonate (96%) were purchased from ACROS. The syntheses of 

, -bis(dicyclohexylphosphino)-polytetrahydrofuran (2) and its palladium(II) dichloride 
coordination polymer (4) were described in Chapter 4; the syntheses of palladium(II)
dichloride bis(1-dodecyldiphenylphosphine) (7) and the ligands 1-dodecyldicyclohexyl-
phosphine and 1-dodecyldiphenylphosphine were described in Chapter 2.

-(Dicyclohexylphosphino) -(methoxy)polytetrahydrofuran (1). Dicyclohexylphosphine
(0.184 g, 0.93 mmol, 1.05 equivalents) was dissolved in dry THF (50 mL), cooled to –80 C
and n-butyl lithium was slowly added (0.38 mL, 2.4 M, 0.93 mmol). This mixture was left to
warm to room temperature. A mixture of 2,6-di-tert-butyl-pyridine (34 mg, 0.18 mmol) and
100 mL THF was cooled to 0 C and stirred for 15 minutes. Methyl trifluoromethane
sulfonate (0.145 g, 0.88 mmol) was added to the mixture. After stirring for 120 minutes at
0 C, the solution of lithium dicyclohexylphosphine was added to the reaction mixture. The
mixture was stirred for 30 minutes and left to warm to room temperature. Solvent was
removed in vacuo resulting in a yellow oil. This oil was dissolved in 100 mL diethyl ether and
filtered over dry silica. Solvent was removed in vacuo. The product, a white solid, was
obtained in 68% yield. H (200 MHz): 3.55-3.20 (m, n  4H, CH2O), 1.74-1.17 (m, n  4H, 
CH2CH2O and 22H, alkyl). C (100 MHz): 70.70 (s, n  2C, CH2O), 33.40 (s, 2C, alkyl),
30.45 (s, 4C, alkyl), 29.09 (s, 4C, alkyl) 27.44-25.34 (m, n  2C, CH2CH2O and 2C, alkyl),
21.27 (s, 1C, PCH2). P (162 MHz): -3.25 (s, 1P). SEC: Mn = 3.4  104 g/mol Mw = 3.7  104

g/mol Mw/Mn = 1.10, based on polystyrene standards.

Palladium dichloride bis( -(dicyclohexylphosphino) -(methoxy)polytetrahydrofuran
(3). A mixture of palladium(II) dichloride (26 mg, 0.15 mmol, 1.1 equivalents) and 1 (4.5 g, 
0.26 mmol) in dry toluene (75.0 mL) was stirred for 10 days. The mixture was filtered in 
order to remove the excess palladium yielding a clear yellow solution. Solvent was not 
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removed; the solution was immediately used in sonication experiments. H (200 MHz):  = 
3.58-3.22 (m, 2n  4H, CH2O), 1.90-1.19 (m, 2n  4H, CH2CH2O and 44H, alkyl). C (100 
MHz): 70.74 (s, 2n  2C, CH2O), 33.03 (s, 4C, alkyl), 29.43 (s, 8C, alkyl), 28.96 (d, 8C,
alkyl), 27.52-26.30 (m, 2n  2C, CH2CH2O and 4C, alkyl), 22.09 (s, 2C, PCH2). P (162
MHz): 23.20 (s, 2P). Mn = 5.8  104 g/mol, Mw/Mn = 1.17, based on polystyrene standards. 

Platinum dichloride ( , -bis(dicyclohexylphosphino)polytetrahydrofuran) (5).
Platinum(II) dichloride (14 mg, 0.053 mmol) and , -bis(dicyclohexylphosphino)
polytetrahydrofuran 2 (635 mg, 0.053 mmol) were dissolved in dry toluene (63.5 mL) and the 
mixture was stirred overnight. The mixture was filtered yielding a faint yellow solution.
Solvent was not evaporated; the 10 g/L solution was immediately used in sonication 
experiments. H (400 MHz, CD2Cl2): 3.56-3.28 (m, n  4H, CH2O), 2.10-1.05 (m, m n  4H, 
CH2CH2O and m  44H, alkyl). C (100 MHz, CD2Cl2): 70.85 (s, m n  2C, CH2O), 33.16
(s, m  4C, alkyl), 29.55 (s, m  8C, alkyl), 29.05 (d, m  8C, alkyl), 27.70-26.40 (b, m n
2C, CH2CH2O and 4C, alkyl), 22.25 (s, 2C, PCH2). P (162 MHz, CD2Cl2): 14.62 (s, m  2P,
JPt-P = 2414 Hz.). (n is the degree of polymerization of polymer 2, m is the degree of
supramolecular polymerization of coordination polymer 5)

Platinum dichloride, palladium dichloride ( , -bis(dicyclohexylphosphino)
polytetrahydrofuran) (6). Platinum(II) dichloride (8 mg, 0.029 mmol) and palladium(II)
dichloride (5 mg, 0.029 mmol) were mixed with , -bis(dicyclohexylphosphino)
polytetrahydrofuran 2 (692 mg, 0.058 mmol) in dry toluene (69 mL). The mixture was stirred 
for 6 days. The mixture was filtered to remove any residual palladium(II) dichloride and 
yielded a yellow solution. Solvent was not evaporated; the 10 g/L solution was immediately
used in sonication experiments. H (400 MHz): 3.65-3.20 (m, n  4H, CH2O), 1.89-1.10 (m, m

n  4H, CH2CH2O and m  44H, alkyl). C (100 MHz): 70.10 (s, m n  2C, CH2O), 32.58
(s, m  4C, alkyl), 28.75 (s, m  8C, alkyl), 28.30 (d, m  8C, alkyl), 26.80-25.60 (m, m n
2C, CH2CH2O and 4C, alkyl), 21.45 (s, 2C, PCH2). P (162 MHz): 22.30 (s, palladium(II)
centers 53%, m  2P), 15.48 (s, platinum(II) centers 47%, m  2P, JPt-P = 2414 Hz.). (n is the
degree of polymerization of polymer 2, m is the degree of supramolecular polymerization of 
coordination polymer 6)

-(bromobutyl) -(n-butyl)polystyrene (13). A 100 mL Schlenk flask was filled with 8.0 
mL styrene (7.3 g, 70 mmol) and 40 mL toluene and cooled to -78 °C. To the mixture, 1.0 mL
n-butyl lithium (1.4 M, 1.4 mmol) was added and after addition of 1.0 mL tetrahydrofuran,
the mixture colored red indicating formation of the polystyrene anion. After 1 hour, the 
polymerization was terminated by addition of 5.0 mL 1,4-dibromobutane (2.8 g, 13 mmol).
The mixture was left to warm up to room temperature. Solvent was removed in vacuo and the
resulting oil was dissolved in a minimal amount of tetrahydrofuran. The solution was 
precipitated in methanol. This was repeated twice to completely remove residual 1,4-
dibromobutane and yielded the polymer as a white powder in 80% yield. H (400 MHz): 7.30-
6.86 (b, Ph), 6.80-6.34 (b, Ph), 3.32-3.16 (m, CH2Br), 2.25-0.75 (b, PS-backbone, alkyl-tails).

C 145.32 (b, Ph), 128.05 (b, Ph), 125.60 (b,Ph), 43.51 (b, PS-backbone), 40.38 (b, PS-
backbone), 32.07 (s, CH2Br) 21.90 (b, PS-backbone). Signals at C = 145 ppm, 129 ppm and
43 ppm indicate atactic polystyrene.17 SEC: Mn = 3.7  103 g/mol, Mw = 4.5  103 g/mol,
Mw/Mn = 1.20, based on polystyrene standards. 

-(Diphenylphosphinobutyl) -(n-butyl)polystyrene (14). -(Bromobutyl), -(n-
butyl)polystyrene 13 (2.65 g, 0.71 mmol) was dissolved in tetrahydrofuran (25 mL).
Potassium diphenylphosphine (1.5 mL, 0.5 M tetrahydrofuran solution, 0.75 mmol) was 
added dropwise. After complete addition, the polymer was precipitated in degassed methanol
and the polymeric ligand was obtained as a white powder in 91% yield. H (400 MHz): 7.41-
6.87 (b, Ph, PS, phosphine), 6.87-6.28 (b, Ph, PS), 2.14-0.77 (b, PS-backbone, alkyl-tails,
CH2P). C 145.81 (b, Ph, PS), 138.25 (Ph, phosphine), 129.67 (Ph, phosphine), 128.85 (b, Ph,
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PS), 125.96 (b, Ph, PS), 44.03 (b, PS-backbone), 41.10 (b, PS-backbone), 31.05 (s, CH2,
phosphine) 21.90 (b, PS-backbone). P (400 MHz): -16.0 (s, 1P). SEC: Mn = 4.1  103 g/mol,
Mw = 4.9  103 g/mol, Mw/Mn = 1.19, based on polystyrene standards. 

Palladium dichloride bis( -(Diphenylphosphinobutyl) -(n-butyl)polystyrene) (15).
Polymeric ligand 14 (2.10 g, 0.54 mmol) was dissolved in dichloromethane (30 mL) and
palladium(II) dichloride (52 mg, 0.30 mmol) was added. The mixture was stirred for 1 day at
room temperature. After filtration to remove residual palladium(II) dichloride, solvent was 
removed in vacuo, yielding the complex as a yellow powder in 98% yield. H (400 MHz):
7.60-6.90 (b, Ph, PS, phosphine), 6.90-6.30 (b, Ph, PS), 2.45-0.72 (b, PS-backbone, alkyl-
tails, CH2P). C 145.48 (b, Ph, PS), 139.50 (Ph, phosphine), 128.00 (b, Ph, PS, phosphine),
125 (b, Ph, PS), 40.25 (b, PS-backbone), 41.15 (b, PS-backbone), 32.14 (s, CH2, phosphine)
21.09 (b, PS-backbone). P (400 MHz): 16.44 (PPh2). SEC: Mn = 7.3  103 g/mol, Mw = 8.5 
103 g/mol, Mw/Mn = 1.16, based on polystyrene standards.

Computational details 

Geometry optimizations and frequency calculations were performed using density functional
theory (DFT). The Gaussian0315 program was used with Becke’s three-parameter functional
(B3)18 and Lee, Yang and Parr’s (LYP)19 correlation (B3LYP) with LANL2DZ basis sets.

To evaluate the reliability of the calculations, the bond energies of carbon-carbon and carbon-
oxygen bonds were also calculated. Carbon-carbon bond dissociation energies of 353 kJ/mol
were found for a set of alkanes, which is very similar to literature data (351 kJ/mol).
Calculated bond dissociation energies of a set of ethers with increasing alkyl tails, gave an 
average value of 319 kJ/mol, which is noticeably lower than experimental values of 360 
kJ/mol. Jursic et al. already observed that specifically for calculating carbon-oxygen bond
energies of ethers, the B3LYP basis set is less suitable.20
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6

Reversible Mechanochemistry of Rhodium(I) and Iridium(I) 
Coordination Networks

Abstract: Reversible coordination networks were prepared by combining 
diphenylphosphinite telechelic polytetrahydrofuran (2) with either [RhCl(COD)]2 or 
[IrCl(COD)]2 in chloroform. Both systems resulted in stable gels at concentrations above 50 
and 30 g/L for the rhodium(I) and iridium(I) networks, respectively. The rheological 
properties of the two coordination networks (100 g/L) were determined with oscillatory shear 
experiments, which showed that the elastic moduli are constant over a wide frequency range 
indicating gel-like behavior; the iridium(I) gel has a distinctly higher elastic modulus (2.8 
103 Pa) than the rhodium(I) gel (1.0  103 Pa). Ultrasonication of the rhodium(I) gel caused 
liquefaction after 3 min; re-gelation occurred 1 min after sonication was stopped. The 
iridium(I) gel was also liquefied after 3 min of sonication, but re-gelation took 1.5 hr at room 
temperature and more than 10 days at -20 °C. 31P NMR measurements on model complexes 
showed that the large differences in gelation times are in agreement with the ligand exchange 
kinetics of the rhodium(I) and iridium(I) complexes. We propose that sonication of the gels 
results in changes in the network topology without changing the coordination chemistry. 
Upon sonication, the fraction of metal centers in active crosslinks decreases and thereby 
reduces the gel fraction to zero. The system is not at equilibrium and upon standing the gel 
fraction increases again with a rate which is determined by the exchange kinetics of the metal 
complex.  



Chapter 6

6.1 Introduction

The control of rheological properties of fluids by external stimuli is a goal of longstanding
fundamental and practical interest, with applications in clutches, brakes, vibration damping,
seismic protection of structures, and other fields.1-3 In order to achieve reversible switching of
fluid viscosity, macroscopic physical phenomena as well as effects at the molecular scale may
be utilized. While applications of electrorheology1-5 and magneto-rheological materials3,6

show the strength of macroscopic approaches, recent developments in molecularly based 
switching of rheological behavior, prove that there is ample opportunity for molecular
scientists to contribute to this field.7

Naota and Koori reported on ultrasound as a technique to induce gelation.8 A dinuclear 
palladium(II) salicylidene complex (anti-A, see Figure 1), was used to form solutions which 
gelate upon sonication. When solutions containing anti-A (~10 mM) were sonicated for a
short time (3 s – 3 min), an assembly process between the complex molecules was initiated
which continued after sonication had ceased and eventually caused the solutions to gel. When 
the gels were heated above their gel temperatures and cooled to room temperature, stable
liquids were re-obtained.

The process is general in the sense that a wide range of organic solvents gave gels upon
sonication. The phenomenon is especially insensitive to solvent polarity, being observed
across the polarity spectrum from cyclohexane to dimethyl sulfoxide. Yet, gelation is highly
solute specific, as it was exclusively observed for complex anti-A and not for related
complexes such as syn-B (see Figure 1). 

Figure 1 Dinuclear gelator complex anti-A and its non-gelating variant syn-B.

An analogous metal-free system based on benzyl ammonium cinnamate was developed by
Dastidar et al.9 This gelator also readily gelated a broad range of solvents, but requires
ultrasound as a stimulus. Unfortunately, no mention is made as to whether the process is 
reversible.

In Chapter 3, the development of high molecular weight linear coordination polymers by
combining diphenylphosphine telechelic polytetrahydrofuran with palladium(II) dichloride
was described. Sonication of solutions of these polymers in toluene led to a reversible
decrease in molecular weight and viscosity. The alkyldiphenylphosphine based coordination
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polymers were shown to reach equilibrium 1 day after sonication, whereas equilibration of 
alkyldicyclohexylphosphine based coordination polymers took approximately 60 days, as 
described in Chapter 2. These results show that ultrasonication of coordination polymers can
be used to achieve dramatic differences in rheological properties. Furthermore, by appropriate
choice of ligand and metal, the equilibration kinetics can be tuned.

Physical gels can be formed by increasing the functionality of a system above 2.10 Reversible 
coordination networks contain reversible crosslinks which allow the material to respond to
changes in its environment, such as temperature and concentration. Recently, Rowan et al.
reported on mechanoresponsive coordination networks.11 Reversible linear coordination
polymers based on bifunctional pyridine-bis(imidazolyl) ligands and Zn2+ or Co2+ were
extended with lanthanoid ions (3% of Eu3+ or La3+) which act as reversible crosslinks between
the polymer chains and led to the formation of thixotropic gels.

Lanthanoid ions were also used by Sudhölter and coworkers to prepare water soluble 
reversible coordination networks.12,13 Bifunctional pyridine-bis(carboxylate) ligands were 
combined with neodymium(III) and lanthanum(III) metal centers. These lanthanoid metals
can accept up to three of these ligands and may lead to crosslinked systems. The viscoelastic
behavior of the neodymium based system however, indicated that the system did not form a 
gelated network, because the average functionality was reduced by cyclization.

Switching between gels and liquids with ultrasound

In Chapters 3 and 4, ultrasound was shown to reversibly decrease the molecular weight of palladium based
coordination polymers. However, the reversibility was strongly dependent on the metal-ligand combination. The
decrease in molecular weight consequently also decreased the viscosity of the polymer solutions. As shown in 
Chapter 5, there is a strong molecular weight dependence of the ultrasonic scission rate. The higher the
molecular weight, the easier scission becomes.

Gelating coordination networks theoretically have infinite molecular weight, and a strong enhancement on the
scission rate is therefore expected. Furthermore, breaking down a gel to a liquid will have a much stronger effect
on the rheological properties, than reducing the molecular weight of linear coordination polymers.

In this chapter, ultrasonication of coordination networks is investigated as a rheology switch. the development of
coordination networks based on rhodium and iridium is described. Both networks formed stable gels in 
chloroform, and their rheological properties were investigated. The rhodium based gels are generally weaker
than the iridium gels.

Sonication of the gels resulted in liquefaction. After sonication, both systems formed gels again, but the iridium
system at a much slower rate than the rhodium based gel. This gelation behavior is explained by the very
different ligand exchange kinetics of rhodium and iridium complexes.
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Poly(4-vinyl-pyridine) can be regarded as a polyfunctional ligand, and in combination with
bifunctional palladium(II) and platinum(II) pincer complexes, this polymer has been used to 
form a highly crosslinked system.14 Due to small differences in the pincer ligand, Craig et al.
were able to separately study the influence of ligand exchange on rheological properties of the
coordination network.15

In this chapter, the mechanochemistry of coordination networks is investigated. Rhodium(I)
and iridium(I) were selected for the development of reversible coordination networks, since 
these metals readily coordinate 4 phosphorus ligands. The metals have similar coordination 
chemistry, though their ligand exchange kinetics are very different.16 Rhodium features fast
exchange kinetics and is widely applied in catalysis.17 Iridium is also used in many catalytic
reactions, but due to its higher stability, it has for example also been used to isolate analogues 
of unstable rhodium intermediate species in hydroformylation.18 The preparation and 
characterization of rhodium(I) and iridium(I) coordination networks is described, as well as 
ultrasonic switching of their rheological properties.

6.2 Ligand synthesis 

Initial attempts to form complexes of rhodium(I) chloride with 1-dodecyldiphenylphosphine19

were successful, but the complexes were found to be very labile and to decompose rapidly in
the presence of oxygen. Strong coordination is easily achieved when -acceptor ligands are
employed.20 Alkyldiphenylphosphinite ligands were selected so as to obtain a kinetically
stable system to facilitate characterization. The small monofunctional 1-dodecyl-
diphenylphosphinite 1 was used as a reference. For the development of reversible
coordination networks, a polymeric diphenylphosphinite ligand was synthesized by 
functionalization of dihydroxy-polytetrahydrofuran. (See Scheme 1) The diol was reacted 
with chlorodiphenylphosphine in the presence of triethylamine, and polymeric ligand 2 was
obtained as an oil that slowly crystallized out (Mn = 1.8  103 g/mol, Mw/Mn = 1.9). 1H, 13C
and 31P NMR analysis established complete conversion of the alcohol into the phosphinite.

Scheme 1 Synthesis of diphenylphosphinite telechelic polytetrahydrofuran 2.

6.3 Complexation stoichiometry

To determine the number of ligands that can be accommodated in rhodium and iridium
complexes, their complexation stoichiometry was investigated. Solutions of 1 (0.10 M) were 
mixed with [RhCl(COD)]2 and [IrCl(COD)]2 and the samples were analyzed with 31P NMR.
The 31P NMR spectra and chemical shifts corresponding to the rhodium(I) complexes are 
depicted in Figure 2, the spectra of the iridium(I) complexes are shown in Figure 3. 
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6.3.1 Rhodium

Upon addition of 0.1 equivalents of [RhCl(COD)]2 to a solution of 1, a broad doublet
appeared at  = 130.7 ppm which sharpened upon cooling to 0 °C (JRh-P = 155.6 Hz), while 
free ligand 1 (  = 113.0 ppm) was also still present. The doublet was assigned to a cationic 
tetrakis-phosphinite species [Rh(1)4]Cl.21 Addition of rhodium(I) dimer (0.25 eq. in total) led 
to an increase in the tetrakis-phosphinite species and appearance of a new set of signals. A
doublet of doublets (  = 119.5 ppm, JRh-P = 162.1 Hz, JP-P = 40.1 Hz) and a doublet of triplets
(  = 126.1 ppm, JRh-P = 208.2 Hz, JP-P = 40.1 Hz) is consistent with the square planar tris-
phosphinite complex RhCl(1)3, where the two phosphorus atoms cis-coordinated to the
chloride couple with the single phosphorus trans-coordinated to the chloride atom.22-24

Although stoichiometry implies the presence of free ligand, uncomplexed 2 was not observed.
Increasing the metal quantity to 0.5 equivalents caused a decrease in both the tetrakis- and the 
tris-phosphinite species and a doublet emerged at  = 117.3 ppm (JRh-P = 175.4 Hz). This
species corresponds most likely to a chloride bridged dinuclear rhodium(I) species: 
[RhCl(1)2]2. At a stoichiometric metal-to-ligand ratio, another species appears at  = 127.3
ppm (JRh-P = 223.4 Hz), which we tentatively assign to the mononuclear RhCl(COD)(1).

Figure 2 31P NMR spectra of rhodium(I) chloride complexes of ligand 1 at different rhodium-
to-phosphinite ratios.

Table 1 31P NMR chemical shifts of rhodium(I) complexes of 1 in CD2Cl2.

Metal Species Shift (ppm)a JRh-P (Hz) JP-P (Hz) 
Rhodium 1, free ligand 113.0 s -

[Rh(1)4]Cl 130.7 d 155.6
[RhCl(1)3] 119.5 dd

126.1 dt 
162.1
208.2

40.1

[RhCl(1)2]2 117.3 d 175.4
[Rh(COD)(1)] 127.3 d 223.4

a s = singlet, d = doublet, t = triplet 
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6.3.2 Iridium

The complexation of phosphinite 1 with [IrCl(COD)]2 is similar to that with the rhodium(I)
dimer. Adding the iridium(I) dimer to a solution of 1 in deuterated chloroform first gave the 
orange-red tetrakis phosphinite complex [Ir(1)4]Cl with a signal at  = 115.7 ppm.25 In 
contrast to the rhodium(I) complexes, this was the sole species observed at 1:4 metal to ligand 
stochiometry. Addition of iridium(I) to give a 1:3 metal-to-ligand ratio led to the formation of
two additional complexes, a tris phosphinite species [IrCl(1)3], which is observed at  = 106.9
ppm (doublet, JP-P = 31 Hz) and 85.6 ppm (triplet), and the mononuclear [IrCl(COD)(1)]
complex, observed at = 98.9 ppm. Mixing the metal precursor in a 1:1 stoichiometry with 1
results in exclusive formation of the mononuclear species. Although mention is made in the 
literature of iridium(I) pentakis phosphinite complexes,26 no such complex was observed, not 
even when a 10-fold excess of the ligand was used, probably because the phosphinite ligand is
too bulky.25

Figure 3 31P NMR spectra of iridium(I) chloride complexes of ligand 1 at different iridium-
to-phosphinite ratios.

Table 2 31P NMR chemical shifts of iridium(I) complexes of 1 in CDCl3.

Metal Species Shift (ppm)a JP-P (Hz) 
Iridium 1, free ligand 111.3 s 

[IrCl(1)4] 115.6 s
[IrCl(1)3] 106.9 d

85.6 t 
31.4

[IrCl(COD)(1)] 98.9 s
a s = singlet, d = doublet, t = triplet. 
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6.4 Preparation of rhodium(I) coordination networks

With the knowledge that rhodium(I) can coordinate up to four alkyldiphenylphosphinite
ligands, we employed polymeric phosphinite ligand 2 to obtain reversible coordination
network. Ligand 2 was complexed with [RhCl(COD)]2 in a rhodium-to-phosphorus
stoichiometry of 1:4. Several solvents were used, but stable gels were only obtained in
chloroform and dichloromethane at concentrations of 50 g/L or higher. The gels prepared in
dichloromethane and chloroform were diluted to 25 g/L, in order to break up the gels, and
analyzed with 31P NMR, indicating the presence of the rhodium(I) tetrakis-phosphinite
species together with the rhodium(I) tris-phosphinite species in approximately equal amounts.
The solutions in THF, toluene, tetrachloroethylene, dioxane, diethyl ether and
tetrachloromethane, which did not gelate were also analyzed with 31P NMR, which revealed
that in these solvents only the rhodium(I) tris-phosphinite species and free ligand 2 were
present. Formation of a gel or infinite network requires that polymer chains are connected to 
each other via active crosslinks. Due to the lower functionality of the tris-phosphinite species
(f = 3) a substantially higher degree of conversion has to be achieved.10 However, due to the 
presence of free ligand, the conversion has even decreased. The importance of the tetrakis-
phosphinite complex (f = 4) was validated by its enforced formation through replacement of
the chloride counterion by a non-coordinating counterion (see Figure 4). To a solution of 2
and [RhCl(COD)]2 (1:4 rhodium-to-phosphorus stoichiometry) in THF (100 g/L), sodium
tetraphenylborate in a drop of methanol was added. Immediately after addition, the solution
gelated. 31P NMR analysis confirmed the formation of the tetrakis-phosphinite complex.

Figure 4 Enforced formation of [Rh(2)4]BPh4 and [Ir(2)4]BPh4 in THF causing gelation. 

6.5 Preparation of iridium(I) coordination networks

The stoichiometry studies with 1 showed that exclusive formation of the iridium(I) tetrakis-
phosphinite complex  is readily achieved at an iridium-to-phosphorus ratio of 1:4. Upon
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complexation of the polymeric phosphinite ligand 2 with [IrCl(COD)]2, stable gels were 
formed in chloroform at concentrations as low as 30 g/L. In contrast to the rhodium(I) based 
gels, where gelation is almost instantaneous, the formation of the iridium(I) gels took 
approximately 30 min.

Preparation of an iridium(I) gel in THF was not successful, for the same reason as for the 
rhodium(I) based gels. 31P NMR analysis showed that only the iridium(I) tris-phosphinite
complex and free ligand 2 were present. Abstraction of the chloride anion with sodium
tetraphenylborate led to the formation of [Ir(2)4]BPh4 (f = 4) and a stable gel formed 
instantaneously (see Figure 4). 

6.6 Oscillatory shear experiments

Oscillatory shear experiments were performed on the chloroform based rhodium(I) and
iridium(I) gels to investigate their mechanical properties and shear dependencies (see Figure 
5). The gels were measured under a nitrogen atmosphere and at 0 °C to prevent solvent
evaporation.

Figure 5 Oscillatory shear measurements of coordination networks. Frequency dependent
storage and loss moduli of rhodium(I) and iridium(I) gels in chloroform are shown as open 
and closed symbols respectively (c = 100 g/L, T = 0 C).

The curves of the rhodium(I) gel (open symbols) indicate gel-like behavior as the storage (G’)
and loss (G”) moduli are parallel over a wide frequency range. A value of 1 kPa was found 
for the storage modulus in the frequency range of 100 to 0.1 rad/s, at lower frequencies the
storage modulus decreases rapidly to a value of 1 Pa at 0.001 rad/s. The loss modulus displays
low values at high frequencies (< 100 Pa), while increasing at low frequencies to 300 Pa at
0.001 rad/s. At a frequency of 0.004 rad/s the storage and loss moduli for the rhodium gel
cross (300 Pa) and the gel starts displaying liquid-like behavior.
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The iridium(I) gel (closed symbols) resembles the rheological behavior of the rhodium(I) gel. 
The loss moduli are very similar over a large frequency range (100-0.01 rad/s). The storage 
modulus of the iridium(I) gel however, has a value of 2.8 kPa, which is about three decades 
higher than the storage modulus found for the rhodium(I) gel. Furthermore, no crossover of
loss and storage moduli could be observed in the measured frequency regime. It is not 
possible to extrapolate a crossover for the iridium(I) gel, since both the storage and loss 
moduli decrease in the low frequency regime, indicating a different relaxation process than
observed for the rhodium(I) gel. 

Both gels exhibit gel-like behavior, but the iridium(I) gel has a considerably higher storage
modulus. This was also reflected in creep experiments. When tubes containing the rhodium(I)
and iridium(I) gels were placed up side down, for the rhodium(I) gel flow was observed after
1-2 hours, whereas the iridium(I) gel remained unchanged overnight. Employing iridium(I)
chloride instead of rhodium(I) chloride to build up a coordination network thus results in a
stiffer gel. 

6.7 Ultrasonication of rhodium(I) coordination networks

A gel was prepared by mixing [RhCl(COD)]2 and polymeric ligand 2 in chloroform (75 g/L). 
This gel was loaded into a water-cooled reaction vessel and the sonication probe was 
positioned in the gel together with a digital thermometer. During sonication, the material 
around the probe rapidly became liquid and a cloud of bubbles appeared. After 3 min the gel 
had completely liquefied. When sonication was stopped, a stable gel was re-established within
1 min. During the first 3 min. of sonication, temperature rose up to 43 °C, although the
sample was cooled with water of 15 °C. The gel functions as an insulator and cooling is
therefore poor until complete liquefaction. After liquefaction, temperature reaches a steady
state situation at 33 °C, considerably lower than the gel dissociation temperature (51 C).
Liquefaction can therefore not be explained by thermal effects. It is proposed that reversible
scission of coordinative bonds plays a major role and enables the formation of a metastable
state. Experiments with gels prepared in dichloromethane were troublesome, because of
solvent evaporation. Sonication of chloroform based gels at a concentration of 100 g/L
resulted only in liquefaction of a small portion of the gel.

6.8 Ultrasonication of iridium(I) coordination networks

Iridium(I) based gel was prepared in chloroform at a concentration of 50 g/L by mixing the 
[IrCl(COD)]2 with polymeric ligand 2 (Ir/P = 0.25). This gel, which has a gel dissociation
temperature of 50 °C, was sonicated in the same manner as the rhodium gel, and after 
approximately 3 min., the gel had completely liquefied. During this time, temperature rose
from 12 °C to 30 °C (temperature of cooling water 12 C). After liquefaction, temperature
remained constant at approximately 28 °C. When sonication was stopped, the gel remained
liquid for a considerably longer time, than in the experiment with the rhodium(I) based gel. 
Gelation occurred after approximately 1.5 hr. When a solution obtained by heating the gel
above its melting point was cooled, gelation occurred within minutes, sharing a different
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gelation mechanism than for the gel liquefied through sonication. This was confirmed by 
placing a freshly sonicated iridium(I) sol at -20 C. At this temperature, the liquid did not
gelate even after 10 days, but a sample taken from this liquid and kept at 20 C gelated within
1 hour (see Figure 6). 

Figure 6 Iridum(I) based gel 3 days after sonication, kept at -20 °C (left) and 20 °C (right). 

6.9 Ligand exchange rates

The very different behavior of the sonicated gels prompted us to investigate the rate of ligand
exchange of the rhodium(I) and iridium(I) complexes. These rates were determined by adding 
the metal-precursors to the tris-phosphinite and tetrakis-phosphinite complexes (see Scheme 
2). Formation of new complexes can only occur by dissociation of the phosphinite ligands,
which is therefore representative for the ligand exchange rate.

Scheme 2 Reaction of tetrakis- and tris-phosphinite complexes with the corresponding metal
precursors to assess the ligand exchange rates (P = ligand 1).

31P NMR analysis showed that conversion of the rhodium(I) tetrakis-phosphinite complex to 
the tris-phosphinite and bis-phosphinite complexes followed first order kinetics (  ~ 25 min).
Similarly, when [IrCl(COD)]2 was added to a solution of tetrakis-phosphinite iridium(I)
chloride, the formation of iridium(I) tris-phosphinite and mono-phosphinite complexes was 
observed. This reaction followed first order kinetics, but with  ~ 55 hours. This shows that 
the combination of alkyldiphenylphosphinite ligands with iridium(I) chloride leads to a 
system in which the ligand exchange processes are very slow. 
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6.10 Discussion and conclusions 

Combining diphenylphosphinite telechelic polytetrahydrofuran with either rhodium(I) or
iridium(I) chloride leads to coordination networks, which both form stable gels in chloroform.
The coordination chemistry of the two metals is similar as shown with 31P NMR. Oscillatory 
shear experiments revealed however, that the iridium(I) based gel is a considerably stiffer
material.

Sonication of the gels caused liquefaction of the gels within 3 minutes. Whereas the 
rhodium(I) based system forms a gel almost immediately after sonication is ceased, the 
iridium(I) based system requires 1.5 hours at room temperature to reconstitute the gel. 31P
NMR analysis directly after the sonication experiments did not show the presence of any free 
ligand.

We conclude that sonication does not change the coordination sphere of the metal center.
However, the action of mechanical forces on the network leads to a change in topology and
decreases the fraction of metal centers engaged in active crosslinks. The gel fraction is 
thereby converted into sol (see Figure 7). After liquefaction, the system is not at equilibrium 
and upon standing the gel fraction increases again at a rate which is determined by the
exchange kinetics of the metal complex. In the absence of free ligand, the rate limiting step is
the dissociation of phosphinite ligands. Reconstitution of the gel is therefore expected to
correspond to the kinetics of the process depicted in Scheme 2. 

Figure 7 Ultrasound breaks down the coordination network into smaller cyclic structures.27

Quantification of ultrasonic scission requires kinetically stable systems, otherwise the effects
of ultrasound are difficult to isolate. The iridium(I) based coordination network appears to be 
a suitable system for such studies. If necessary, the stability of the coordination networks may
be increased even further by employing better -acceptor ligands such as phosphites, that lead 
to even stronger coordinative bonds.20

Apart from mechanistic investigations of the ultrasonic scission process, application of these
systems in catalytic reactions is within reach. Rhodium(I) and iridium(I) complexes are
excellent catalysts in a multitude of reactions, and the current coordination networks can be 
easily converted into catalytically active complexes. This may then allow us to investigate the
influence of mechanical forces on catalytic activity and selectivity.

The principle of using ultrasound as a rheology switch does not appear to be limited to the 
systems described in this chapter. Many network systems that are based on dynamic

87



Chapter 6

crosslinks have slow exchange kinetics.28 Sonication of such gels may lead to even slower
reconstitution of the gels than for the experiments described here. Investigating the 
mechanochemistry of reversible networks based on different crosslinking interactions is
therefore of great interest and may even lead to practical applications.

6.11 Experimental section 

General procedures: 1H NMR (400 MHz), 13C NMR (100 MHz) and 31P NMR (162 MHz) 
spectra were recorded on a Bruker 400 spectrometer in chloroform unless stated otherwise.
Chemical shifts are reported in ppm and referenced to tetramethylsilane and chloroform
(proton and carbon) and external 85% phosphoric acid (phosphorus). Size exclusion
chromatography was performed on a Shimadzu LC10-AT, using Polymer Laboratories PL 
Gel 5 m mixed-D column (linear range of MW: 200 – 400000 g/mol), a Shimadzu SPD-
10AV UV-vis detector at 254 nm and chloroform as eluent at a flow rate of 1 mL/min (20
°C). Polystyrene standards were used for calibration. Sonication experiments were carried out 
with a Sonics VCX 500 Watt Ultrasonic Processor purchased from Sonics & Materials Inc. A
13 mm probe was used at a frequency of 20 kHz, at 30% of the maximum amplitude of 125

m. Syntheses of the ligands and the complexes were carried out under a dry argon 
atmosphere using standard Schlenk techniques. Toluene was distilled from sodium-potassium;
tetrahydrofuran and diethyl ether was distilled from molecular sieves; dichloromethane and 
deuterated chloroform were distilled from P2O5. Chloroform, tetrachloroethylene, dioxane,
tetrachloromethane  and triethylamine were degassed before use. Silica gel 60 (0.040-0.063 
mm) was purchased from Merck. Chlorodiphenylphosphine (98%) and polytetrahydrofuran
diol (Mn = 1400 g/mol) were purchased from Aldrich; chloro(1,5-cyclooctadiene)rhodium
dimer (98%) and chloro(1,5-cyclooctadiene)iridium dimer (98%) were purchased from
STREM. Syntheses of 1-(diphenylphosphino)dodecane and 1-(diphenylphosphinito)dodecane
have been described in Chapter 2.

, -Bis(diphenylphosphinito)polytetrahydrofuran (2). Polytetrahydrofuran diol (1400
g/mol, 10.60 g, 7.57 mmol) and triethylamine (3.00 mL, 21.6 mmol) were dissolved in dry
THF (100 mL) and the stirred solution was cooled to 0 C. Chlorodiphenylphosphine (2.72
mL, 15.1 mmol) was added to the mixture dropwise. After complete addition, the solution
was stirred for an hour at 0 C and left to warm to room temperature. Solvent was removed in 
vacuo and the solids were suspended in dry dichloromethane (100 mL). The solution was 
filtered over a glass filter and subsequently over a small layer of silica gel that was dried from
water and air. Solvent was removed in vacuo, yielding a clear oil that slowly crystallized out 
(11.1 g, 83%). H (400 MHz): 7.60-7.31 (m, 20H, Ph), 3.91 (m, 4H, CH2OP), 3.68-3.22 (m, n

 4H, CH2O), 1.55-1.29 (m, n  4H, CH2CH2O). C (100 MHz): 141.40 (d, 4C, Ph), 130.36
(d, 8C, Ph), 129.09 (s, 4C, Ph), 128.28 (s, 8C, Ph), 70.62 (s, n  2C, CH2O), 26.95 (s, n  2C,
CH2CH2O). P (162 MHz): 113.0 (s, 2P).

Oscillatory shear experiments. Oscillatory shear experiments were performed on a 
Rheometrics rotational rheometer (ARES, Advanced Expansion System) with controlled
strain mode and using parallel plate geometry (25 mm) in combination with a Peltier
Environmental Control and fluid bath. The gel based on dichloromethane was measured in a 
temperature range from 0 ºC - 15 ºC and angular frequencies of 500 – 0.1 rad/s, while the
chloroform based gel was measured in a range from 0 ºC - 10 ºC and angular frequencies of
500 – 0.001 rad/s. In each measurement the applied strain was maintained at a constant 
nominal value within the linear viscoelastic range, determined by the aid of strain sweeps. All 
experiments were carried out under nitrogen atmosphere to avoid thermo-oxidative
degradation. The set up was adjusted using a cap to prevent solvent evaporation. The 
characteristic viscoelastic functions, storage modulus (G’), loss modulus (G”) and complex
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viscosity ( *) have been obtained for different temperatures. Time-temperature superposition 
was applied with a reference temperature of 0 ºC for both gels. 
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Concluding Remarks 

Achievements 

The aim of this thesis has been the use of mechanical forces as a way to influence the 
coordination sphere of metal complexes and to apply this principle in coordination chemistry 
and catalysis. Ultrasound is known as one of the most efficient ways to produce strong shear 
forces in solution, and we investigated this mechanical force as a tool to dissociate ligands 
from a metal center.  

In order to efficiently transduce shear forces onto coordination complexes, polymeric 
materials are required. Therefore a variety of coordination polymers and networks has been 
developed. With the combination of palladium(II) dichloride as a metal center and 
bifunctional phosphorus ligands as described in Chapter 3, we have identified the 
prerequisites for successful ultrasound induced ligand dissociation.  

Although low molecular weight bifunctional phosphorus ligands in combination with 
palladium(II) dichloride can produce high molecular weight linear coordination polymers, 
these polymers are not stable in dilute solution and convert into cyclic structures. Key to the 
preparation of stable high molecular weight coordination polymers at low concentrations 
turned out to be the use of polymeric ligands, such as , -bis(diphenylphosphino)-
polytetrahydrofuran. Using polymeric ligands, the critical concentration of cyclization was 
decreased to as low as 0.15 mM.  

Sonication experiments on high molecular weight coordination polymers and networks in 
solution showed that this is indeed a suitable way to dissociate ligands from a metal center 
and produce coordinatively unsaturated metal complexes. Quantification studies on 
kinetically stable palladium(II) coordination polymers based on alkyldicyclohexylphosphine 
ligands showed that approximately 20% of the palladium(II) complexes are dissociated per 
hour.

Ultrasonic scission of coordination polymers also revealed the possibility to produce 
metastable species. The linear coordination polymers discussed in Chapter 3 can be converted 
into smaller cyclic oligomers that slowly equilibrate to form the original high molecular 
weight polymers. In Chapter 6, the rhodium(I) and iridium(I) coordination networks can also 
be converted into smaller objects by sonication. The nature of the transition metal complex 
determines the stability of the metastable objects, and lifetimes of several days were achieved 
for cooled samples of the iridium(I) phosphinite complex.  



Mechanical activation of a catalyst

Ultrasound induced coordinative unsaturation

The concept of influencing catalytic reactions with mechanical forces can be approached in 
several ways. Probably the most challenging way is increasing the activity or selectivity of an
existing catalyst by creating coordinative unsaturation (see Figure 1).

Figure 1 Ultrasonic scission to produce coordinative unsaturation.

For many reactions, ligand dissociation is considered to be the rate-determining step. In situ 
generation of unsaturated metal complexes may accelerate this step. Mechanical forces must
then dissociate ligands at a rate comparable to that of the catalytic cycle, because of
competing catalyst deactivation. The quantification studies presented in Chapter 4 show that 
the scission rate has to be increased by three to four orders of magnitude to achieve this goal.
This is not easily within reach with linear coordination polymers, but ultrasonic scission of 
coordination networks as described in Chapter 6 may lead to enhanced scission rates. 

Ultrasonic preparation of a catalyst

Converting a catalyst precursor into an active catalyst is certainly within reach of ultrasound
induced ligand dissociation (see Figure 2), and may enable on-off control over a catalytic
reaction. The rate at which the precursor is converted into an active catalyst is in this case not
an issue. Evidently, successful application depends on the design of the catalyst precursor.

Figure 2 Ultrasonic activation of a catalyst precursor.

The feasibility of this concept has been investigated in preliminary experiments. The
Sonogashira coupling of phenylacetylene and iodobenzene (see Scheme 1) is typically
catalyzed by palladium(II) dichloride bis(triphenylphosphine) and the palladium(II)
coordination polymers described in Chapters 3 are very similar to this catalyst. Moreover, 
their mechanochemistry has been well-studied.
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Scheme 1 Sonogashira coupling of iodobenzene and phenylacetylene catalyzed by 
palladium(II) dichloride , -bis(diphenylphosphino)polytetrahydrofuran [Pd].

Comparing sonicated and stirred reaction mixtures (both kept at 20 °C) revealed a slight 
increase in reactivity upon sonicating for 2 hours (4-fold). The mechanism of the Sonogashira
coupling has not yet been fully unraveled; however, most likely oxidative addition of 
iodobenzene to a palladium(0) species is the first step. This would then imply that sonication 
speeds up the reduction of palladium(II) to palladium(0).

Other attempts to prepare inactive catalyst precursors that may be activated by ultrasound 
included the Sonogashira coupling with palladium(II) dichloride , -bis(dicyclohexyl-
phosphino)polytetrahydrofuran. The strongly coordinating dicyclohexylphosphine ligands
completely deactivated the catalyst and could not be activated by ultrasound. These
experiments show that catalyst activation using ultrasound induced mechanochemistry is by 
no means trivial. 

Ultrasonic modification of a catalyst 

Modification of an active catalyst by ultrasound is also an achievable goal. The use of
heterocomplexes in catalysis has recently received considerable attention. A way to produce
heterocomplexes selectively is still lacking, but realizable with ultrasound (see Figure 3). The
homo-complex with the strongest coordinating ligands must then be equipped with polymeric
tails. Scission of this complex will then lead to the formation of two heterocomplexes, of
which the molecular weight is too low to be broken, analogously to the heterocomplexes
described in Chapters 4 and 5. 

Figure 3 Ultrasound induced heterocomplex formation.

Conclusions and future prospects 

Much insight has been gained concerning the factors that influence the efficiency and 
selectivity of ultrasound induced polymer scission. A large step has been made in determining
the requirements for mechanochemical reactions and understanding the scope and limitations
of this principle. Moreover, reversible mechanochemistry on coordination networks forms
part of a recent trend to explore ultrasound as a tool to tune material properties. 
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In order to observe the effects of mechanical forces on catalysis, appropriate catalysts should 
be identified. The wealth of available ligands permits tuning the activity of a catalyst, and 
catalyst complexes with slow ligand dissociation kinetics may be prepared and used in 
mechanochemical reactions. A factor that would promote a stronger change in activity is a 
significantly increased scission rate. A first step has been made by studying the 
mechanochemistry of coordination networks as described in Chapter 6. However, 
fundamental limitations on the density of cavitation bubbles limit the ultrasonic scission rate. 
Different techniques should therefore also be considered. Stretching coordination polymers 
incorporated in a rubber matrix may increase the scission rate drastically, since it is only 
dependent on the speed with which the material is stretched. Such materials may also enable a 
more delicate kind of mechanochemistry, which consists of mere deformation of catalyst 
complexes. 

The use of mechanical forces to influence catalysis is a fascinating concept that appeals to the 
imagination. With the knowledge gathered in this thesis, the successful application of 
mechanical forces in catalysis has certainly come much closer. 



Summary 

The most common way to achieve higher selectivity and activity in transition metal catalyzed 
reactions is through design of new ligands. This is a laborious and sometimes haphazard 
procedure, since detailed understanding of many catalytic reactions is often lacking. In this 
research attempts are made to develop mechanical forces as a new method to influence the 
coordination sphere of transition metal complexes and to apply this principle in coordination 
chemistry and catalysis. Ultrasound has been investigated as a means to break coordinative 
bonds in coordination complexes.  

In order to transduce the mechanical forces onto a complex, polymeric materials are required. 
In Chapter 2, the development of new coordination polymers, polymers containing transition 
metal complexes, is described. Combination of bifunctional phosphorus ligands with 
palladium(II) dichloride led to reversible coordination polymers. The influence of the steric 
and electronic properties of several phosphorus ligands on the stability of their complexes was 
investigated, as well as the equilibrium between cyclic and linear oligomers and polymers. 
Although in solution only low degrees of polymerization were achieved, polymerization in 
the melt, the highest possible concentration, resulted in very high degrees of polymerization. 
This material was characterized with size exclusion chromatography, but after some time 
equilibrated to smaller oligomers. This problem was solved by dramatic extension of the 
bifunctional phosphorus ligands. Chapter 3 describes the development of polymeric 
diphenylphosphine ligands by telechelic functionalization of polytetrahydrofuran. 
Complexation of this polymeric ligand with palladium(II) dichloride yielded high molecular 
weight reversible coordination polymers that are stable at low concentrations (~1.5 mM in 
toluene). Ultrasonication of a solution of this polymer led to a reversible decrease in weight 
averaged molecular weight from 1.7  105 to 1.0  105 g/mol, thereby evidencing the 
ultrasound induced dissociation of ligands and formation of coordinatively unsaturated metal 
centers.

The quantification of the ultrasonic scission process is described in Chapter 4. To this 
purpose, kinetically inert coordination polymers based on dicyclohexylphosphine telechelic 
polytetrahydrofuran and palladium(II) dichloride were developed. When solutions of this 
coordination polymer are sonicated in the presence of a labile stopper complex, palladium(II) 
dichloride bis(1-dodecyldiphenylphosphine), heterocomplexes form. Ligand exchange only 
takes place when the polymeric ligands are dissociated through sonication, and therefore 
serves as a means of quantification. The heterocomplex formation was followed with 31P
NMR and size exclusion chromatography. Over a period of 8 hours, the weight averaged 
molecular weight of the polymer was reduced from 1.1  105 to 2.3  104 g/mol, and 47% of 
the palladium(II) centers had been converted into heterocomplexes.  

Chapter 5 concerns the selectivity of ultrasonic scission of polymers containing linkages of 
different strengths. Ultrasonic scission of palladium(II) and platinum(II) dichloride based 
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coordination polymers in the presence of the labile stopper complex revealed that the 
palladium(II) based coordination polymers break more rapidly (67% heterocomplex 
formation after 4 hours) than the platinum(II) based polymers (49% after 6 hours). A 
heteronuclear coordination polymer based on palladium(II) and platinum(II) dichloride was 
also prepared and sonicated in the presence of the labile stopper complex. This resulted in 
exclusive scission of the palladium-phosphorus bond (39% after 5 hours of sonication). DFT 
calculations to determine the palladium-phosphorus and platinum-phosphorus bond energies 
gave values of 141 and 169 kJ/mol respectively. Which is in agreement with the more rapid 
scission of the palladium-phosphorus bonds, furthermore, it shows that ultrasonic scission is 
site-specific even when the difference in bond energies is as low as 28 kJ/mol. Employing a 
labile polymeric complex based on polystyrene-phosphine ligands and palladium(II) 
dichloride enabled the formation of polytetrahydrofuran-polystyrene block-copolymers 
through ultrasound induced ligand exchange. 31P NMR evidenced the formation of the 
heterocomplex. 

The reversible mechanochemistry of two coordination networks is reported in Chapter 6. 
Complexation of rhodium(I) and iridium(I) chloride with diphenylphosphinite telechelic 
polytetrahydrofuran led to the formation of stable gels in chloroform at concentrations above 
50 and 30 g/l respectively. Oscillatory shear experiments confirmed the gel-like behavior. 
Sonication of these gels during 3 min resulted in reversible liquefaction of the materials. 
Whereas reconstitution of the rhodium(I) based gel occurred only 1 min after sonication was 
stopped, re-gelation of the iridium(I) coordination network took 1.5 hr at room temperature, 
and over 10 days at -20 °C. It is proposed that sonication of the gels decreases the number of 
active crosslinks and diminishes the gel fraction to zero. Upon standing, the active crosslinks 
are restored at a rate which is determined by the exchange kinetics of the metal complex. 
Ligand exchange rates of rhodium(I) and iridium(I) phosphinite model systems were studied 
and followed first order kinetics with  ~ 25 min and  ~ 55 hr respectively, corresponding to 
the observed re-gelation behavior. 



Samenvatting

Het ontwerpen van nieuwe liganden is een veelgebruikte manier om hogere selectiviteit en 
activiteit te behalen in overgangsmetaal gekatalyseerde reacties. Dit kost echter veel tijd en is 
zelfs gedeeltelijk op toeval gebaseerd, aangezien gedetailleerde kennis van veel katalytische 
reacties vaak nog ontbreekt. In dit onderzoek wordt getracht de coördinatiesfeer van een 
overgangsmetaal door middel van mechanische krachten te beïnvloeden en dit principe toe te 
passen in coördinatiechemie en katalyse. Als techniek om coördinatieve bindingen in 
overgangsmetaalcomplexen te verbreken is het gebruik van ultrasoon geluid onderzocht. 

Om de mechanische krachten over te kunnen brengen op een complex zijn polymere 
materialen benodigd. De ontwikkeling van nieuwe coördinatiepolymeren, polymeren die 
metaalcomplexen bevatten, wordt beschreven in Hoofdstuk 2. Het combineren van 
bifunctionele fosfor liganden met palladium(II) dichloride resulteerde in reversibele 
coördinatiepolymeren. De invloed van de sterische en elektronische eigenschappen van een 
aantal fosfor liganden op de stabiliteit van hun complexen is onderzocht, evenals het 
concentratieafhankelijke evenwicht tussen cyclische en lineaire oligomeren en polymeren. 
Ofschoon in oplossing slechts lage polymerisatiegraden werden bereikt, resulteerde een 
polymerisatie in de smelt, de hoogst mogelijke concentratie, in zeer hoge 
polymerisatiegraden. Dit materiaal kon worden gekarakteriseerd met gel permeatie 
chromatografie, maar viel na enige tijd uiteen in kleinere oligomeren. Dit probleem kon 
worden opgelost door de lengte van de bifunctionele fosfor liganden drastisch te verlengen. 
Hoofdstuk 3 betreft de ontwikkeling van polymere difenylfosfine liganden door eindgroep 
functionalisatie van polytetrahydrofuraan. Complexatie van dit polymere ligand met 
palladium(II) dichloride gaf reversibele coördinatiepolymeren met hoog molecuulgewicht bij 
lage concentraties (~ 1,5 mM in tolueen). Bestraling van een oplossing van dit polymeer met 
ultrasoon geluid leidde tot een reversibele daling in het gewichtsgemiddelde molecuulgewicht 
van 1,7  105 naar 1,0  105 g/mol. Hiermee werd de ultrasoon geïnduceerde dissociatie van 
liganden aangetoond, alsmede de vorming van coördinatief onverzadigde metaal centra.  

Kwantificering van het ultrasoon breken van coördinatiepolymeren wordt beschreven in 
Hoofdstuk 4. Hiertoe werden kinetisch inerte coördinatiepolymeren ontwikkeld, gebaseerd op 
polytetrahydrofuraan met dicyclohexylfosfine eindgroepen en palladium(II) dichloride. 
Wanneer oplossingen van dit coördinatiepolymeer worden bestraald met ultrasoon geluid, in 
de aanwezigheid van het labiele stopper complex, palladium(II) dichloride bis(1-
dodecyldifenylfosfine), dan worden er heterocomplexen gevormd. Ligand uitwisseling vindt 
echter alleen plaats indien de polymere liganden worden gedissocieerd door ultrasoon geluid, 
waardoor deze methode geschikt is voor kwantificering van het ultrasone breekproces. De 
vorming van het heterocomplex werd gevolgd met fosfor-NMR en gel permeatie 
chromatografie. Gedurende 8 uren werd het gewichtsgemiddelde molecuulgewicht van het 
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polymeer gereduceerd van 1,1  105 naar 2,3  104 g/mol. Hierbij werd 47% van de 
palladium(II) centra omgezet in heterocomplexen.  

Hoofdstuk 5 is gewijd aan de selectiviteit van ultrasoon breken van polymeren met zwakkere 
bindingen. Ultrasoon breken van coördinatiepolymeren gebaseerd op palladium(II) en 
platina(II) dichloride, in de aanwezigheid van het labiele stopper complex, maakte duidelijk 
dat de palladium(II) gebaseerde coördinatiepolymeren gemakkelijker breken (67% 
heterocomplex gevormd na 4 uur), dan de platina(II) gebaseerde polymeren (49% na 6 uur). 
Een heteronucleair coördinatiepolymeer, gebaseerd op palladium(II) en platina(II) dichloride, 
werd gesynthetiseerd en ultrasoon gebroken in de aanwezigheid van het stopper complex. Dit 
resulteerde in exclusieve breking van de palladium-fosfor bindingen (39% na 5 uur). Door 
middel van DFT berekeningen werden de bindingsenergieën van de palladium-fosfor en 
platina-fosfor bindingen berekend, resulterend in 141 en 169 kJ/mol respectievelijk. Deze 
waardes zijn in overeenstemming met de snellere breking van de palladium-fosfor bindingen 
ten opzichte van de platina-fosfor bindingen. Bovendien tonen de berekeningen aan dat een 
verschil in bindingsenergieën van slechts 28 kJ/mol voldoende is om hoge selectiviteit te 
bereiken met ultrasoon breken. Het gebruik van een labiel polymeer complex gebaseerd op 
polystyreen-difenylfosfine liganden en palladium(II) dichloride, maakte het mogelijk 
polystyreen-polytetrahydrofuran blok-copolymeren te vormen met behulp van ultrasoon 
geluid. De vorming van het heterocomplex werd aangetoond met fosfor-NMR en gel 
permeatie chromatografie. 

De reversibele mechanochemie van twee coördinatienetwerken wordt beschreven in 
Hoofdstuk 6. Complexatie van rhodium(I) en iridium(I) chloride met difenylfosfiniet 
gefunctionaliseerd polytetrahydrofuraan leidde tot de vorming van stabiele gels in 
chloroform, respectievelijk bij concentraties hoger dan 50 en 30 g/L. Rheologische analyse 
bevestigde het gel gedrag. Bestraling van de gels met ultrasoon geluid gedurende 3 minuten 
maakte de gels tijdelijk vloeibaar. Hernieuwde vorming van de rhodium(I) gebaseerde gel 
vond plaats 1 minuut nadat de bestraling was gestopt. Gelering van het iridium(I) 
coördinatienetwerk duurde 1,5 uur bij kamertemperatuur en zelfs meer dan 10 dagen bij  
-20 °C. Vermoedelijk vermindert ultrasoon geluid het aantal actieve kruisverbindingen en 
reduceert het de gelfractie tot nul. Zonder ultrasoon geluid herstellen de kruisverbindingen 
zich weer, met een snelheid die bepaald wordt door de uitwisselingskinetiek van het metaal 
complex. De liganduitwisselingssnelheden van rhodium(I) en iridium(I) fosfiniet 
modelverbindingen werden daartoe bestudeerd. Deze volgen in beide gevallen een eerste orde 
kinetiek met halfwaardetijden van respectievelijk 25 minuten en 55 uur, die overeenkomen 
met het geobserveerde gedrag. 
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