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J.J. Carbosilane dendrimers in a continuous-

flowflow membrane reactor 

Thee synthetic procedure to obtain carbosilane dendrimers containing a branch multiplicity 

off  three and branch lengths of two and three carbon atoms is reported. A continuous-flow 

membranee reactor is presented, which was tested using a Koch/SelRO MPF-60 NF 

membrane.. The retention of several carbosilane dendrimers was measured in a variety of 

solvents.. The retentions vary considerably with the solvent (e.g. 18% (THF) and 79% 

(CH2C12)) for the zeroth generation dendrimer, 78% (THF) and 99.9% (CH2C12) for the 

thirdd generation dendrimer). Dichloromethane gives the highest retentions of the solvents 

testedd and the retention is affected significantly by additives like olefinic substrates. The 

retentionss of linear polystyrene molecules of similar molecular weights are comparable to 

thosee of the dendrimers. 

reactantt flow . 

QQ = dendrimeric catalyst 
—— = membrane 

productt flow 
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Introduction n 

Duringg the past few decades dendrimers have attracted a lot of attention. 1~5 Already at an 

earlyy stage the potential use of dendrimers as recyclable catalysts was recognised.6-8 

Severall  dendrimeric catalysts have been reported,̂ and some of these systems have been 

usedd in a continuous-flow membrane reactor. 10-13 

Recyclingg of the catalyst can be achieved by performing the reaction batchwise or in a 

continuous-floww membrane reactor. An advantage of a continuously operated reactor is 

thatt concentrations of the reactants can be kept constant, which in some reactions can 

resultt in higher selectivities. So far mainly heterogeneous catalysts and homogeneous 

catalystss anchored to an insoluble support̂  have been used in continuous-flow reactors. 

Thesee systems can have several disadvantages, such as mass transport limitations resulting 

inn a low catalytic activity. 15 In this respect the use of soluble polymers as a catalyst 

supportt 16-20 is advantageous since the catalyst system is homogeneous, which reduces the 

masss transport limitations and thereby increases the catalytic activity. Compared to the 

monomericc homogeneous catalyst, the catalytic activity of these polymer supported 

systemss is generally lower. This is a result of the entanglement of the polymer chains 

blockingg some of the randomly introduced catalytic sites.2! Therefore, the catalyst is more 

stericallyy hindered and not as accessible to the substrate as is the case for the monomeric 

catalyst.. When using dendrimers as a soluble polymer support the catalyst system obtained 

iss well-defined and uniform. Periphery functionalised dendrimers will have their catalytic 

sitess at the surface, thus being readily accessible to the substrate molecules. Furthermore, a 

highh local concentration of catalytic sites on the surface of the dendrimer can lead to 

cooperativityy between the sites, which might result in a different activity or selectivity 

comparedd to the monomeric catalyst. A potential disadvantage of a high local 

concentrationn of catalytic sites is clustering of the transition metal particles to form 

inactivee species. 

Wee have chosen carbosilane dendrimers as a catalyst support because of their inertness in 

catalysis.. Carbosilane dendrimers have the advantage that they are very stable, kinetically 

ass well as thermodynamically. 1 It is important that the dendrimeric support does not effect 

thee catalytic reaction in an undesirable way and that it is stable under catalytic conditions. 

Carbosilanee dendrimers do not contain atoms that can coordinate to a transition metal, 

whichh makes this type of dendrimers favourable as a catalyst support. The commercially 
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availablee poly(propylene imine) and poly(aminoamide) dendrimers contain nitrogen atoms 

thatt can serve as ligands for transition metal catalysts and therefore might influence the 

catalyticc performance. The low polarity of the Si-C bond leads to the formation of very 

apolarr systems. The use of carbosilane dendrimers as a catalyst support can change the 

selectivityy of the catalyst, due to the apolar microenvironment.22 The apolar dendrimeric 

supportt can potentially induce substrate selectivity or in case of e.g. polymerisation 

reactionss generate oligomers with certain chain lengths by letting the chains grow into the 

interiorr of the dendrimer. Another advantage of carbosilane dendrimers is the ease of 

modificationn of the molecule by changing the branch lengths, the branch multiplicities and 

thee core.23-27 -r^g optimised synthesis of carbosilane dendrimers is straightforward, highly 

selectivee and leads to completely functionalised well-defined dendrimeric molecules. In 

19922 the syntheses of carbosilane dendrimers with a branch multiplicity of three and 

branchh lengths of two and three carbon atoms were reported in a short communication.2^ 

Sincee these dendrimers are used in this thesis, a more detailed description of their 

optimisedd synthesis and characterisation will be given in this chapter. In order to use these 

dendrimerss as a catalyst support in a continuous-flow membrane reactor, they should be 

sufficientlyy large to be retained in the reactor by nanofiltration. The retentions of the 

differentt generations of carbosilane dendrimers in a home-made membrane reactor are 

investigatedd to give an indication of the size of the systems required for the use as a 

recyclablee support. 

Resultss & discussion 

Synthesiss of the carbosilane dendrimers 

Thee carbosilane dendrimers with a branch multiplicity of three and branch lengths of two 

orr three carbon atoms were prepared as shown in scheme 1. A repetitive stepwise synthetic 

routee of hydrosilylation of the vinylic or ally lie endgroups of the dendrimer with 

trichlorosilanee followed by alkenylation with vinylmagnesium chloride or allylmagnesium 

bromidee leads to the different generations of dendrimers. We will use the name C2-

dendrimerss for carbosilane dendrimers with a branch length of two carbon atoms, while 

dendrimerss with a branch length of three carbon atoms will be called C3-dendrimers. 
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Schemee 1. Synthesis of carbosilane dendrimers. 
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Tetrabutylammoniumm hexachloroplatinate was preferred as a catalyst for the 

hydrosilylationn step.28 The Karstedt-catalyst (platinum tetramethyldivinyldisiloxane 

complex),, Pt(PPh3)4 and a Pt55 cluster have also been tried, but with the Karstedt-catalyst 

manyy side products were observed (like the branched product RSiCH(CH3)SiCl3) and with 

Pt(PPli3)44 and the Pts.s cluster the reaction was very slow (the conversion was less than 10% 

afterr stirring overnight). Roovers and co-workers used platinum 

divinyltetramethyldisiloxanee complex (Petrarch PC 072) in THF for the hydrosilylation 

withh dichloromethylsilane.24 When we performed the reaction with trichlorosilane using 

PCC 072 in THF, we observed complete conversion but also formation of side products. 

Forr the dendrimers that are liquids or thin oils the dendrimer was mixed with the solid 

catalystt prior to the addition of trichlorosilane, which was also used as the solvent. When 

usingg the zeroth generation dendrimer (2) complete conversion was reached after 3.5 hours 

off  refluxing or stirring overnight at room temperature. For the first generation dendrimer 

(6)) a slightly longer reaction time was required (3.5 hours of refluxing followed by stirring 

overnightt at room temperature), while for the second generation dendrimer (10) the 

reactionreaction mixture was refluxed for 72 hours followed by stirring at room temperature for 

threee days. Higher generation dendrimers that are thick oils or (wax-like) solids, require 

thee use of co-solvents, since the catalyst hardly dissolves in trichlorosilane. In a more 

generall  procedure for the hydrosilylation of dendrimers diethyl ether and dichloromethane 

aree added as co-solvents. The reaction proceeded at room temperature and longer reaction 
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timess were necessary for higher generation dendrimers. Since some dioxygen must be 

presentt during the reaction in order to form the active catalyst,29'30 a CaCl2-drying tube 

wass used to exclude water. 

Figuree 1. Set-up for the synthesis of allylmagnesium bromide. 

N, , 

allyll  bromide 

oill  bath 
flaskk containing re fluxing Et ,0 
pressuree equalising dropping funnel 
valvee for controlling addition speed 
glasss wool 
magnesium m 
refluxx condenser 
nitrogenn inlet 

Vinylmagnesiumm chloride or allylmagnesium bromide was used for the alkenylation step. 

Sincee every chlorosilane endgroup of the dendrimer must react to obtain a new generation, 

thee Grignard reagent should be of high quality. Commercially available allylmagnesium 

bromidee can contain impurities, which might cause homocoupling of the SiCl endgroups of 

thee dendrimer. Preparation of allylmagnesium bromide using a column of magnesium 

(figuree 1)31-33 allowed the preparation of the Grignard reagent in high concentration (as 

highh as 3 M) without the formation of by-products due to Wurtz coupling reactions. The 

magnesiumm was activated prior to use by stirring it with HgCl2 under a nitrogen 

atmosphere.. Subsequently, it was transferred into a dropping funnel (3) containing a small 

plugg of glass wool. A reflux condenser (7) was placed on top of the dropping funnel and 

connectedd to a nitrogen inlet (8). The allyl bromide was pumped into the top of the reflux 
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condenserr via an HPLC pump. It reacted with the magnesium on the column where it was 

washedd down with the refluxing diethyl ether. The resulting Grignard solution was used for 

thee alkenylation step in the dendrimer synthesis. A solution of the chloro-terminated 

dendrimerr in diethyl ether was added dropwise to the allylmagnesium bromide solution at 

0°C.. The reaction mixture was refluxed for 4 hours, after which the white suspension was 

neutralisedd using aqueous ammonium chloride at 0°C. 

Thee allyl and vinyl terminated dendrimers were purified by flash column chromatography 

afterr which they were pure according to 'H-NMR analysis. However, NMR spectroscopy 

iss not a suitable method to analyse the purity of these dendrimers, and when analysed by 

GPC,, the presence of dimers and trimers could be observed. These impurities are formed 

byy incomplete Grignard substitution and subsequent hydrolysis giving disiloxanes. This 

side-reactionn becomes prominent for the larger dendrimers. Figure 2 shows the 

chromatogramm of a third generation C3-dendrimer (12), with a retention time of 22.9 

minutes,, containing dimers (at 21.6 min.) and trimers (at 21.0 min.). From the 

chromatogramm it is clear that size exclusion chromatography (SEC) is a suitable method to 

purifyy these dendrimers. 

Figuree 2. GPC-trace of 12 containing dimers and trimers as side-products. 

0.03--

22 0 0 2 

o o > > 
0.011 -

200 21 22 23 24 

Minutes s 

Characterisationn of the carbosilane dendrimers 

Thee dendrimers were obtained as colourless oils, which are more viscous at higher 

generations.. They were characterised using 'H-, C- and Si-NMR spectroscopy, 

MALDI-TOF-M SS and elemental analysis. The second generation C2-dendrimer (9) is a 

whitee solid and crystals suitable for X-ray analysis were grown from a diethyl 

ether/methanoll  solution. The structure (figure 3) shows that the molecule crystallised with 
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alll  the bonds in a zigzag conformation. The structure is not a perfect sphere, but is rather 

flattened.. The diameter of the dendrimer is approximately 22 A, while the height is -10 A. 

Thee distance between the central silicon atom (Sii) and the silicon atom of the first branch 

pointt (Si2) is 4.6 A (table 1), while the distance between the core Si-atom (Si0 a nd t n e Si-

atomm of the second branch point (813,4) is either 6.4 or 8.8 A; the difference is caused by the 

flattenedd structure of the molecule. 

Figuree 3. Crystal structure of the second generation Ca-dendrimer (9). 

55 A 

111 A 

^^ I 
.C C 8(4--

si^-cf^ ^ 

v;; fjf 

Tablee 1. Selected interatomic distances and angles in the second generation C2-dendrimer 

(9). . 

Si,-Si2 2 

Si rSi3 3 

Sii-SU U 

Sii-Ci-C2 2 

Si|-C]-C2-Si2 2 

distancee (in A) angle (in °) 

4.6 6 

6.4 4 

111 1 

179 9 
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Thee structure of the different generations of carbosilane dendrimers was studied using 

molecularr modelling (figure 4, table 2). The modelled structure of 9 was very similar to the 

X-rayy crystal structure, indicating that the results obtained using molecular modelling 

resemblee the structure of the molecules in the solid state. The molecular volume of the 

calculatedd structure of 9 (2522 A3)34 deviated only slightly from that of the X-ray crystal 

structuree (2414 A3) and remained constant during a molecular dynamics run of 100 ps. The 

calculatedd structures of 9 and of the different generations of C3-dendrimers (2, 6, 10, 12) 

shownn in figure 4 give an impression of the differences in size of the various generations. 

Thee third generation dendrimer (12) has a spherical structure, which is expected to be 

favourablee when used as a catalyst in a continuous process, as it will be less likely to go 

throughh the pores of the membrane. Table 3 shows the calculated molecular volumes of a 

seriess of polystyrene molecules having molecular weights in the range of those of the 

dendrimers.. The interpolated calculated volumes of the dendrimers and linear polystyrene 

moleculess are similar. The question arises whether the more spherical dendrimers will have 

higherr retentions in a continuous-flow membrane reactor than the more flexible linear 

polymers. polymers. 

Figuree 4. Molecular modelling structures of G0, Gi, G2 and G3 C3-dendrimers (2, 6, 10, 

12)) and G2 C^-dendrimer (9). 
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Tablee 2. Calculated volumes of variouss generations of 

andd the second generation vinyl-terminated C2-dendrimer 

dendrimerr generation molecularr mass 

(g/mol) ) 

propyl-terminatedd C3 -dendrimers s 

calculatedd molecular volume 

(A3) ) 

C33 G3 8541 11669 

G22 2770 3793 

Gii  845 1186 

Goo 204 301 

C22 G2 1900 2522a 

aThee molecular volume determined by X-ray analysis is 2414 A3. 

Tablee 3. Calculated volumes of various polystyrene molecules. 

molecularr mass calculated molecular volume 

(g/mol)) (A* ) 

74877 9307 

26000 3350 

15500 1949 

7311 923 

Gell  permeation chromatography (GPC) allows a good separation of the different 

generationss of carbosilane dendrimers. Figure 5a shows the In of the molecular mass 

versuss the retention time of the various C3-dendrimers. A different column is used for the 

measurementss in dichloromethane than for those in THF; this can explain the differences 

inn retention times for the different solvents. When the same correlation is made for a series 

off  polystyrene standards (figure 5b) it can be seen that the curves are very similar 

comparedd to those of the dendrimers, but they seem to be slightly closer together for the 

twoo solvents. When comparing all four curves the differences seem negligible, although 

thee curves of the dendrimers tend to show a slightly steeper slope. Therefore, the rheology 

off  the dendrimers up to the third generation is expected to be similar to that of polystyrene. 

Higherr generation dendrimers might deviate from the curve, as is already indicated by the 

slightlyy higher position of the points of the third generation dendrimer on the curves. Such 

aa deviation was reported by Hawker et al. They compared dendrimeric and linear polyether 

macromoleculess and observed that the hydrodynamic volume of these molecules up to the 
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fourthh generation was essentially the same, while the linear derivatives have a larger 

molecularr volume compared to the fifth and sixth generation dendrimers. 35 They attribute 

thiss result to the more compact globular structure of the dendrimer compared to the random 

coill  structure of its linear analogue. 

Figuree 5. Ln(MW) versus the GPC retention time of Go, Gi, G2 and G3 C3-carbosilane 

dendrimersdendrimers (a) and of several polystyrene standards (b). 

(a) (a) 
10 0 

8 8 

6 6 

4 4 

211 23 25 27 

retentionn time (min) 

29 9 

-THF F -CH2CI2 2 

(b) ) 

31 1 255 27 

retentionn time (min) 

29 9 

-THF F -CH2CI2 2 

Reactorr set-up 

Soo far only a few reports describe the use of dendrimeric catalysts in a continuous-flow 

membranee reactor. Vogt, Van Koten and co-workers reported the hydrovinylation of 

styrenee using palladium complexes of phosphine-ester-functionalised carbosilane 

dendrimers.. This reaction was performed in dichloromethane, using a Koch/SelRO MPF-

600 nanofiltration membrane (molecular weight cut-off (MWCO) = 400 Dalton). 12,36 j n e 

usee of diphenylphosphine-functionalised poly(propylene imine) dendrimers as ligands in 

thee continuous palladium-catalysed allylic substitution reaction was described by Reetz, 

Kragll  and co-workers. The Koch/SelRO MPF-50 nanofiltration membrane (MWCO = 700 

Dalton)) was preferred to the Nadir UF-PA-5 ultrafiltration membrane, since this membrane 

gavee a higher retention of the dendrimeric catalyst JO Van Koten and co-workers used an 

NCN(pincer)Ni-functionalisedd carbosilane dendrimer for the Kharasch addition reaction in 

aa continuous process. They also used the Koch/SelRO MPF-50 NF membrane.13 In all 

thesee examples dichloromethane was used as a solvent in combination with a Koch/SelRO 

nanofiltrationn membrane. To our knowledge these are the most suitable commercially 

availablee membranes for the filtration of this size of molecules using organic solvents. 

Wee developed a continuous-flow membrane reactor that can be used for various catalytic 

reactionss either as an open or a closed system. Figure 6 shows a cross section view of the 
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reactor.. It consists of a stainless steel autoclave in which the reaction vessel (4) is 

restrainedd by a spring (2). The volume of the autoclave is reduced to 5 mL by inserting a 

metall  stopping piece (6). The catalyst solution can be injected into the autoclave via a two-

wayy valve (7). The membrane (10) is located at the bottom of the autoclave and kept in 

placee by a Viton® O-ring (3). A crossed stirring bar (7) is placed on a gauze (8) that 

protectss the membrane. 

Figuree 6. Cross section view of the membrane reactor. 

Detaill of the reactor 

/.. valve for injecting catalyst 
solution n 

2.2. spring 
3.3. Viton® O-ring 
4.4. reaction vessel (inner wall) 
J.. outer beaker 

6.6. stopping piece 
7.. crossed stirring bar 
8.8. gauze 
P.. perforated cover 
10.10. membrane 
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Figuree 7a. Schematic presentation of the open system membrane reactor. 
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Figuree 7b. Schematic presentation of the closed system membrane reactor. 
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Thee open system (figure 7a) consists of a vessel containing the substrate solution (2) 

(usuallyy under inert atmosphere) connected to the membrane reactor (77) via an HPLC-

pumpp (7). The substrate solution is pressed through the membrane and is collected in an 

openn vessel (14) or a fraction collector. The pressure drop over the membrane can vary 

fromm -2 to 24 bar. When the pressure exceeds 24 bar, the pump cannot function properly. 

Thiss set-up can be used for reactions that are performed under atmospheric pressure such 

ass allylic substitution reactions. 

Thee closed system̂ (figure 7b) consists of a stainless steel vessel containing the substrate 

solutionn (3), which can be brought under pressure (e.g. H2). The substrate solution, 

saturatedd with the gas mixture used, is pumped into the reactor (13) via an HPLC-pump 

(9),, pressed through the membrane and then drops into a glass beaker that floats on the 

substratee solution (4). Samples of the product solution can be taken directly after the 

membranee using a valve (8). This set-up can be used for reactions that require pressures 

betweenn 1 and 10 bar, such as hydrogenation reactions. 

Retentionn of carbosilane dendrimers 

Inn order to determine which generations of the carbosilane dendrimers are suitable as a 

catalystt support for the use in a continuous-flow membrane reactor, the retention of various 

dendrimerss using the Koch/SelRO MPF-60 NF membrane has been measured. The 

dendrimerr was transferred into the reactor which was flushed with solvent for a certain 

time.. Subsequently, the retentions were determined by GPC-analysis of the contents of the 

reactorr and of the solution that had passed through the membrane. Table 4 shows the 

resultss of the different generations of the C3-dendrimers using dichloromethane and THF 

ass the solvent. As expected, as the size of the dendrimer increases (see table 2 and figure 

4),, the retention becomes higher. Figure 9a shows how much of the various dendrimers 

wil ll  be retained in the membrane reactor, using the retentions of table 4. The second and 

thirdd generation dendrimers (10 and 12) show high retentions; after 20 reactor volumes of 

solventt have been pumped through the reactor still 98% of the third generation dendrimer 

iss in the reactor and 96% of the second generation dendrimer. When the same amount of 

solventt is pumped through, there is only 70% of the first generation dendrimer (6) left. The 

zerothh generation dendrimer (2) is nearly completely washed out after 20 reactor volumes. 

Thee molecular weight cut-off of the membrane (400 Dalton) is in between the molecular 

weightss of the zeroth and first generation dendrimers (MW = 204 and 845 Da, 
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respectively),, which is reflected by the significant difference between the retentions of 

thesee dendrimers. For comparison also a series of linear polystyrene polymers has been 

measuredd (table 5). The interpolated values of the retentions of these linear polymers are 

similarr to those of the dendrimers with corresponding molecular weight. For the spherical 

structuree of the dendrimers to make a real difference in the retention, we probably have to 

lookk at higher generations. 

Figuree 8. The first generation C2- and C3-carbosilane dendrimers. 

sr-- -Si 

^ s \\ ) // 
Si i 

// / 

firstt generation C2-dendrimer first generation C3-dendrimer 

Tablee 4. Retention of various generations of C3-dendrimers and the second generation C2-

dendrimerr in CH2CI2 and in THF. 

dendrimerr generation molecular mass retention in CH2Cl2a retention in THFb 

(g/mol)) (%) (%) 

C33 G3 12 8112.2 99.9 78 

77 7 

74 4 

18 8 

C22 G2 9 1899.9 99.8 98.9 
aThee reproducibility using CH2C12 was good: for 12: 99.6-99.9%, for 10: 99.5-99.8%, for 

9:: 99.7-99.8%; bThe reproducibility using THF was poor: for 12: 60-78%, for 10: 58-77%, 

forr 9: 98.1-98.9%; 6 and 2 have been measured only once. 

G3 3 

GG2 2 

G, , 

Go o 

Ĝ  ^ 

12 2 

10 0 

6 6 

2 2 

9 9 

8112.2 2 

2629.2 2 

801.6 6 

192.4 4 

1899.9 9 

99.9 9 

99.8 8 

98.2 2 

78.9 9 

99.8 8 
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Tablee 5. Retention of polystyrene in CH2CI2. 

molecularr mass 

(g/mol) ) 

935000 0 

13700 0 

2360 0 

760 0 

retentionn in CH2CI2 

(%) ) 

99.9 9 

99.9 9 

99.7 7 

98.1 1 

Figuree 9. The theoretical amount of C3-dendrimer that is retained in the membrane reactor 

ass a function of time, using CH2CI2 (a) or THF (b) as a solvent, 

(a)) (b) 

00 5 10 15 20 0 5 10 15 20 

substratee flow (in reactor wlumes) substrate flow(in reactor volumes) 

- * —— G3 - * - G 2 - • — G1 GO - ^ É - G 3 - * _ G 2 - t - G 1 GO 

Thee retentions of the various generations of dendrimers in THF appeared to be very low.38 

Thee third generation dendrimer (12) with a molecular weight of 8112 g/mol is hardly 

retainedd by the membrane at all; the retention is even lower than that of the zeroth 

generationn dendrimer using dichloromethane. All the dendrimers will be washed out after 

lesss than 20 reactor volumes (figure 9b). 

Thee retention of the second generation C2-dendrimer (9) (MW = 1899.9 g/mol) was found 

too be 98-99% when using THF as a solvent, compared to 99.8% in dichloromethane (last 

entryy in table 4), see figure 8 for comparison of C2- and C3-dendrimers. Here we also see 

thatt the retention in THF is lower than that in dichloromethane, but the retention in THF is 

stilll  reasonable. Due to the poor reproducibility using THF as a solvent, we cannot draw 

conclusionss about the differences between the C2- and C3-dendrimers. 
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Too get an impression about the retentions of the dendrimers in other solvents or substrate 

solutionss commonly used for catalytic reactions, we performed a quick scan using a variety 

off  solutions. 

Onee solvent that is commonly used in catalytic reactions is toluene. We performed 

retentionn measurements of the second and third generation Cj-dendrimers using toluene as 

aa solvent. These retentions were found to be considerably lower than those measured in 

dichloromethanee (table 6, entries 1 and 2). 

Rhodiumm complexes of phosphine-functionalised carbosilane dendrimers are active in the 

rhodiumm catalysed hydroformylation of 1-octene (see chapter 3). For this reaction toluene 

wass used as a solvent, ! -octene as the substrate and w-decane as an internal standard. The 

retentionn measurements in toluene show that this is not a suitable solvent for our 

membranee reactor set-up. If the reaction were to take place in the absence of solvent, using 

thee substrate 1-octene in combination with the internal standard w-decane, the retention is 

reducedd even further (entry 3). Dichloromethane gives the highest retentions, but the 

additionn of substrate (1 -octene) and internal standard («-decane) lowers the retention so 

muchh that the second or third generation dendrimers would not be suitable for a continuous 

processs (entry 4). Interestingly, the second and third generation dendrimers give very 

similarr retentions using this substrate solution, even though the molecular masses are very 

different.. The same was observed when using THF as a solvent. 

Tablee 6. Retention of the second and third generation C3-dendrimers in various solvents, 

solventt G2 (10) G3 (12) 

CH2C122 99.8 99.9 

toluenee 79 92 

1-octene/w-decanee (1:1) 78 91 

CH2C122 + 1 -octene (8%) + /7-decane (8%) 94 95 

Nott only the properties of the dendrimers change in the various solvents, but also those of 

thee membrane. If dichloromethane is used as a solvent, the flow rate during the retention 

measurementss can be as high as 15 mL/h. When using THF as a solvent the flow rate 

cannott exceed 6 mL/h without building up too much pressure over the membrane.39 For 

toluenee or a mixture of 1-octene and w-decane (1:1) the maximum flow rate is only 0.72 

mL/h. . 
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Conclusions s 

Thee optimised synthesis of carbosilane dendrimers with a branch multiplicity of three and 

branchh lengths of two and three carbon atoms is straightforward, highly selective and leads 

too completely functionalised well-defined dendrimeric molecules. The X-ray crystal 

structuree of the second generation C2-dendrimer shows a slightly flattened structure in 

whichh all bonds have a zigzag conformation. 

Thee retentions of a series of carbosilane dendrimers and linear polystyrene molecules were 

determinedd using a continuous-flow membrane reactor equipped with the Koch/SelRO 

MPF-600 nanofiltration membrane. The retentions of linear polystyrene molecules were 

comparablee to those of the dendrimers, which indicates that the dendrimers used in this 

studyy are very flexible. We found a large solvent effect for the carbosilane dendrimers 

usingg the Koch/SelRO MPF-60 NF membrane in the continuous set-up. Dichloromethane 

iss the best solvent tested so far. The presence of 1-octene, as a substrate for e.g. catalytic 

hydroformylation,, in the solvent lowers the retention of the dendrimers. Consequently, 

whenn using dendrimeric catalysts in a continuous-flow membrane reactor, the retention of 

thee catalyst should be measured using the substrate solution. It is clear that the application 

off  the Koch/SelRo MPF 60 NF membrane is limited. 

Experimentall section 

Generall data. THF and diethyl ether were distilled from sodium/benzophenone and 

dichloromethanee was distilled from calcium hydride prior to use. 1-Octene was filtered over 

aluminaa (Acros, aluminum oxide, activated, neutral, 50-200 micron) before use. Chemicals 

weree purchased from Aldrich Chemical Co. and Acros Chimica and were used without further 

purification.. Silica 60 (SDS Chromagel, 70-200 urn) was used for column chromatography. 

Tetrabutylammoniumm hexachloroplatinate was prepared according to a literature procedure.28 

'H-,, 31P-{'H} - and ,3C-{'H}-NM R spectra were recorded on a Bruker AMX 300. 29Si-{'H} -

NMRR spectra were measured on a Bruker AC 100 and on a Bruker DRX 300 spectrometer. 

Thee chemical shifts are given in ppm relative to TMS for 'H-, l3C- and 29Si-NMR and relative 

too H3PO4 for 31P-NMR. Matrix Assisted Laser Desorption Ionisation (MALDI ) Time-of-Flight 

(TOF)) mass spectrometry was performed using a Perkin Elmer/PerSeptive Biosystems 

Voyager-DE-RPP MALDI-TOF mass spectrometer (PerSeptive Biosystems, Inc., Framingham, 

MA,, USA) equipped with delayed extraction. A 337nm UV Nitrogen laser producing 3ns 

pulsess was used and the mass spectra were obtained in the linear and reflectron mode. Samples 

weree prepared in an Atmosbag (Aldrich) filled with argon by mixing 10 ul of dichloromethane 

47 7 



ChapterChapter 1 

solutionn of the sample with 30 u.1 of a solution of 3 mg/l 2,5-dihydroxybenzoic acid (DHB) or 

Dithranoll  (DIT) in dichloromethane. One |il of the solution was loaded on a gold-sample plate, 

thee solvent was removed and the sample transferred to the vacuum of the mass spectrometer 

forr analysis. Silver trifluoroacetate was used for the ionisation of the molecules.^M' GC-MS 

measurementss were performed on a HP 5971 Series mass selective detector coupled to a HP 

58900 Series II gas chromatograph. Elemental analyses were measured on an Elementar Vario 

ELL apparatus. The GPC measurements were performed on a Shimadzu apparatus equipped 

withh a Waters Styragel Column HR 1, HR 2 and HR 4 in series and with a RID-10A refractive 

indexx detector and a SPD-10A VP UV-V1S detector. 

Thee membrane reactor set-up contains a Gilson Piston Pump Model 303 / 10SC and a Gilson 

Modell  802C Manometric Module. The reactor volume is 5 mL and the diameter of the 

membranee is 23 mm. The membrane used for the retention measurements is a Koch/SelRO 

MPF-600 NF membrane (Koch Membrane Systems, Diisseldorf, Germany) with a molecular 

weightt cut-off (MWCO) of 400 Dalton. 

Synthesis s 

Typicall  procedure for the preparation of the chloro-tenninated dendrimers: 

Methodd A: using trichlorosilane as the solvent. 

Thee allyl terminated dendrimer was transferred to a dry flask under an atmosphere of purified 

nitrogenn and [Bu4N]2[PtCl6] was added as a solid. After stirring for 30 minutes trichlorosilane 

wass added and the reaction mixture was refluxed and/or stirred at room temperature. Longer 

reactionn times were required for higher generation dendrimers. The reaction was monitored by 

'H-NMRR spectroscopy. When the conversion was complete the excess of trichlorosilane was 

removedd in vacuo and the dendrimer was used in subsequent reactions. 

Methodd B: using diethyl ether and dichloromethane as co-solvents. 

Thee allyl terminated dendrimer was transferred to a dry flask under an atmosphere of nitrogen 

andd the co-solvents diethyl ether and dichloromethane (3:4) were added. For 1 g of dendrimer 

1.55 mL diethyl ether and 2 mL dichloromethane were used. A solution of [Bu4N]2[PtCl6] in 

dichloromethanee was added {10"~ mol catalyst per mol of allyl endgroups), followed by the 

trichlorosilanee (1.5 equivalents based on the amount of allyl groups). Subsequently, the flask 

wass taken off the nitrogen flow and a CaCL-tube was used to prevent water from reaching the 

reactionn mixture. The reaction was followed by 'H-NMR spectroscopy and if the progress in 

thee reaction stopped fresh catalyst solution was added. When the conversion was complete the 

solventt was removed in vacuo and the dendrimer was used in subsequent reactions. 
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Si(CH2CH2SiCl3)4: : 

3:: This compound was prepared from tetravinylsilane and trichlorosilane yielding a white 

solid.. 'H-NMR (300 MHz, CDC13): <5 1.30 (m, 8H, SiCH2C//2SiCl), 0.90 (m, 8H, 

SiC//2CH2SiCl).. I3C-{'H}-NM R (75 MHz, CDCI3): 5 16.8 (s, SiCH2CH2SiCl), 1.8 (s, 

SiCH2CH2SiCl). . 

Si(CH2CH2Si(CH2CH2SiCl3)3)4: : 

7:: This compound was prepared from 5 and trichlorosilane yielding a white solid. 'H-NMR 

(3000 MHz, CDCI3): 5 1.24 (m, 24H, SiCH2C//2SiCl), 0.86 (m, 24H, SiC//2CH2SiCl), 0.48 (s 

(br.),, 16H, SiC//2C//2Si inner ring). 13C-{'H}-NM R (75 MHz, CDC13): 5 18.8 (s, 

SiCH2CH2SiCl),, 4.4 and 3.6 (s, SiCH2CH2Si inner ring), 3.2 (s, SiCH2CH2SiCl). 29Si-{ ]H} -

NMRR (59.6 MHz, CDC13): S 12.3 (s), 10.8 (s), 9.7 (s). 

Si(CH2CH2CH2SiCl3)4: : 

4:: This compound was prepared from tetraallylsilane and trichlorosilane yielding a colourless 

liquid.. 'H-NMR (300 MHz, CDC13): S 1.66 (m, 8H, SiCH2CH2C//2SiCl), 1.50 (m, 8H, 

SiCH2C//2CH2SiCl),, 0.76 (m, 8H, SiC//2CH2CH2SiCl). 13C-{'H}-NM R (75 MHz, CDC13): S 

28.11 (s, SiCH2CH2CH2SiCl), 17.1 (s, SiCH2CH2CH2SiCl), 14.9 (s, SiCH2CH2CH2SiCl). 29Si-

{'H}-NM RR (19.9 MHz, CDCI3): ö 12.0 (s), 1.6 (s). 

Si(CH2CH2CH2Si(CH2CH2CH2SiCl3)3)4: : 

8:: This compound was prepared from 6 and trichlorosilane yielding a colourless oil. H-NMR 

(3000 MHz, CDCI3): 8 1.65 (m, 24H, SiCH2CH2C//2SiCl), 1.49 (m, 24H, SiCH2C//2CH2SiCl), 

1.300 (m, 8H, SiCH2C#2CH2Si inner ring) 0.73 (m, 8H, SiC//2CH2CH2SiCl), 0.61 (m, 16H, 

SiC//2CH2C//2Sii  inner ring). 13C-{'H}-NM R (75 MHz, CDC13): 6 28.2 (s, 

SiCH2CH2CH2SiCl),, 17.2 (s, SiCH2CH2CH2SiCl), 15.2 (s, SiCH2CH2CH2SiCl), C-atoms of the 

innerr ring were not observed. 29Si-{'H}-NM R (19.9 MHz, CDC13): 5 12.1 (s), 1.2 (s). 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2SiCl3)3)3)4: : 

11:: This compound was prepared from 10 and trichlorosilane yielding a colourless thick oil. 

'H-NMRR (300 MHz, CDC13): S 1.62 (m, 72H, SiCH2C//2CH2SiCl), 1.49 (m, 72 H, 

SiCH2CH2C//2SiCl),, 1.4-1.1 (m, 32H, SiCH2C//2CH2Si inner ring), 0.8-0.5 (m, 136H, 

SiC#2CH2CH2SiCll  + SiC#2CH2C//2Si inner ring). 13C-{'H}-NM R (75 MHz, CDC13): 5 29.9 
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(s,, SiCH2CH2CH2SiCl), 18.8 (s, SiCH2CH2CH2SiCl), 16.8 (s, SiCH2CH2CH2SiCl), C-atoms of 

thee inner ring were not observed. 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2SiCI3)j)3)3)4: : 

13:: This compound was prepared from 12 and trichlorosilane. 'H-NMR (300 MHz, CDCI3): 8 

1.633 (m, 216H, SiCH2C//2CH2SiCl), 1.48 (m, 216H, SiCH2CH2C//:SiCl), 1.4-1.1 {m, 104H, 

SiCH2C//2CH2Sii  inner rings), 0.8-0.5 (m, 424H, SiC//2CH2CH2SiCl + SiC//2CH2C//2Si inner 

rings). . 

Vinylmagnesiumm chloride: 

Thee magnesium was stirred overnight under a nitrogen atmosphere prior to use. To a 

suspensionn 36 g of the activated magnesium {1.5 mol) in 50 mL THF 1 L of a 1 M solution of 

vinyll  chloride in THF (1.0 mol) was added dropwise. The reaction was started by addition of 

1,2-dibromoethanee (~2 mL). Initially, no heating was required. When the heat evolved was no 

longerr sufficient to maintain a temperature of 40°C or higher, the reaction mixture was heated 

(40°C)) during the remaining time of addition. 

Typicall  procedure for the preparation of the vinyl-terminated dendrimers: 

Si(CH2CH2Si(CH=CH2)3)4: : 

5:: The reaction was carried out under an atmosphere of purified nitrogen. A solution of 4.75 g 

33 (7.0 mmol) in 40 mL of diethyl ether was added dropwise to 146 mL 0.63 M 

vinylmagnesiumm chloride solution in THF (92 mmol). After stirring for 4 hours at 50°C the 

reactionn mixture was stirred overnight at room temperature. The white suspension was 

neutralisedd by addition of aqueous NH4CI (10%). The water layer was extracted with diethyl 

ether.. The organic layer was washed with water, dried over MgS04 and concentrated. The 

crudee product was purified by flash chromatography (silica, hexane). The product was 

obtainedd as a colourless liquid in 78% yield (3.14 g, 5.44 mmol). 'H-NMR (300 MHz, CDC13). 

55 6.11 (m, 24H, SiCH=C//2), 5.78 (dd, 12H, SiC//=CH2,2JHH= 17.6 Hz, VHH = 6.6 Hz), 0.56 

(m,, 16H, SiC//2C//2Si). 13C-{'H}-NM R (75 MHz, CDC13): 8 136.0 (s, SiCH=CH2), 135.9 (s, 

SiCH=CH2),, 6.3 (s, SiCH2CH2Si), 4.0 (s, SiCH2CH2Si). 29Si-{'H}-NM R (59.6 MHz, CDC13): 

88 10.4 (s), -18.3 (s). 

Si(CH2CH2Si(CH2CH2Si(CH=CH2)3)3)4: : 

9:: This compound was prepared from 7 and vinylmagnesium chloride using the same 

proceduree as for 5, yielding a white solid. The crude product was recrystallised from a diethyl 
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etherr / methanol mixture. 'H-NMR (300 MHz, CDC13): 56.08 (m, 72H, SiCH=C//2), 5.75 (dd, 

36H,, SiC//=CH2,
2JHH= 17.8 Hz, 3JHH= 6.5 Hz), 0.52 (m, 48H, SiC//2C//2Si outer ring), 0.32 

(m,, 16H, SiCH2CH2Si inner ring). ,3C-{'H}-NM R (75 MHz, CDC13): ö 136.0 (s, SiCH=CH2), 

135.66 (s, SiCH=CH2), 6.3 (s, SiCH2CH2Si outer ring), 4.2 (s, SiCH2CH2Si inner ring), 3.8 (s, 

SiCH2CH2Sii  outer ring). 29Si-{'H}-NM R (59.6 MHz, CDC13): S 10.5 (s), 9.2 (s), -18.3 (s). 

MALDI-TOF-MS:: m/z 2008.2 ( [M+Ag p (calcd. 2007.8). 

Allylmagnesiumm bromide: 

Magnesiumm (75 g) was activated by stirring it with HgCl2 (0.75 g) under a nitrogen atmosphere 

forr four days. Subsequently, it was transferred into a 250 mL dropping funnel containing a 

smalll  plug of glass wool. A 2 L three-necked round-bottom flask was equipped with a 

magneticc stirring bar and the dropping funnel. A reflux condenser was placed on top of the 

droppingg funnel and connected to a nitrogen inlet. Diethyl ether was brought onto the 

magnesiumm in the dropping funnel and the reaction was started by addition of 1,2-

dibromoethanee (2 mL). The round-bottom flask contained 750 mL of refluxing diethyl ether. 

Thee allyl bromide (130 mL) was pumped into the top of the reflux condenser via an HPLC 

pumpp (Gilson Model 302) at a rate of 0.45 mL/min. After the addition was complete the 

slightlyy yellow Grignard reagent was cooled to room temperature and titrated with s-butanol in 

xylenee using 1,10-phenantroline as indicator (800 mL 1.8 M). The dropping funnel containing 

thee activated magnesium can be stored and used for another reaction. 

Typicall  procedure for the preparation of the allyl-terminated dendrimers: 

Tetraallylsilane:Si(CH2CH=CH2)4: : 

2:: The reaction was carried out under an atmosphere of purified nitrogen. A solution of 37.2 

mLL tetrachlorosilane (0.325 mol) in 100 mL of diethyl ether was added dropwise to 800 mL 

1.88 M allylmagnesium bromide solution in diethyl ether (1.44 mol) at 0°C. After refluxing for 

44 hours the reaction mixture was stirred overnight at room temperature. The white suspension 

wass neutralised by addition of aqueous NH4C1 (10%) at 0°C. The water layer was extracted 

withh diethyl ether. The organic layer was washed with water, dried over MgSCX, and 

concentrated.. The crude product was purified by flash column chromatography (silica, 

hexane).. The product was obtained as a colourless liquid in 79% yield (49.12 g, 0.255 mol). 

'H-NMRR (300 MHz, CDC13): 5 5.79 (m, 4H, SiCH2C//=CH2), 4.91 (d, 4H, SiCH2CH=C//H, 

VHHH = 17.4 Hz), 4.89 (d, 4H, SiCH2CH=CH/Z, 3JHH = 9.8 Hz), 1.62 (d, 8H, SiC//2CH=CH2, 

VHHH = 8.1 Hz). 13C-{'H}-NM R (75 MHz, CDC13): S 135.4 (s, SiCH2CH=CH2), 115.3 (s, 

SiCH2CH=CH2),, 20.6 (s, SiCH2CH=CH2, 'Jcs, = 34 Hz). 29Si-{'H}-NM R (19.9 MHz, CDC13): 
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88 -1.8 (s). GC-MS m/z 192 (NT), 95 {100%). Anal, calcd. for C12H20Si: C 74.92; H 10.48. 

Found:: C 74.98; H 10.48. 

Si(CH2CH2CH2Si(CH2CH=CH2)3)4: : 

6:: This compound was prepared from 4 (7.63 g, 10.4 mmol) and allylmagnesium bromide (108 

mLL 1.35 M, 146 mmol) using the same procedure as for 2. The crude product was purified by 

flashh column chromatography (silica, hexane) yielding a colourless oil (7.00 g, 8.73 mmol, 

84%).. 'H-NMR (300 MHz, CDC13): 8 5.79 (m, 12H, SiCH2C//=CH2), 4.90 (m, 24H, 

SiCH2CH=C//2),, 1.60 (d, 24H, SiO/2CH=CH2,
 3JHH = 8.2 Hz), 1.36 (m, 8H, 

SiCH2C//2CH2Si),, 0.68 (t, 8H, SiC//2CH2CH2Si, VHH = 8.4 Hz), 0.57 (t, 8H, SiCH2CH2C//2Si, 

VHHH = 8.3 Hz). I3C-{'H}-NM R (75 MHz, CDCI3): S 135.8 (s, SiCH2CH=CH2), 115.0 (s, 

SiCH2CH=CH2),, 21.1 (s, SiCH2CH=CH2, 'Jcsi = 47 Hz), 19.7 (s, SiCH2CH2CH2Si), 18.9 (s, 

SiCH2CH2CH2Si,, 'Jcs, = 50 Hz), 18.0 (s, SiCH2CH2CH2Si, lJcsi = 52 Hz). 2ySi-{'H}-NM R 

(59.66 MHz, CDCb): 50.4 (s), -1.1 (s). MALDI-TOF-MS: m/z 909.3 ([M+AgD (calcd. 909.5). 

Anal,, calcd. for C48H84Si5: C 71.92; H 10.56. Found; C 72.31; H 10.67. 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH=CH2)3)3)4: : 

10:: This compound was prepared from 8 (3.33 g, 1.37 mmol) and allylmagnesium bromide (45 

mLL 1.4 M, 63 mmol) using the same procedure as for 2. The crude product was purified by 

flashh column chromatography (silica, 10% dichloromethane in hexane) yielding a colourless 

oill  (3.46 g, 1.32 mmol, 96%). ]H-NMR(300 MHz, CDC13): 5 5.78 (m, 36H, SiCH2C//=CH2), 

4.899 (m, 72H, SiCH2CH=C//2), 1.59 (d, 72H, SiC//2CH=CH2, VHH = 8.1 Hz), 1.34 (m, 32H, 

SiCH2C//2CH2Si),, 0.68 (m, 24H, SiCH2CH2C//2Si-allyl), 0.60 (m, 40H, SiC//2CH2C//2Si). 
13C-{'H}-NM RR (75 MHz, CDC13): Ö 134.1 (s, SiCH2CH=CH2), 113.4 (s, SiCH2CH=CH2), 

19.55 (s, SiCH2CH=CH2, 'JCs, = 47 Hz), 19.2 and 18.9 and 18.3 (s, SiCH2CH2CH2Si inner ring), 

18.11 (s, SiCH2CH2CH2Si), 17.3 (s, SiCH2CH2CH2Si), 16.5 (s, SiCH2CH2CH2Si). 29Si-{'H} -

NMRR (59.6 MHz, CDC13): 8 0.5 (s), 0.2 (s), -1.1 (s). MALDI-TOF-MS: m/z 2736.9 ([M+Agf ) 

(calcd.. 2737.1). Anal, calcd. for C^H^S i ,?: C 71.26; H 10.58. Found: C 71.54; H 10.78. 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH=CH2)3)3)3)4: : 

12:: This compound was prepared from 11 (2.15 g, 0.286 mmol) and allylmagnesium bromide 

(700 mL 1 M, 70 mmol) using the same procedure as for 2. The crude product was purified by 

flashh column chromatography (silica, 15% dichloromethane in hexane) yielding a colourless 

wax-likee solid (2.10 g, 0.259 mmol, 91%). 'H-NMR (300 MHz, CDCb): 5 5.76 (m, 108H, 

SiCH20/=CH2),, 4.89 (m, 216H, SiCH2CH-C//2), 1.59 (d, 216H, SiC//2CH=CH2, VHH = 8.0 
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Hz),, 1.37 (m, 104H, SiCH2Ctf2CH2Si), 0.7-0.5 (m, 208H, SiC#2CH2C//2Si). 13C-{'H}-NM R 

(755 MHz, CDC13): 5 134.0 (s, SiCH2CH=CH2), 113.5 (s, SiCH2CH=CH2), 19.5 (s, 

SiCH2CH=CH2,, Ucsi = 47 Hz), 18.2 (s, SiCH2CH2CH2Si), 17.4 (s, SiCH2CH2CH2Si), 16.6 (s, 

SiCH2CH2CH2Si),, C-atoms of the inner ring were not observed. MALDI-TOF-MS: m/z 8222.4 

([M+Agf )) (calcd. 8220.1). 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH=CH2)3)3)3)3)4: : 

14:: This compound was prepared from 13 and allylmagnesium bromide using the same 

proceduree as for 2. After flash column chromatography (silica, 30% dichloromethane in 

hexane)) the product was dissolved in dichloromethane and precipitated using methanol to yield 

aa white solid. 'H-NMR (300 MHz, CDC13): 55.75 (m, 324H, SiCH2C//=CH2), 4.89 (m, 648H, 

SiCH2CH=C//2),, 1.59 (d, 648H, SiCtf2CH=CH2, VHH = 8.0 Hz), 1.40 (m, 320H, 

SiCH2Gtf2CH2Si),, 0.7-0.5 (m, 640H, SiC//2CH2C//2Si). No signal could be observed in 

MALDI-TOF-MS. . 

Crystall  data for 9: C^H^S i ,?, M=1899.96, triclinic, space group Pi , 0=17.2970(4), 

6=19.5782(4),, c=22.2298(5) A, 0-106.1813(15), j8=108.1431(15), T 106.6735(14)°, 

F=6268.0(2)) A3, Z=2, |i(MoKa)=0.2 mm"1, 80242 reflections measured, 14833 independent, 

R,„=0.1352,, (1.6° < 6 < 24.1°, 7=150 K). Only Si atoms were refined with anisotropic 

displacementt parameters. The outside of the molecule shows considerable dynamic disorder, 

whichh gives rise to high displacement parameters and unrealistic geometries. No satisfactory 

disorderr models could be obtained. Mil d distance restraints were introduced for the most 

unrealisticc parameters. w#2=0.2949, /?1=0.1369, S=0.886, -0.38<Ap< 0.78 e A3. 

Retentionn measurements 

Typicall  procedure for a retention measurement: 

Thee membrane was cut to the correct size for the reactor and stored in acetone during one night 

beforee storing it in methanol (for at least one night). When it was adjusted in the membrane 

reactor,, the membrane was flushed overnight with CH2C12 or THF. (When toluene or 1-

octene/n-decanee was used as a solvent, the reactor was first flushed overnight with CH2C12 

beforee flushing with the desired solvent.) The dendrimer was transferred into the reactor and 

thee solvent was pumped through for a certain amount of time (e.g. 250 minutes at a flow rate 

off  12 mL/h in order to flush the reactor 10 times). Then both the contents of the reactor and the 
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solutionn that had been pumped through were analysed by GPC. The retention was calculated 

usingg equation (1).'0 

retentionn = l + {ln<a/(a+b))/x}  (1) 

aa = amount of dendrimer inside the reactor after the experiment, based on the area 

underr the peak in the GPC 

bb = amount of dendrimer that went through the membrane, based on the area under 

thee peak in the GPC 

xx = amount of reactor volumes flushed with substrate solution 

Molecularr modelling 

Molecularr modelling was performed using Macromodel in combination with the MMFF94 

forcee field. The structures were generated using the input mode. They were minimised after a 

molecularr dynamics run of 100 ps. 
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