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R. Wagner,™* L. Richter,* Y. Wu,* J. WeiRmiuiller,? J. Reiners,*® E. Hengge,?

A. Kleewein® and K. Hassler®

! Max-Planck-Institute for Colloids and Surfaces, Rudower Chaussee 5, 12489 Berlin, Germany
2 Bayer AG, Business Sector Agrochemicals, Alfred-Nobel-Str. 50, 40789 Monheim, Germany
% Technical University of Graz, Intitute for Inorganic Chemistry, Stremayrgasse 16, 8010 Graz,

Austria

The surfacetensions, wetting tensions, contact
angles and solid/liquid interfacial tensions of
defined siloxanes as well as those of analogous
carbosilanes, polysilanes and neopentyl sub-
stituted silanes were determined. The wetting
experiments were carried out on a glass plate
coated with perfluoroalkyl methacrylate
(FC 722°). The siloxanes possess the lowest
surface tensions. Due to the presence of
oxygen atoms in the siloxane backbone, a
donor —acceptor portion (y;.'~) of the surface
tension of about 1-2 mN/m was deter mined.
The solid/liquid interfacial tension also con-
tains a donor—acceptor portion (y3'”). Its
value is almost identical to that of y;'~. The
v~ differences between individual molecules
of the same surface tension areresponsible for
contact angle differences of up to 4°. © 1997
by John Wiley & Sons, Ltd.
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1 INTRODUCTION

Due to their extremely low surface tension,
permethylated siloxane surfactants remain sur-
face-active in many hydrocarbon-based organic
liquids. This property has led to their broad
application in the extensively studied polyure-
thane foaming process. The closely related
ability to wet low-energy hydrocarbon-based
solid surfaces has led to applications in certain
plant protection formulations.* Structurally this
surface activity is founded on the combination of
accumulated low-energy methyl groups® and
unusualy flexible —Si—O—-Si— bonds (measured
bond angles® between 105 and 180°) in the
siloxanyl moiety.

Although not well understood, this backbone
flexibility seems to be due to an additiona
electron density transfer from oxygen's lone
pairs into the covalent Si—O bond region yield-
ing a widened S—O-S bond angle and a
shortened Si—O bond length.**® Increased elec-
tron densities and widened bond angles
accompanied by shortened bond Iengths suggest
that the driving force is not a polarity increase,
but rather an emerging 7-bonding component
caused by the 3p- or 3d-orbitals of the silicon
atom.® The participation of the latter is supported
by X-ray emission data.® On the other hand,
orbital size calculations lead to the conclusion
that the silicon 3d-orbitals cannot contribute to a
hypothetical (2p—3d) 7-bond.”

From an interfacial energy point of view these
qualitative factors yield an apparently contra-
dictory result. On the one hand, it has been
known for a long time that the incorporation of
non-polar —CH,— moities or polar oxygen atoms
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Tablel Surfacetensions v, of selected hydrocarbon derivatives

Surface tension
Compound Structure at 20°C (mN/m)  Ref.
n-Octane C,Hy—C,Hq 218 9
n-Nonane C,H,—CH,—C,H 22.9 8
Di(n-butyl) ether C,Hs—O—-C,H, 228 8
2-Octanol CH,CH(OH)(CH,);:CH; 26.7 9
1-Octanol HOCH,(CH,)¢CH, 27.8 9

into hydrocarbon structures leads to increased
surface tensions®® reflecting stronger intermo-
lecular interactions (Table 1). The ‘effectivity’ of
the surface tension increase depends strongly on
the bond type created by the oxygen atom. After
incorporation of longer akyl substituents into
conventional,’® or even—CF, moieties bearing
siloxanes,™ the same trend was observed. On the
other hand, it had already been demonstrated for
aqueous surfactant solutions that the change
from permethylated polysilanyl (-Si—-Si—-) to
analogous siloxanyl (—Si—O-Si—) backbones
yields a considerable reduction of the surface
tension (Table 2), indicating a reversed effect of
oxygen atoms in silicon-containing structures.

Recognizing that both surface activities
(liquid/vapour and solid/liquid) are responsible
for the spreading of a surfactant solution drop on
a given solid material, we have reported on an
attempt to quantify the influence of siloxanyl
moieties on the wetting properties of carbohy-
drate surfactants by surface tension as well as
wetting tension measurements.™

A description of the interfacial properties of
siloxanyl-substituted surfactants by wetting
experiments remains incomplete without an
investigation of the precursor molecules. These
precursors differ from the surfactant molecules
by the absence of the bulky, hydrophilic sub-
stituent. A notable consequence is the lower
degree of orientation at interfaces.

Additionally, these silicon-containing liquids
could help to solve an apparently simple but
nevertheless long-standing problem of the wet-

ting process. The question whether the
macroscopic contact angle 6 of a liquid in the
three-phase system liquid—solid—vapour (Fig. 1)
strictly depends on the surface tension vy, (o) or
reflects the superposition of the surface tension
and the solid/liquid interfacial tension g, both
independent of each other, is still disputed
(Young equation,* Eq. [1]):

Y T 751:3{

Yv o

=cos 60 [1]

where v, isthe solid surface tension and « isthe
wetting tension.

One source of uncertainty arises from the
sensitivity of the system itself. Solid surface
roughness,*>*® temperature’”*®* and drop size
deviations'®?° can influence the results con-
siderably. Another one arises from the energy
properties of the liquids. For liquids of the same
surface tension, variations in the contact angles
on a given solid substrate, if they exist, have to
have their origin in considerably different polar-
ities of the molecules. Strictly non-polar, liquid
hydrocarbons cover the surface tension range
from about 15 mN/m (n-pentane) to 27 mN/m
(n-hexadecane.The lower limit for the surface
tension of sufficiently polar organic liquids (i.e.
alkanols like n-butanol® or methanol?) is about
23 mN/m. As a result there is only the narrow
surface tension range from 23 mN/m to 27 mN/
m to cary out experiments with
hydrocarbon-based liquids.

Table2 Surface tensions v, of agueous solutions of different silicon-

containing surfactants™

Concn Surface tension
Structure (moal/l) (mN/m)
(CH,);SiSI[(CH,),] (CH,),(OCH,CH,) ,H 5x10°% 26
(CH,)3SiOSI[(CH,),](CH,)s(OCH,CH,),H 5x1073® 23

© 1997 by John Wiley & Sons, Ltd.
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vapour

solid Y1 Yoy

Figurel Drop on asolid surface.

The incorporation of polar siloxanes into the
substance spectrum widens the accessible range
down to about 15 mN/m. This practice should
have another advantage. As it is known that the
donor—acceptor portion of the surface tension
even for highly polar organic liquids (like lower
akanols) is small compared to the complemen-
tary Lifshitz—van der Waas component, a
significant reduction of the total surface tension
should increase the relative influence of donor—
acceptor interactions.

Therefore it is the purpose of this paper to
provide a comprehensive, structure-related,
quantitative description of the wetting behaviour
of typical structures containing silicon atoms,
namely (i) siloxanes [=S—O-Si=], (ii) carbosi-
lanes [=S-CH,—-Si=], (iii) polysilanes
[=Si-Si=] and (iv) silanes [=SI-CH,—C=].

2 MATERIALS AND METHODS

2.1 Materials

The wetting behaviour of the silicon-containing
liguids listed in Table 3 has been investigated.
Compounds 2—4 and 11 are commercialy
available (ABCR). The synthesis of compounds
1, 5, 8, 9 and 10 by chlorosilane hydrolysis and
equilibration has been described in a preceding
paper.? The siloxanes 6 and 7 have also been
synthesized by a combination of chlorosilane
hydrolysis and acid-catalysed equilibration (Egn
[2]). Thus, under argon 13.7 g (7.75x 10~ 2 mol)
CcH:CI,SiH, 100ml (CH,;),SICI and 50 ml
(CH,);SIOSI(CH3); (MM) were mixed. The mix-
ture was dropped into a stirred dispersion of
50 ml MM in 116 ml sulphuric acid (80% by wt)
at room temperature during 0.5 h. After 2h of
stirring the siloxane layer was separated and
washed seven times with deionized water.
NaHCO,; (5 g) was added for 12 h. The solid was
filtered off and compound 8 isolated by vacuum

© 1997 by John Wiley & Sons, Ltd.

digtillation (127 °C/32 mmHg, 5.7 g).

P

H,S0,/H,0
2(CH,)SiCl +HSICl,—(CH.),S o? OSi(CH.); [2]
H

The carbosilanes 12, 13, 15, 16 and 17 were
synthesized from (CH,),SiCH,CI via a Grignard
route.?*~?* Compound 14 can be synthesized from
13 by chlorination and subsequent hydrogenation
(Scheme 1). Thus, 6.24g Mg turnings
(2.6x 10" *mol) and 20 mg |, were placed under
argon in a three-necked bottle equipped with a
refluxing condenser and two dropping funnels, to
which 20 ml dry tetrahydrofuran (THF) and
subsequently 1.5 g (CH,),SIiCH,Cl were added.
The reaction started immediately; 180 ml THF
were added and during 2 h 28.5 g (CH,),SiCH,CI
(all together 30 g, 2.44x 10~ * mol) were dropped
in, keeping the solvent refluxing. To complete the
reaction this temperature was maintained for 1 h.
Afterwards (CH,),SiCl, (16.4 g, 1.3x10 * mol)
was dropped into the refluxing solution during
1 h and this temperature was maintained for 9 h.
The precipitated salt was filtered off from the
THF solution and the salt extracted with n-
pentane. The THF solution and the extract were
united and after distillation 8.4 g (CH;),;SiCH-
2SI[(CHy),)]CH,SI(CHy); (13; b.p.
94 °C/15 mmHg) were obtained.

To chlorinate this product, 34.6g
(1.56x 10~ * mol) of 13 and an equimolar amount
of AICI; were mixed under argon and cooled to
0°C. During 1h 123g acetyl chloride
(1.59x10 *mol) was added. Afterwards the
temperature is raised to 60 °C for 1 h and a two-
phase system emerged. The upper layer was
separated  and 12.2g  (4.82x10 ?mol)
(CH,);SICH,SI[(CH,),)]CH,SI(CH,),Cl was iso-
lated by distillation (81-83 °C/8 mmHg). The
chlorinated carbotrisilane was dropped into a
cooled (0°C) suspension of 1.2g LiAIH, in
70 ml dry THF. The mixture was heated to room
temperature for 1h. Afterwards the volatile
substances were evaporated off. By distillation
69 (CH;);SICH,SI[(CH;),)]CH,SI(CH;),H (b.p.
80-82 °C/12 mmHg) could be isolated.

In complete analogy to the Grignard-type
procedure described above, the neopentyl-substi-
tuted silanes 25 and 26°"% were synthesized
from (CH,), CCH,Br® (Eqgn [3])
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2(CH,),CCH,MgBr+CH,CI,SIH— synthesized from chlorosilanes by a sequence
CH,

(CH3)sCCH,SICH,C(CH,),
|

H

including dehalogenating reductions, halogen-
ations and hydrogenations®- (Scheme 2). Thus,
3 in a 200 ml three-necked bottle equipped with
[3] stirrer, refluxing condenser and dropping funnel,
700 ml dry THF was placed and 34 g (4.85 mol)
lithium powder was added under argon. During

The di-, tri- and tetra-silanes 18—22 and 24 were 5 h amixture of 408 g (3.76 mol) (CH,),SiCl and
Table3 Silicon-containing liquids investigated

FZ
R ——?i——R 3
R4
B.p. p(a20°C)

No. R! R? R® R* (°C/mmHg) (g/dm?)
Siloxanes

1 H CH, OSi(CH,),H CH, 69/760 0.753
2 H CH, OSi(CH,), CH, 86/760% 0.756
3 CH; CH, OSi(CH,), CH, 99/760% 0.771
4 H CH, OSi[(CH,),]OSi(CH,), CH, 134/7607 0.817
5 H OSi(CH,), CH, OSi(CH,), 142/760 0.818
6 H OSi(CH,), C,Hg OSi(CH,), 18/50 0.824
7 H OSi(CH,), CeHs OSi(CH,), 127/30 0.951
8 H OSi(CH,), OSi(CH,), OSi(CH,), 55/7 0.849
9 H OSi(CH,Hgs); CH, OSi(CH,Hg); 126-127/10 0.865
10 — — —[OSi(CH,),]l,~ — 173-176/760 0.995
1 — — —[OSi(CH,),]s— — 101/207 0.959
Carbosilanes

12 H CH, CH,Si(CH,), CH, 62—-63/110 0.742
13 CH, CH, CH,Si(CH,), CH, 69/110 0.754
14 H CH, CH,Si[(CH,),]CH,SI(CH;); CH, 80-82/12 0.786
15 CH, CH, CH,Si[(CH,),]CH,Si(CH,); CH, 94/15 0.807
16 H CH,Si(CH;); CH, CH,Si(CH;); 97/26 0.789
17 H CH,Si(CH;); CH,Si(CH,), CH,Si(CH;); 81-82/8 0.881
Polysilanes

18 H CH, Si(CH,),H CH, 83-85/760 0.718
19 H CH, Si(CH,), CH, 97-100/760 0.723
20 CH, CH, Si(CHy), CH, 110-112/760  0.725
21 H CH, Si[CH,),]Si(CH,),H CH, 71/57 0.774
22 H CH, Si[(CH,),]SI(CH,), CH, 66/20 0.777
23 H Si(CH,), CH, Si(CH,), 50-55/10 0.771
24 H Si(CH,), Si(CH,), Si(CH,), 98/10 0.812
Silanes

25 H CH, CH,C(CH,), CH, 100/760 0.718
26 H CH,C(CH;); CH, CH,C(CH;), 110-113/34 0.813
Mixed structures

27 H CH, OSi[(CH,),]CH,SiI(CH,), CH, 96/75 0.856
28 H CH, CH,Si[(CH,),]OSi(CH,), CH, 90-92/75 0.809

@ Taken from ABCR catal ogue (1994/95), substances P 0100, H 7310, H 7010.

© 1997 by John Wiley

& Sons, Ltd.
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2(CH,),SiCH,MgCl +(CH,),SiCl,
l

(CH,);SICH,S [(1C3H3)ﬂ CH,Si(CHy),
| Grscoc
(CH,);SICH,SI[(CH3),]CH,Si(CH,),Cl

1 Lian,

(CH;);SiCH,SI[(CHy),] CH,SI(CH,),H
14

Scheme 1

149g (1.15mol) (CH,),SICl, was carefully
dropped in. After 50% addition the initially
vigorous reaction slowed down and the mixture
had to be heated to maintain solvent reflux. To
complete the reaction, the reflux temperature was
maintained for an additional 30 h. Solids were
removed by filtration under argon and (CH,),Si-
Si[(CH3),)]SI(CH,); could be isolated from the
THF solution by didtillation (71.5g, b.p.
57-63 °C/15 mmHg). The trisilane (71.5g,
3.5x10" * mol) and AlCl, (27.33 g,
3.5x10 " mol) were mixed under nitrogen and
cooled to 10°C. During 1h acetyl chloride
(46.6 g, 3.5x 10 * mol) was added. A two-phase
system emerged. Due to the exothermic reaction,
despite cooling, the temperature rose to 30 °C.
Afterwards the mixture was heated to 60 °C for
1 h. With a syringe the upper silane layer was
removed. After distillation under nitrogen a
mixture of Cl(CH;),SiSi[(CHJ),]Si(CH,),Cl and
CI(CH,),SISI[(CH5),] SI(CHy), (379, bp.
70-81 °C/15 mmHg, ratio 20: 80) was obtained.
This trisilane mixture (37 g, =1.6x 10~ mol Cl)
was cooled under nitrogento 0 °C and during 1 h
a2 wm solution of LiAIH, in diethyl ether (40 ml,
8x 10 2mol, 2H) was added. The volatile prod-
ucts were condensed off. Repeated distillations
under reduced pressure yielded 8 g (CH,),Si-
Si[(CH,),]SI(CH,),H (b.p. 66—68 °C/30 mmHg)
and 4.4g H(CH,),SiSi[(CH,),]SI(CH,),H (22;
b.p. 71 °C/57 mmHg).

2(CH,),SiCl +(CH,),SiCl,
Li powder

(CH,);SISI[(CHy)] SI(CHy),
| i

(CH4)sSISI[(CH3),] SI(CH,).CI
1 Liain,

(CH);SISI[(CH3),] SI(CHy),H
22

Scheme 2

© 1997 by John Wiley & Sons, Ltd.

2(CH,),SiCl +CH.SICl,

l Li powder

CH,

I
(CH4),SISISI(CHa),

HCl
| AIC,

CH,
|
(CHa)ssiSliSi(CHs)a

cl
| Liain,
CH,
|
(CH,);SiSISI(CH,), 23
|

H
Scheme 3

The trisilane 23 was synthesized from a
phenylated derivative according to a literature
procedure® (Scheme 3).

The mixed structure 27* can be synthesized
by a combination of haogenation and acid-
catalysed hydrolysis (Scheme 4). Thus 40g
(237x10 *mol) (CH,),SICH,SI(CH,); was
monochlorinated in analogy to the procedure
described for compound 13; 37g (CH,),Si-
CH,Si(CH,),Cl was obtained, of which 30g
(1.77x10"*mol) and 10g (1.27 mol)
(CH,),CISIH were mixed in a dropping funnel
and dropped into agitated 50% by wt sulphuric
acid (850 ml) (care!). The organic layer was
separated after 5h, washed five times with
deionized water, dried and neutralized with
NaHCO;. Distillation yielded 6 g (CH;);SiCH-

(CH.),SiCH,MgCl +(CH,),SiCl
l
(CH3)sSICH,SI(CHy);
| R

(CH,);SICH,SI(CH,).Cl

| CHa.ClsiH
H,0

(CH5)5SICH,SI[(CH;),] OSI(CH,),H
27

Scheme 4
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»SI(CH,),0Si(CH,),H (37; b.p.
96 °C/75 mmHg).

Compound 28%3% was synthesized from
H[CH,),]SICH,MgCl and (CH,);SiOSi(CH,),Cl
in a Grignard-type reaction (Eqn [4]).

(CH3)3Si0Si(CHa),Cl

(CH,),HSICH,MgCl

(CH3);SIOSI[(CH3),] CH,Si(CH3).H [4]
28

The C;—C,¢ n-alkanes (99+ quality, Aldrich) and
cis-decahydronaphthalene (cis-decalin, >98%,
Fluka) are commercially available and were used
without further purification.

2.2 Methods

Contact angles 6 of the silicon-containing liquids
on a glass plate covered with a perfluoroalkyl
methacrylate polymer (FC 722®, 3M Corp.) were
determined by independent measurements of the
surface tension v, (ring method) and wetting
tension « (Wilhelmy method) (Egn [1]). Each
measurement was carried out at 20 °C. Equip-
ment and procedure details have been explained
in a preceding paper.™

To measure the wetting tension «, the poly-
mer-covered glass plate of defined width and
thickness (2.190 cmx 0.0145 cm) was dipped
stepwise (usualy 0.1 cm, 0.1 cm/min) into the
liguid with an accuracy of 0.001 cm. The force p
measured correlates with « according to Egn

[5].

p=ua+(—)rgdbx, [5]
where
u=perimeter of the FEP® plate
r=liquid density

g=gravitational constant
d=thickness of the plate
b=width of the plate
X.=immersion depth of the plate

After every movement of the plate we measured
the force immediately and after 1 min. Thistime
was found to be necessary for the system to reach
an equilibrium state of wetting. Plotting the
1-min values of the force p against the immer-
sion depth x, yields, by extrapolation to x,=0, the
wetting tension «.

The surface tensions v, of the liquids were
determined by exchanging the covered glass
plate for a Pt—Ir ring. The surface tension values

© 1997 by John Wiley & Sons, Ltd.

obtained were corrected according to Harkins
and Jordan.*

To extract the interfacial tension solid/liquid
v4 from the wetting tension « (Eqn [1]), the solid
surface tension v, of the FC 722®-covered glass
plate has been determined from surface tension
v, a@nd contact angle # measurements on a series
of strictly non-polar n-alkanes. The approaches
of van Oss® (Eqgn [6]) and Neumann® (Eqn [7])
were applied.

,yLW
1+cos 0=2 & [6]

Nv

cos 9="201575 = AV ¥ %+ Ny
‘}/|V(0015 V Y  Yiv l)

Provided the solid is non-polar, knowledge of its
solid surface tension vy, makes possible the
determination the Lifshitz—van der Waals por-
tions of the surface tension®™ (4£") (Eqn [8]) and
solid/liquid interfacial tension** (yy") of any
liquid (Egn [9]).

[7]

sl

v 2 /—’yls_vw
YaUS Yy =2V (9]

The polar portions (vi/”) and (v5'") were
calculated in analogy to Fowkes approach* by
use of Egns[10] and [11].

Y =W Y [10]

= _

va' T =ye— vs" [11]

3 RESULTS

3.1 Coating of the glass plate with
FC 722°

In order to obtain a finite contact angle in every
experiment, the preparation of a plate possessing
asolid surface tension g, <15 mN/m was neces-
sary (surface tension of low-molecular-weight
siloxanes®=16 mN/m). After coverage of asolid
surface with a perfluoroalkyl methacrylate poly-
mer (FC721®, 2% by wt polymer solution,
solvent fluorochlorohydrocarbon, 3M Corp.)
Neumann® measured solid surface tensions of
about 12 mN/m. For that reason we coated glass

APPLIED ORGANOMETALLIC CHEMISTRY, VOL. 11, 645-657 (1997)



WETTING BEHAVIOUR OF SILICON-CONTAINING COMPOUNDS 651

plates with FC 722® (identical polymer, solvent
perfluoroalkane). Extended experiments showed
(Table 4) that strict coating and measuring
procedures have to be met to obtain the desired
reproducible results.

The preparation and handling modes adopted
for the experiments summarized in Table 4 were
as follows.

Runl: one coating cycle; 0.7 mm/s immer-
sion/emersion speed; resting time in
the solution 1 min; measurement after
12 h air drying.

Run Il: after run |, four additional coating
cycles, with 15 min between the cycles;
measurement after 2 h air drying.

Run [11: after run I, extension of the air drying
timeto 24 h.

Run 1V renewed measurement 1 h after run I11.

RunV: after run 1V, cleaning of the plate in

n-heptane, 5h air drying, then meas-
urement.

Run VI: control measurement at the end of all
the experiments with compounds 1 to
28.

Experiments | and Il show that repeated coating
cycles strengthen the low-energy character of the
coated glass plate (the lower-energy the plate, the
lower the force value at a defined immersion
depth). An extension of the drying period further
strengthens this trend (run 111). Experiment IV
indicates that despite the low-energy character of
the plate and the absence of visible liquid traces,
an undesired prewetting (from run 111) had taken
place. In an attempt to clean the plate and to
reduce the time between the experiments, we
dipped it several times into n-heptane. After five
hours of drying, the immersion curve of run Il
could be reproduced (run V). In order to control

the long-term quality of the coating, we repeated
the experiment after the measurements on all the
other compounds 1 to 28 (run VI). Minor
deviations from run Ill are within the limits of
error.

3.2 Solid surface tension of the
coated glass plate

In Section 3.1 we described the preparation of a
coating yielding reproducible wetting curves.
The solid surface tension of the coating was
determined by wetting experiments with a series
of n-alkanes. In Table 5 the results are summa-
rized.

Although not investigated in detail, the data
for n-pentane seem to be due to the high vapour
pressure of the akane at 20°C yielding a
prewetting (that means a higher-energy modifica-
tion) of the perfluorinated surface. For this
reason the n-pentane results were excluded from
further consideration.

The y5" values show a tendency to decrease
with increasing chain length of the hydrocarbon.
An analogous tendency is not found for the vg,
values. Less pronounced but similar effects have
already been described™ in the course of the
characterization of FEP® plates (perfluorinated
ethylene—propylene copolymer, vg, 18.9 mN/
m

The difference in behaviour of y5" and g, is
due to the treatment of the important interaction
parameter ® in the course of the formulation of
thefinal equations[6] and [7]. van Oss puts ®=1
for non-polar hydrocarbons.* Neumann intro-
duces a y4-dependent @.*° Obviously Neumann's
more flexible approach towards the relation v/
o (Eqgn [12]) reflects better the real wetting
behaviour of non-polar hydrocarbons on non-

Table4 Immersion of an FC 722° coated glass plate into liquid 5

p (mMN/m)
Immersion
depth(cm) Runl Runlil Runlll RunlV RunV RunVI
0.2 0470 0460 0420 0.440 0420 0.430
0.3 0450 0430 0.390 0.410 0.390 0.395
04 0420 0400 0.370 0.380 0.360 0.370
0.5 0.390 0.370 0.340 0.350 0.340 0.340
0.6 0.360 0.340 0.315 0.320 0.310 0.310
0.7 0.330 0310 0.290 0.300 0.280 0.280
0.8 0.310 0285 0.260 0.270 0.255  0.250
0.9 0.280 0.255 0.230 0.240 0.230 0.230

© 1997 by John Wiley & Sons, Ltd.
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Table5 Wetting of an FC 722° coated glass plate by n-alkanes and cis-decalin

Vv a Vs 0 Yo (MN/M) s, (MN/mM)
n-Alkane (mN/m)  (MmN/m) (mN/m) cosé@ (grd) (van Oss) (Neumann) | y5Y — sl
Pentane 16.7 12.5 0 0.748 415 127 12.8 0.1
Hexane 18.8 11.6 0.9 0.617 519 12.3 12.4 0.1
Heptane 204 11.4 11 0.558 56.1 123 12.6 0.3
Octane 21.6 11.0 1.5 0509 594 123 12.6 0.3
Nonane 229 10.5 2.0 0458 627 122 12.6 0.4
Decane 23.8 10.3 2.2 0432 644 122 12.7 0.5
Undecane 24.9 9.8 2.7 0.393 66.7 121 12.6 0.5
Dodecane 254 9.3 3.2 0.366 685 121 12.7 0.6
Tridecane 26.1 9.3 3.2 0356 69.2 120 12.6 0.6
Tetradecane  26.6 8.6 39 0323 712 117 12.3 0.6
Pentadecane 27.3 85 4.0 0311 718 11.7 125 0.8
Hexadecane 27.6 8.2 4.3 0.297 727 116 12.3 0.7
cis-Decalin 31.8 6.6 59 0.201 78.0 11.6 12.7 1.1

polar solids (in a separate paper we will discuss
the question whether Egn [9] is valid for all the
substances under investigation).

This result is also in agreement with a
chemica understanding of interactions. As it is
well known that —-CH; and —CH,— groups are
energetically different,” one can expect non-
identical interaction parameters ® for molecules
bearing strongly diverging —CH,/—CH_-ratios (n-
hexane  —CH,/-CH,—=1:2, n-hexadecane
—CH3/—CH,—=1:7). In the case of n-hexadecane
the given non-polar solid surface is exposed
amost exclusively to the high-energy —CH,—
units with their strong tendency towards inter-
action between their hydrocarbon chains
(crystallization). For the relatively methyl-rich n-
hexane, the opposite is true. For increasing
differences in the solid surface tenson v, /liquid
surface tension v, ratio this effect is more
pronounced.®® For that reason we determined the
solid surface tension of the polymer-covered
plate according to Neumann’'s approach to be
12.5 mN/m.

Neverthel ess the good agreement between vyg,
and 4V for hydrocarbons of moderate chain
length (C,—C,,) proves that the surface is non-
polar. A significant donor—acceptor contribution
v/~ does not exist.

3.3 Surface tensions, wetting
tensions and contact angles of
various silicon-containing liquids

In Table 6 the results of our measurements on
different siloxanes, carbosilanes, polysilanes and
silanes are summarized.

© 1997 by John Wiley & Sons, Ltd.

4 DISCUSSION

4.1 Surface tension (y,)

The data in Table 6 demonstrate the striking
influence of different backbone bonding typesin
methylated silicon compounds on the energy
balance at the liquid/vapour interface. Wide and
flexible bond angles supported by relatively long
Si—C bonds (Table 7) enable siloxanes to avoid
ordered, intensive and consequently high-energy
molecular interactions (see also their boiling
points and densities in Table 3).

The exceptional behaviour of the siloxanes
becomes clear if one compares silicon- and
hydrocarbon-based structures. The incorporation
of —O— (donor—acceptor forces) or —CH,— (Lif-
shitz—van der Waals forces) moieties into
hydrocarbon-based structures yields increasing
surface tensions (Table 1); but we also note that
the effectivity of the surface tension increase for
an —O— incorporation depends on the bond type
created.

Thiswell-known ruleisonly partially valid for
silicon-based structures. As expected, additional
—CH,— units between silicon atoms increase the
Lifshitz—van der Waals forces and the surface
tension (compds 22— 15). In contrast, additional
donor—acceptor forces after —O— incorporation
are overruled by the dramatic but not well-
understood) bond type changes, yielding in this
particular case a net reduction in surface tension
(compds 22—5).

The stepwise incorporation of —CH,— units in
the siloxane ‘side chains counterbalances the
backbone effect (compds 5—6—9). Additional
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Table6 Surface tension, wetting tension and contact angle data of compounds 1 to 28

=

Vv W Vi Vs ya" o @ 0
No. (mN/m) (mN/m) (mN/m) (mN/m) (mN/m) (mN/m) (mN/m) cosé (grd)
Siloxanes
1 15.2 14.3 0.9 1.0 0.06 0.94 115 0.756  40.7
2 15.7 14.6 11 12 0.08 112 11.3 0.719 437
3 16.2 15.2 1.0 1.2 0.13 1.07 11.3 0.697 455
4 17.0 15.6 1.4 1.6 0.17 1.43 10.9 0.641 49.9
5 16.9 15.3 16 18 0.14 1.66 10.7 0.633 50.6
6 18.2 17.1 1.1 15 0.36 1.14 11.0 0.604 527
7 218 20.2 16 25 0.92 158 10.0 0459 628
8 17.5 16.2 1.3 15 0.23 1.27 11.0 0.628 51.2
9 238 219 1.9 32 131 1.89 9.3 0.391 67.0
10 19.0 18.2 0.8 14 0.53 0.87 111 0.584 542
n 18.7 17.9 0.8 13 0.48 0.82 11.2 0599 53.0
Carbosilanes
12 18.8 17.7 1.1 15 0.45 1.05 11.0 0.585 54.3
13 19.1 184 0.7 13 0.57 0.73 11.2 0.586 53.9
14 217 20.6 11 21 0.90 1.20 104 0479 614
15 21.2 19.9 1.3 21 0.87 1.23 10.4 0491 60.6
16 212 20 12 21 0.88 122 10.4 0491 60.6
17 23.0 21.9 1.1 2.4 1.31 1.09 10.1 0.439 64.0
Polysilanes
18 18.0 17.1 0.9 12 0.36 0.84 11.3 0.628 513
19 17.9 17.1 0.8 12 0.36 0.84 11.3 0.631 50.7
20 180 17.3 0.7 11 0.39 0.71 114 0.633 50.8
21 204 189 15 21 0.65 0.45 10.4 0.509 594
22 205 195 1.0 17 0.78 0.92 10.8 0.527 583
23 205 19.3 12 19 0.73 117 10.6 0.517 58.9
24 21.6 19.9 1.7 2.5 0.86 1.64 10.0 0.462 62.5
Silanes
25 19.2 19.2 0.0 0.7 0.72 —0.02 11.8 0.615 52.0
26 219 21.3 0.6 170 1.16 0.54 10.8 0.493 60.6
Mixed structures
27 17.8 16.8 1.0 13 0.32 0.98 11.2 0629 511
28 19.3 18.6 0.7 13 0.60 0.70 11.2 0.580 545
Table7 Bond angles and bond distance of permethylated compounds (CH,);Y XY (CH3),
Structure AngleYXY (°) Distance X-Y (A) DistanceY—-CH, (A) Ref.
(CH,),SIOSi(CH,), 148.8 1.626 1.850 47
(CH,);SICH,Si(CH;); 123.2 1.889 1.874 48
(CH,),SiSi(CH,), — 2.340 (Si-Si) 1877 49
(CHy);,CCH,C(CH;); 128.0 1.545 1.545 48

© 1997 by John Wiley & Sons, Ltd.
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dispersion forces, accompanied by areduction in
torsion flexibility,* yield increasing surface ten-
sions.

The substitution of —CH; groups by the
smaller H-atoms effects a decrease in surface
tension. It is more pronounced for siloxanes than
for carbosilanes and polysilanes (compds
3—2—1; 13—12; 20—19—18). Obviously, only
siloxanes can use the ‘holes effectively to
minimize interactions. Calculations* show lower
torsion barriers for hydrogen-substituted silox-
anes.

The role of the silicon atom in —Si[(CH,),]
units becomes clear on viewing the data of the
neopentyl-substituted silanes. The substitution of
silicon by carbon (compds 12—25; 16—26)
effects an increase in surface tension. The longer
Si—C bonds (see Table 7) yield bulkier trimethy-
lated moieties which inhibit intensive,
high-energy interactions.

4.2 Contact angle (0) and interfacial
tension solid/liquid (yg)

It is one of the major aims of our investigation to
compare the contact angle data of a multitude of
different low-energy, silicon-containing liquids
with those of analogous hydrocarbons.

Thedatain Tables 5 and 6 show that within the
different substance groups (hydrocarbons, silox-
anes, carbosilanes, polysilanes, silanes) the
contact angles increase with increasing surface
tension.

However, this roughly regular behaviour is not
valid across group boundaries. Very instuctive
for the understanding of the problem are compar-
isons of the probably most polar and strictly
non-polar liquids (siloxanes vs hydrocarbons).
Substance 9 and n-decane possess practically the
same surface tension but the contact angle differs
significantly. The same is true for the pairs
siloxane 7/n-octane and siloxane 10/n-hexane.

In each of these cases the hydrocarbons show the
lower contact angles and wet the perfluorinated
surface better.

Interestingly, analogous pairs with carbosi-
lanes (compd 12/n-hexane) and polysilanes
(compd 24/n-octane) can aso be established.

These findings for silicon-containing liquids
are in line with our results concerning agqueous
solutions of carbohydrate-modified silicon sur-
factants® and Zisman's data, adopted by
Neumann,® for a number of liquids (Table 8).
According to these data, the contact angle of a
liguid on a given solid is no straight function of
the surface tension. The solid/liquid interfacial
tension y4 can be regarded as independent of v,
Although including the flexible and useful v4/®
approach, Neumann's ‘ equation of state’ concept
finally ignores the point that at the liquid/vapour
interface the interactions between the liquid
molecules determine the energy balance exclu-
sively (the gas molecules are too diluted),
whereas at the solid/liquid interface specific
interactions between solid matter and liquid
molecules can influence this balance consider-
ably.® These specific interactions should be
reflected by a vy pattern that depends on
chemical structure and not on surface tension.

Again, within the substance groups rough
correlations between increasing surface tensions
v and interfacial tensions y4 exist. This indi-
cates that for a given structure the force(s)
responsible for both interfacial tensions do not
change and develop continuously.

Such a correlation is not valid across group
boundaries. In the strictly non-polar hydrocarbon
series a y4 vaue of 1.1 mN/m is reached at
20.4 mN/m surface tension (Table 5, n-octane).
Roughly the same data set is obtained for
neopentyl-substituted silanes after extrapolation
from compounds 25 and 26. For carbosilanes,
1.1 mN/m solid/liquid interfacial tension is cou-
pled to a surface tension of about 18—19 mN/m.

Table8 Surface tensions v, and contact angles 6 of
selected liquids on perfluorolauric acid™

Liquid Y (MN/m) 6 (grd)
(CH,),SI[OSI(CH,),];0Si(CH,;),; 18.1 60
Perfluoroalkane FCD-330 20.2 48
H(CF,);CH,OH 23.8 62
Decane 239 70
Di(n-pentyl) ether 24.9 68
H(CF,),CH,OH 27.6 68

© 1997 by John Wiley & Sons, Ltd.
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Figure 2

In polysilanes this y4 valueis reached at 18 mN/
m (compd 20). Finaly, for non-cyclic
methylated siloxanes the values of 1.1 mN/m for
v4 is coupled to about 16 mN/m surface tension
(compd. 2, Table 6, Fig. 2).

Already, from these few examples, it follows
that for every single substance group the forces
responsible for the liquid vapour and solid/liquid
interfacial tensions have to derive from more
than one source and occur in different ratios. Not
surprisingly the neopentyl-substituted silanes
behave as though they are closely related to the
hydrocarbons. The substitution of their quater-
nary carbon atoms by silicon yields the
carbosilanes and afirst significant deviation. This
trend is further strengthened by the complete
elimination of carbon from the backbone in
polysilanes. Finally, the incorporation of oxygen
in the backbone yields molecules possessing
completely different energy properties.

4.3 Donor-acceptor (y*'~) and
Lifshitz—van der Waals (y") portions
of surface tension and solid/liquid
interfacial tension

The major advantage of Neumann's concept, as
demonstrated in Section 3.2 for the determina-
tion of the solid surface tension, consists in the
introduction of a flexible +y4-dependent inter-
action parameter ® (Equation [12].

®=—0.0075y,+1 [12]

Combination of [12] with the Girifalco/Good
approach (Egn [13]) led to the conclusions that
the interfacial tension y4 (Eqn [14]) as well as
the contact angle 6 (Egn [7]) are straight
functions of the surface tension v, for a given
solid (y,, constant).

© 1997 by John Wiley & Sons, Ltd.

Yo=Yt Yo — 20( ¥ - 1)°° [13]
e VW= V)
* 1-0.015Vyg 7y

We have dready shown in the previous section
that these conclusions are not valid for certain
types of silicon-containing compounds. Due to
the presence of polar oxygen atoms, siloxanes
wet the non-polar perfluorinated surface less well
than hydrocarbons of the same surface tension.
In fact siloxanes behave like the —CH,— or
—(CH,),— chain-extended homologues of those
hydrocarbons.

It is an inevitable consequence of Neumann’'s
approach that no possibility is provided for the
quantitative description of the sources causing
the different behaviour at the liquid/vapour and
solid/liquid interfaces.

van Oss et al. (Egn [15]). applying Fowkes
method (Eqn [10]), developed a system based on
selective interactions.® ® is put as 1.

Ya=(Vys' =V )2+2(Vvs vs

Ve w — Vv — Ve v [19]

An approach of this type for a selective
treatment of donor—acceptor and Lifshitz—van
der Waals interactions is urgently needed to
explain the y4 and contact angle data. Never-
theless we are aware that this quantification of
interactions on the present level of understanding
is not completely satisfactory. Extended inter-
faciad tenson measurements” have shown
conisiderable differences between experimental
data and caculations according to Good's
aproach. These deviations probably stem from
the inflexible treatment of ®.%*

It follows immediately that calculated Lif-
shitz—van der Waals (y“") and donor—acceptor
portions (y*'~) of surface tension and solid/
liquid interfacial tension are no exact measure
for the total polarity of an isolated molecule.
Instead they reflect the types of interaction
preferred by one condensed material in contact
with another one.

An inspection of the donor—acceptor portion
of the surface tension (v ~) shows that siloxanes
are the most polar group of substances (Table 6).
They are followed by the surprisingly polar
carbosilanes® and polysilanes. The neopentyl—
substituted silanes are closely related to
hydrocarbons.

Due to the inceasing polar substructure/
methyl group ratio, there is a genera trend

[14]
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towards increasing donor—acceptor components
within a series of substances.

A detailed analysis of the structure depend-
ence of ./~ for the siloxanes discloses the
influences of substitutents. The moderately
increased surface tension after substitution of a
methyl by an ethyl group (compds 5—6) is
accompanied by a reduced donor—acceptor com-
ponent. A phenyl substitution (compds 5—7)
reverses the latter effect. Here the strong surface
tension increase is partially due to a renewed
vi!~ increase. Phenyl structures increase both
donor—acceptor portions and Lifshitz—van der
Waals interactions, whereas ethyl groups
strengthen the latter selectively.

We noted for polysilanes, from di- to tetra
silanes, a regular increase of ./ ~. It is an open
question whether this trend reflects an increasing
acceptor property . complementary to the
known* donor capacity y~ of oxygen atoms
(Si—O-Si structures) in the case of siliconized
glass.

For agqueous solutions of carbohydrate-mod-
ified siloxane surfactants on FEP® we found™
that y4 and %'~ closely follow /. In asingle
case asignificant Lifshitz—van der Waals compo-
nent of v, was observed.

Due to the very low solid surface tension of
the FC 722 coating, this situation could change
for the liquid precursors under investigation here.
We note that, for every liquid, ./~ and 5~
practically converge. Obvioudly, for a given
ligquid, on both the liquid/vapour and solid/liquid
interfaces donor—acceptor forces of the same
origin and size occur, but in aimost every case
we found a considerable y5" component yielding
a tota y4 value higher than '~ or /.
Although rich in methyl groups, and in the case
of siloxanes very flexible, the liquids tested
cannot completely compensate the dispersion
forces emerging on this perfluorinated surface. In
Sections 4.2 we discussed in detail the fact that
liguids of the same surface tension do not
necessarily produce the same contact angle on a
given solid. The correlation of the donor—
acceptor and Lifshitz—van der Waas
components of the surface tension 7y, and the
solid/liquid interfacial tension 4 with structural
aspects helps decisively to improve the under-
standing of this phenomenon.

For the phenylated siloxane (7) and the
neopentyl substituted silane (26) almost identical
surface tensions have been measured. Due to the
presence of electron-donating oxygen atoms and

© 1997 by John Wiley & Sons, Ltd.

the aromatic ring, the siloxane possesses a higher
vi!~ and a diminished yLY component. Obvi-
ously a given surface tension can be the result of
the superposition of different types of force in
different proportions. In contact with non-polar,
condensed matter at the solid/liquid interface the
liquids do not behave in an identical way any
longer. For the siloxane a considerably higher vy
value was found. Furthermore, thistotal vy, value
mainly stems from a donor—acceptor component
(¥5V/y5"~ =0.6:1). The lower 4 value for the
neopentyl-substituted  silane  predominantly
derives from Lifshitz—van der Waals forces
(¥§¥1y5"~ =2.1:1). The difference between the
two compounds essentially arises from the point
that existing donor—acceptor forces exhibit the
same strengths at both interfaces (compd 7: i/~
1.6 MN/m—+3’~ 1.6 mN/m) where Lifshitz—
van der Waals forces occur in strikingly different
magnitudes (compd 7: vy, 20.2 mN/m—y5"
0.9 mN/m).

From this it becomes clear why the proposi-
tion ‘identical surface tensions—identical
contact angles' is still disputed. Contact angle
differences for a given surface tension on a
defined solid (ys, constant) have to derive
from vy, differences. But the considerable differ-
ences determined for vV (between compds 7
and 25 AyY=1.1 mN/m) are accompanied by
minor 5V differences (AvyyY=0.3 mN/m).
Exclusively the donor—acceptor difference is
effective (Avyt/~=1.0mN/m, A}~ =1.1 mN/m).
Because of the small absolute value of Awvg
compared with v, and v,, (in each case identical
for the substance pair under investigation) in the
Young equation (Egn [1]), minor contact angle
differences result.

It emphasi zes the value of the Wilhelmy-based
multipoint wetting measurements that, after an
intensive calibration procedure, these differencs
can be detected accurately.

Acknowledgements The research project ‘ Siloxanyl-mod-
ified Carbohydrates was financially supported by the
German Ministry for Research and Technology (Reg. No.
0310317 A/B). The project ‘Polyhydroxylated Silicon
Compounds' is supported by the Deutsche Forschungsge-
meinschaft (Reg. No. WA 1043/1-1).

REFERENCES

1. D. S. Murphy, G. A. Policello, D. D. Goddard and P. J.
G. Stevens, Pesticide Formulation and Application

APPLIED ORGANOMETALLIC CHEMISTRY, VOL. 11, 645-657 (1997)



WETTING BEHAVIOUR OF SILICON-CONTAINING COMPOUNDS

657

10.

11

12.

13.

14.

15.

16.

17.

18.
19.

20.
21
22.
23.

24.

25

©

Systems, Vol. 12, ASTM STP 11/46, Devisetty, B. N.,
Chasin, D. G. and Berger, B. D. (eds), ASTM,
Philadelphia, 1993, p. 45.

M. J. Owen, Ind. Eng. Chem., Prod. Res. Dev. 19, 97
(1980).

M. G. Voronkov, W. P. Mileshkevich and Y. A.
Yushelevski, Sloxanovaya Svyas, |sdatelstvo ‘Nauka,
Sibirskoe Otdelenie, Novosibirsk, 1976, p. 19.

S. Grigoras and T. H. Lane, Slicon-based Polymer
Science: A Comprehensive Resource, American Chem-
ical Society, Washington, D.C., 1990, p. 125.

H. Kriegsmann, Zeitschr. Elektrochem. 61, 1088
(1957).

G. V. Gibbs, J. W. Downs and M. B. Boisen, Rev.
Mineral. 29, 331 (1994).

R. Janoschek, Chem. Zeit 21, 128 (1988).

H. W. Fox and W. A. Zisman, J. Coll. <i. 7, 109
(1952).

E. G. Shafrin, and W. A. Zisman, J. Phys. Chem. 66,
740 (1962).

R. Wagner, G. Sonnek, R. Wustneck, A. Jénicke, M.
Herbst, L. Richter and L. Engelbrecht, Tenside Surf.
Det. 31, 344 (1994).

M. J. Owen and J. |. Evans, Br. Polym. J. 7, 235
(1975).

H. Maki, S. Saeki, |. Ikeda and S. Komori, J. Am. Qil
Chem. Soc. 46, 635 (1969).

R. Wagner, L. Richter, J. Weidmdiller, J. Reiners, K. D.
Klein, D. Schaefer and S. Stadtmdiller, Appl. Organo-
met. Chem. 11, 617 (1997).

T. Young, Philos. Trans. R. Soc. London 95, 65 (1805).
R. E. Johnson and R. H. Dettre, J. Phys. Chem. 68,
1744 (1964).

C. Huh and S. G. Mason, J. Call. Interface Sci. 60, 11
(1977).

A. W. Neumann, G. Haage and D. Renzow, J. Colloid
Interface <ci. 35, 379 (1971).

J. F. Padday, J. Colloid Interface <ci. 28, 557 (1968).
J. Gaydos and A. W. Neumann, J. Colloid Interface Sci.
120, 76 (1987).

W. J. Herzberg and J. E. Marian, J. Colloid Interface
ci. 33, 161 (1970).

A.H.Demond andA. S. Lindner, Environ. Sci. Technol.
27, 2318 (1993).

L. Richter, Tenside Surf. Det. 31, 189 (1994).

R. Wagner, L. Richter, B. Weiland, J. WeiBmdller, J.
Reiners and W. Kramer, Appl. Organomet. Chem. 10,
437 (1996).

A.R. L. Colas, F. A. D. Renauld and G. C. Sawicki, US
Patent 5026891 (1991).

. L. H. Sommer, G. M. Goldberg, J. Gold and F. C.

1997 by John Wiley & Sons, Ltd.

26.
27.
28.
29.
30.
3L
32.

33.

35.

36.

37.
38.

39.
40.

41.
42,
43,
. D. Li, M. Xieand A. W. Neumann, Colloid Polym. Sci.
45,
46.
47.

48.

49.

50.

Whitmore, J. Am. Chem. Soc. 69, 980 (1947).

G. Greber and G. Degler, Makromol. Chem. 52, 199
(1962).

N. Basso, S. Gors, E. Popowski and H. Mayr, J. Am.
Chem. Soc. 115, 6025 (1993).

J. Hetflgjs, F. Mares and V. Chvalovsky, Collect. Czech.
Chem. Commun. 31, 586 (1966).

R. Wagner, L. Richter and A. Janicke, German Patent
DE 4437886 (1996).

M. Kumada, M. Ishikawa and S. Maeda, J. Organomet.
Chem. 2, 478 (1964).

K. Hassler, and G. Bauer, Spectrochim. Acta 43A, 1325
(1987).

K. Hassler and R. Neubdck, Spectrochim. Acta 49A, 95
(1993).

K. Schenzel and K. Hassler, Spectrochim. Acta 50A,
127 (1994).

. S. Seidl, Ph.D. Thesis, Technical University of Graz,

1987, p. 102.

R. West and G. A. Gornowicz, J. Organomet. Chem. 28,
25 (1971).

C. L. Frye, R. M. Sdinger, F. W. G. Fearon, J. M.
Klosowski, and T. De Young, J. Org. Chem. 35, 1308
(1970).

W. D. Harkins and H. F. Jordan, J. Am. Chem. Soc. 52,
1751 (1930).

C. J. van Oss, M. K. Chaudhury and R. J. Good, Chem.
Rev. 88, 927 (1988).

A. W. Neumann, Saub-Reinhalt. Luft 28, 452 (1968).
G. Czichocki, B. Gilsenbach, M. Olschewski and L.
Richter, Plast. Kautsch. 34, 445 (1987).

D. K. Owens and R. C. Wendt, J. Appl. Polym. <ci. 13,
1741 (1969).

F. M. Fowkes, Ind. Eng. Chem. 56, 40 (1964).

R. Ulbrich, Z. Naturforsch. 28A, 1313 (1973).

271, 573 (1993).

C. J van Oss, R. J. Good and M. K. Chaudhury,
Langmuir. 4, 884 (1988).

O. Driedger, A. W. Neumann and P. J. Sell, Kolloid
Zeitschr. Zeitschr. Polym. 201, 52 (1965).

M. J. Barrow, E. A. V. Ebsworth and M. M. Harding
Acta Cryst. B 35, 2093 (1979).

S. Patei and Z. Rappoport, The Chemistry of Organic
Slicon Compounds, John Wiley & Sons, New York,
1989, p. 248.

B. Beagley, J. J. Monaghan and T. G. Hewitt, J. Mol.
Sruct. 8, 401 (1971).

P J. Sel and A. W. Neumann, Angew. Chem. 78, 321
(1966).

APPLIED ORGANOMETALLIC CHEMISTRY, VOL. 11, 645-657 (1997)



