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of the polyethylene oxide/silica interface

Abstract The polarity of the poly-
ethylene oxide(PEO)/silica interface
in 1,2-dichloroethane as solvent is
classified by means of linear solva-
tion energy (LSE) relationships . The
properties of the bare silica particle
surface and the silica/PEO interface
is expressed by two terms: the dipo-
larity/polarizability (n*) of the in-
terface and the hydrogen-bond
donating ability («) of the surface
silanols. These terms can be defined
by using the Kamlet—Taft solvent
parameters o and 7* as a reference
system. The interfacial polarity pa-
rameters ¢ and 7* were calculated by
means of correlation analyses of the
energy of the UV/vis absorption
maxima of the surface polarity indi-
cators: di-cyano-bis(1,10-phenan-
throline) iron 11, bis-4,4’-(N,N-

Introduction

surface

dimethylamino) benzophenone, and
2,6-diphenyl-4-(2,4,6-triphenyl-N-
pyridino)phenolate when adsorbed
onto the PEQ/silica particle surface.
The experimental values of the
E1(30) parameter of the PEO/silica
interface are compared with inde-
pendently calculated values employ-
ing specific LSE relations derived for
well-behaved regular solvents and
functionalized silicas. PEO adsorp-
tion on silica causes a decrease in the
value of the o parameter of the silica
surface and an evident increase in
the dipolarity/polarizability of the
interface.
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[hydrogen-bond donating (HBD) groups]

Adsorption processes of polymers to inorganic sub-
strates are of importance for stabilization of microemul-
sions and lattices [1]. Polyethylene oxide (PEO) and
related polymers when adsorbed to silica have been
studied by several authors [2-7]. Adsorption microcal-
orimetry [3], IR spectroscopy [4], and EPR spectroscopy
of labelled PEO chains [7] have been employed to study
the intermolecular interactions between PEO chains
and the silica surface. The main driving force for the
adsorption of PEO chain segments to silica surface
groups was attributed to the acid—base interactions of
the free electron pairs of the oxygen atoms of the PEO
chain [hydrogen-bond accepting (HBA) groups] with the
active hydrogen atoms of the silanol groups of the silica

(Scheme 1) [2-6]. Of course, dispersion forces and
specific interactions between siloxane bridges and the
oxygen atoms of the PEO chain are also conceivable
[3, 8].

Each of these individual interactions contributes to
the measurable overall adsorption energy of PEO chains
with the silica surface [3]. The manifold influences upon
intermolecular solute/solvent interactions can be expres-
sed advantageously by the linear solvation energy (LSE)
relationship of Kamlet and Taft [9-11]. This LSE
relationship has also been applied successfully in the
quantitative description of adsorption and chromato-
graphic processes at the solid—liquid interface [12—15].

The fundamental Kamlet-Taft approach describes
the manifold influence of three polarity terms «, 5, and
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n* as well as of the Hildebrand solubility parameter (dy)
on the results of a solvent-dependent chemical process
XYZ (Eq. 1) [8-11].

XYZ = (XYZ), + hd; + s(n* + dd) + ae + bf (1)

(XYZ), is the value for the solvent reference system, i.e.,
a nonpolar medium or the gas phase, o is the HBD
ability, f is the HBA ability, and =* the dipolarity/
polarizability of the solvents. 6 is a polarizability
correction term that is 1.0 for aromatic, 0.5 for
polyhalogenated, and zero for aliphatic solvents. a, b,
s, h, and d are solvent independent coefficients. They
reflect the susceptibility of the solute with respect to
these properties.

Polarity studies of the PEO/silica interface within
PEOysilica hybrid materials, produced by the sol-gel
technique, were reported by Baker et al. [16]. The
authors used the fluorescence probe pyrene as the
polarity indicator when encapsulated within the hybrid
material consisting of PEO and silica. The authors
found, surprisingly, that the polarity of the silica/PEO/
probe interface was larger than the polarity of the bare
silica/probe interface in spite of the established result
that the polarity of an interface should to be approx-
imately the average of the polarity of the two contacting
phases [17].

However, the use of pyrene as a fluorescence probe to
evaluate the polarity of heterogeneous microenviron-
ments has been well established for bare silicas [18],
reverse stationary chromatographic phases [14], and
composite materials [19]. By using pyrene as a polarity
probe, the dipolarity/polarizability of an environment,
i.e., that of the PEO/silica interface, is measured by
utilizing the intensity ratio Py of the two emission bands
I, and 15 at 375 nm and 384 nm, respectively, of the
fluorescence spectra of pyrene. Using Eq. (2), Dong and
Winnik [20] recommended this Py value, as measured in
various solvents as references, as a tool to parameterize
the dipolarity/polarizability property n* of an environ-
ment with z (set of various solvents) = 32, r (correlation
coefficient) = 0.959, and the standard deviation (SD)
was not reported for this correlation.
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Scheme 1 Proposed intermolecular interactions of polyethylene oxide
(PEO) segments with silica surface groups. The dashed lines indicate
possible hydrogen-bond donating (silica)/hydrogen-bond accepting
(PEO) interaction sites

Py = 0.64 + 1.33(n* — 0.245) — 0.25 )

The objective of this paper is the determination of the
Kamlet-Taft parameters n* and o for the PEO/silica
interface in a suitable liquid by means of specific
solvatochromic dyes. For this study we have selected a
specific Aerosil 300 (z =1.14, f =0.0, and =* = 1.00)
[21] as silica powder and a PEO with an average
molecular weight of M, = 100,000 g mol™' and a M,/
M, ratio of about 2. The values of the Kamlet—Taft
parameters for this PEO are « = 0, f = 0.65, and ©* =
0.86. It is generally expected that the HBD capacity of
the silanols decreases after their interaction with a PEO
chain because the interaction of the silanol groups with
the one electrons of the oxygens of the PEO chain
(HBDyjjica /HBApEo interaction) should dominate. 1,2-
Dichloroethane (DCE) (z =0, f=0.1, and n* = 0.81)
was chosen as the solvent for two reasons. PEO is well
soluble in this solvent which shows very low HBA and
HBD capacity; therefore, HBD/HBA interactions be-
tween the silica surface and the solvent are of minor
importance. Furthermore, suspensions of Aerosil 300 in
this solvent are transparent, which is very convenient for
the recording of UV/vis transmission spectra of the
adsorbed probe dyes [21-24].

The values of the surface polarity parameters n* and
o are analysed by application of the two carefully
characterized solvatochromic dyes Fe(phen),(CN), (1)
and Michler’s ketone (2) (formular Scheme 2) [22-24].
The solvatochromism of each of these indicators can
be well expressed by a LSE relationship according to
Eq. (2). Fe(phen),(CN), serves as an indicator for the
HBD capacity (a/s = 1.37), whereas the shift of the UV/
v is absorption maximum of Michler’s ketone reflects
the dipolarity/polarizability (a/s = 0.81) of an environ-
ment; the coefficients » and d are zero for both
indicators [22].

In two recent papers we have shown that both
indicators are well-suited polarity indicators to analyse
simultaneously the HBD capacity and the dipolarity/
dipolarizability of surface environments, e.g., modified
silica particles [21] or cellulose [25].

Values of the Ep(30) polarity parameters of the
PEOysilica interface can be measured by means of
the well-known Reichardt’s dye. The original E1(30)
polarity parameter is defined as the molar absorption
energy (vmax) Of a specific solvatochromic dye in the
respective solvent, namely of 2,6-diphenyl-4-(2,4,6-
triphenyl-N-pyridino)phenolate betaine (3) (see formu-
lar, Scheme 2), expressed in kilocalories per mole
(Eq. 3) [26, 27].

The dimensionless EY values are normalized to water
as extreme polar (EY = 1) and tetramethylsilane (TMS)
as extreme nonpolar (EY = 0) reference solvents (Eq. 4)
[26].
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Scheme 2 Formulas of the probe dyes used

E7(30)(kcal mol™') = (2.8591)vyax 1073(3)(ecm ™) (3)

E]N _ EEFSOIVEH[)

= Er(30) — 30.7/32.4

. E%TMS)/EF(rwater) . EEFTMS)
)

Empirical E1(30) polarity parameters are well accepted
for solvents and various solution processes. Their
extension to inorganic particle surfaces has been suc-
cessfully applied to alumina [28], bare silicas [21, 24, 29],
modified silica particles [21, 29], and ormosils [30].
For well-behaved regular solvents, the following LSE
equation of the E1(30) parameter has been calculated by
Marcus [31, 32].

Er(30) = 31.2 + 11.52% + 15.24
n=166, r=0979, SD =125

(a/s = 1.32) (5)

For functionalized silicas, Spange and Reuter [21]
reported a modified LSE relation for the Er(30)
parameter

Et(30)(measured) = 36.1 + 5.337* + 14.84«

(afs =2.7) (6)

n=130, r=0.966, SD=1.90

Equation (6) suggests that the HBD capacity of the
silica surface contributes more strongly to the value of
the measured Et(30) parameter than in well-behaved
regular solvents. Both LSE relationships, Egs. (5) and
(6), should be tested independently from each other for

their applicability to describe quantitatively the value
of the Er(30) polarity parameter of the PEO/silica
interface.

Methods and materials

Materials

Fe(phen),(CN), (1) was prepared according to Schilt [33], Michler’s
ketone (2) was purchased from Merck (Darmstadt) and recrystal-
lized twice from ethanol before use. The probe dye indicator (3)
was given by C. Reichardt, University of Marburg. PEO was
purchased from Fluka. Aerosil 300 was a kind gift from Degussa,

Frankfurt am Main. DCE was distilled freshly before use and dried
over anhydrous Al,Os.

Solvatochromic measurements

The amount of the dyes on the Aerosil surface in DCE was about
1 mg of 1, 0.1 mg of 2, and 2 mg of 3.

For the UV/v is measurements, an MCS 4 diode array
spectrometer with glass fibre optics connected with a TSM 5 A
immersion cuvette (Carl Zeiss Jena) was used.

Calculation of the polarity parameters

The solvatochromism and properties of these indicators as well as
the mathematical procedure for the determination of the individual
LSE approaches of the indicators have already been reported in
detail [22, 23].

The following multiple correlation equations were used to
determine the respective value of the properties o or 7* from the
unit of measurement of each vy, (indicator).

o= —7.900 + 0.453V0 (1) 107 + 0.021v1ax (2) 1072 (7)
r=0.949; SD =0.17;n = 34; significance (F) = 0.000

7 = 13.889 — 0.251vnax (1)1073 — 0.320v,00x(2)1073 (8)
r=0.569; SD=0.155; n=236; F=0.001

The quality of Eq. (7) is really good to examine accurate
values of the o parameter. In spite of the poor
correlation coefficient of Eq. (8) in calculating n* values,
the significance is sufficient for a determination. This
should be considered when interpreting the results.

Results and discussion

Addition of a PEO solution to the silica/probe suspen-
sion in DCE causes a remarkable shift of the UV/vis
absorption maximum of the adsorbed indicator dyes 1, 2,
and 3. The spectral shift of the UV/vis absorption band
is time-dependent; however, the equilibrium state of
adsorption of PEO to silica is reached almost completely
after 5 min. Time-dependent UV/vis spectra are shown
in Fig. 1.

Generally, the adsorbed negative solvatochromic
indicator dyes 1 and 3 show a bathochromic shift of
their UV/vis absorption after addition of PEO indicating
that the o and/or 7* values of the surface decrease. In the
case of indicator 1, a shoulder at about 615 nm is
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Fig. 1 UV/v is spectra of the polarity indicators a 1 and b 3 when
adsorbed to Aerosil 300 in 1,2-dichloroethane. / without polymer,
2 recorded immediately after addition of 30 mg polyethylene oxide
(PEO), and 3 after 60 min

observed after 60 min adsorption time. This absorption
band corresponds to the absorption maximum of 1 in
the pure solvent DCE because desorption takes place.
The positive solvatochromic indicator 2 shows a batho-
chromic shift indicating that the o and/or ©* values of
the silica surface increase when PEO is adsorbed. The
results of the UV/v is spectroscopic measurements and
values of the o and n* parameters calculated using
Egs. (7) and (8), respectively, and the value of the
experimentally determined Et1(30) parameters are sum-
marized in Table 1.

The dependencies of values of the o and n* param-
eters, respectively, as functions of the adsorption time
for the PEO/silica adsorption are shown in Figs. 2 and 3.
As expected, the o value of silica decreases after
adsorption of PEO due to the moderate HBDg;jca/
HBApgo interaction. This result is consistent with
zeta potential and solvatochromic measurements of
Fe (phen),(CN), adsorbed to silica in various HBA
solvents [34]: with increasing HBA capacity of the

solvent [11, 26], for example, dimethyl formamide (f =
0.69) > tetrahydrofuran (f = 0.55) > acetonitrile (f =
0.4) the extent of the bathochromic shift of the visible
absorption of adsorbed Fe(phen),(CN), is increased. In
this earlier paper [34], we also mentioned that HBA
solvents affect the silica surface as a whole and an average
polarity was measured. Accordingly, the value of the o
parameter of silica also decreases gradually due to
functionalization of the silanols with alkyl groups [21].

Adsorption of HBA polymers (PEO with § = 0.65)
to silica results in a similar effect on the HBD property
of the silica surface as observed by surface functional-
ization with silane reagents. This effect is only slightly
measurable by the visible absorption of the adsorbed
phenolate betaine dye 3 because the « value has a weaker
contribution to the value of the Et(30) parameter
compared to the influence of the solvent on the UV/v
is absorption shift of Fe(phen),(CN), [22].

Surprisingly, the value of the n* parameter of the
PEOQ/silica interface increases considerably with increas-
ing PEO content on the silica surface.

Theoretical values of the Et(30) parameter were
calculated via Eqgs. (5) and (6) using the independently
examined values of the o and ©* parameters.

It is obvious that the LSE Eq. (5) for the Et(30)
parameter derived for well-behaved regular solvents
yields a poorer agreement between experimental and
theoretical values of the ET(30) parameter. Advanta-
geously, the LSE Eq. (6) for the Er(30) parameter
derived for functionalized silicas results in much better
agreement between theoretically and experimentally
determined values of the E1(30) parameter. For higher
PEO content on the surface, the deviation between
measured and calculated values of the E1(30) parameter
also increases; however, this deviation is not dramatic
when compared with other complex systems [21, 25].
These good agreements between calculated and mea-
sured E71(30) values evidently support both the correct-
ness of our data and the specific LSE correlation for the
values of the F1(30) parameter for functionalized silicas.
This conclusion is, therefore, of importance because of
the low correlation coefficient for the multiple correla-
tion Eq. (8) for determining the value of the =n*
parameter. Thus, it seems that both Egs. (7) and (8)
are useful for this purpose.

Generally, we found that the dipolarity/polarizability
of the silica PEO/DCE interface is larger than that of the
silica/DCE interface. As already mentioned, this result is
consistent with the independently observed result for the
PEOsilica interface of a hybrid material synthesized by
the sol—gel technique [16].

In Ref. [21] we reported that the o value is a function
of the surface coverage I' which is the surface coverage
of silica with alkyl groups expressed in micromoles per
metre squared of silica [21] (Eq. 9).



691

Table 1 Measured UV/v is absorption maxima of the indicator dyes 1, 2, and 3 when adsorbed to 300 mg Aerosil 300 in 25 ml 1,2-
dichloroethane and after adsorption of polyethylene oxide (PEO) (added as a solution in CHCI;) and calculated «, n*, and E1(30) values

Time (mm) Vmax(l) Vmax(z) vmax(s) o n* ET(3O) ET(3O) ET(3O)
10%/cm™ 10%/cm™ 10%/cm™ Eq. (3) Eq. (5) Eq. (6)
(measured) (calculated) (calculated)
18.80 25.51 20.20 1.14 1.00 57.8 60.0 58.3
15 mg PEO
0 18.35 25.19 19.80 0.93 1.22 56.6 59.3 56.4
0.5 18.32 25.00 19.72 0.92 1.28 56.4 59.9 56.6
1 18.32 25.00 19.69 0.91 1.28 56.3 59.8 56.4
3 18.32 24.94 19.69 0.91 1.30 56.3 60.0 56.5
5 18.32 24.94 19.69 0.91 1.30 56.3 60.0 56.5
10 18.32 24.88 19.65 0.91 1.32 56.2 60.2 56.6
30 18.32 24.88 19.65 0.91 1.32 56.2 60.2 56.6
60 18.32 24.85 19.65 0.91 1.32 56.2 60.2 56.6
30 mg PEO
0 18.35 25.00 19.61 0.92 1.28 56.1 59.9 56.6
0.5 18.30 24.75 19.50 0.90 1.36 55.7 60.6 56.7
1 18.25 24.39 19.46 0.87 1.50 55.6 61.6 57.0
3 18.25 24.26 19.46 0.86 1.54 55.6 62.0 57.1
5 18.21 24.15 19.46 0.85 1.58 55.6 62.2 57.1
10 18.21 24.00 19.38 0.84 1.64 554 62.8 57.3
30 18.21 23.97 19.38 0.84 1.64 554 62.8 57.3
60 18.20 23.87 19.38 0.84 1.66 55.4 63.0 57.4
60 mg PEO
0 18.28 24.75 19.23 0.89 1.37 55.0 60.5 56.6
0.5 18.25 24.57 19.19 0.87 1.44 54.9 61.0 56.7
1 18.25 24.51 19.19 0.87 1.46 54.9 61.2 56.6
3 18.25 24.27 b 0.86 1.54 - 62.0 57.1
5 18.21 24.15 é 0.85 1.58 - 62.2 57.1
10 18.18 24.10 a4 0.83 1.61 - 62.3 56.9
30 18.15 24.10 b 0.81 1.62 - 62.2 56.7
60 18.15 24.10 é 0.81 1.62 - 62.2 56.7
#The interface polarity is not measurable because dye 3 desorbs from the particle surface
1.2 1.8
—+— 15 mg Polyner ok - - _
YL =— 30 nyg Polymer 5o ) *
—=8— 30 mg Polymer ’
[ —— 60 my Polynicr L4
Yt
0.9 e * * 1,2 —e— 15 mg Polyner
e~ " —u—30 mg Polynier
0.8 I —&— 60 g Polyer
0,7 . ; ‘ ‘ 0,8 « . ‘ . - .
-5 5 15 25 35 45 55 65 -5 5 15 25 35 45 55 05

time |minj

Fig. 2 Decrease in the value of the Kamlet-Taft o term of Aerosil 300
with adsorption time of PEO depending on the amount of PEO added

o=1.137-0.113T
r=10.991; SD = 0.228
Using the o value from Table 1 for 60 mg PEO/300 mg

Aerosil, it is assumed that 30% of the silanols can
actually be covered by PEO chains in DCE solution. The

©)

time {minj

Fig. 3 Increase in the value of the Kamlet-Taft 7* term of the Aerosil
300 PEO interface with adsorption time of PEO depending on the
amount of PEO added

indicator 2 is also located within the polymer/silica layer
because in the surrounding DCE solution the typical
absorption of 2 should appear at vy, = 28200cm™'.
The strong bathochromic shifts of 2 successively increase
with adsorption time. This shows that the values of the
n* parameter of solid/solid [14, 16] as well as of solid/



692

liquid interfaces [13, 21] are influenced in a very
complex manner. Probably the n* indicator is influenced
by co-operative interactions by both PEO and silica
components [22].

The results reported in this work do, however, also
raise the following question: is the increase in the
dipolarity/polarizability of the interface of an acidic
surface after polymer adsorption (interaction or incor-
poration) a specific result of PEO/silica interaction or is
it a general phenomenon? Therefore, we will briefly
report on recent results of solvatochromism of two
other polymer/silica compositions, namely for the
adsorption of polyvinylamine (PVAM) on silica in
water and of polyvinylpyridine on silica in DCE. The
solvatochromic measurements of the solid PVAM/silica
adsorbates were also carried out in DCE; however, the
PVAM was adsorbed to silica from an aqueous
solution in a previous step because this polymer is
insoluble in common organic solvents. After separation
and drying the sample in vacuo at room temperature, it
was treated with the probe dyes as for the PEO/Aerosil
adsorption measurements. However, residual water is
included by employing this procedure for the PVAM/
silica samples.

The solvatochromic results of both compositions
point in the same direction as the results of PEO/silica
adsorption: adsorption of a polymer on an acidic silica
surface causes an increase of the interfacial dipolarity/

polarizability and a decrease in the HBD capacity of the
acidic surface.

Conclusion

The results show that solvatochromism of well-suited
surface polarity indicators can be used for characteriza-
tion of the surface as well as of the interfacial polarity of
the polymer/solid interaction.

The applicability of LSE correlations derived for
functionalized silicas is also suitable for polymer/silica
adsorbates in analysing polarity measurements of solid
materials by solvatochromic dyes. It is expected that the
concept employed can be extended to other polymer/
solid surface interactions. By applying Eq. (2) and the
data from Ref. [16], the agreement of the results between
the different indicators is very promising for the
establishment of a common method for measuring the
interface polarity of hybrid and composite materials.
The important question remains: at which site is the
probe dye located within the polymer/silica interface?
Generally, a probe should be localized at the site which
corresponds to the minimum of the free energy.

Acknowledgements Financial support for this project in particular
by the DFG, the Fonds der Chemischen Industrie, and BASF
Aktiengesellschaft is gratefully acknowledged.

tions VSP, utrecht p3 ff

Chem B 102:4927-4932

References
. Burkert H, Hartmann L (1988) Ullm- 9. (a) Kamlet MJ, Abboud J-LM, Abra- 18. Krasnansky R, Thomas JK (1994) In:
anns encyclopedia of industrial chem- ham MH, Taft RW (1983) J Org Chem Bergna HE (ed) The colloid chemistry
istry vol A. VCH, Weinheim, 11:251- 48:2877-2887; (b) Kamlet MJ, Hall of silica. Adv Chem Ser 234 American
361 TH, Boykin J, Taft RW (1979) J Org Chemical Society, Washington, D. C.,
. Howard GJ, McConnell (1967) J Phys Chem 44:2599-2604; (c¢) Taft RW, p 223 ff
Chem Macromol Symp 17:57-86 Kamlet MJ (1979) J Chem Soc Perkin 19. (a) Nakane K, Suzuki F (1997) J Appl
. Killmann E (1988) Makromol Chem Trans 2:1723-1728 Polym Sci 64:763-769; (b) Bergbreiter
43:53-63 10. Essfar M, Guiheneuf G, Abboud J-LM DE, Ponder BC, Aguilar G, Sriniras B
. Killmann E, Adolph H (1995) Colloid (1982) J Am Chem Soc 104:6786-6787 (1997) Chem Mater 9:472-477
Polym Sci 273:1071-1079 11. Nicolet P, Laurence C (1986) J Chem 20. Dong DC, Winnik MA (1984) Can
. (a) Killmann E, Sapuntzjis P (1994) Soc Perkin Trans 2:1071-1079 J Chem 62:2560-2565
Colloids Surf A (1994) 86:229-238; (b) 12. Rutan SC, Carr PW, Taft RW (1989) 21. (a) Spange S, Reuter A (1998) Lan-
Killmann E, Fulka C, Reiner M (1990) J Phys Chem 93:4292-4297 gmuir 15:141-150
J Chem Soc Faraday Trans. 86:1389— 13. Rutan SC, Harris JM (1993) J Chro- 22. Spange S, Keutel D (1992) Liebigs Ann
1397; (¢) Killmann E, Maier H, Baker matogr A 656:197-215 Chem 423-428
JA (1988) Colloids Surf 31:51 14. Helburn RS, Rutan SC, Pompano J, 23. Spange S, Keutel D, Simon F (1992)
. Beck GPVD, Cohen Stuart MA (1988) Mitchern D, Patterson WT (1994) Anal J Chim Phys 89:1615-1622
J Phys France 49:1449-1456 Chem 66:610-618 24. Spange S, Reuter A, Vilsmeier E (1996)
. (@) Hommel H, Legrand AP, Ben 15. Brune BJ, Payne GF, Chaubal MV Colloid Polym Sci 274:59-69
Quada HB, Bouchriha H, Balard H, (1997) Langmuir 13:5766-5767 25. Spange S, Reuter A, Vilsmeier E,
Papirer E (1992) Polymer 33:181-189; 16. Baker GA, Jordan JD, Bright FV Heinze T, Keutel F, Linert W (1998)
(b) Hommel (1995) H Adv Colloid (1998) J Sol-Gel Sci Technol 11:43-54 J Polym Sci A 36:1945-1955
Interface Sci 54:209 17. (a) Michael D, Benjamin I (1998) J Phys 26. Reichardt C, Harbusch-Goérnert E
. Jensen WP (1991) In: Mittal KL, Chem B 102:5145-5151; (b) Wang H, (1983) Liebigs Ann Chem 721-743
Anderson HR (eds) Acid—base-interac- Borguet E, Eisenthal KB (1998) J Phys 27. (a) Dimroth K, Reichardt C, Siepmann

T, Bohlmann F (1963) Liebigs Ann



693

28.

29.

Chem 661:1-37; (b) Reichardt C (1988)
Solvents and solvent effects in organic
chemistry. VCH, New York; (c) Rei-
chardt C(1994) Chem Rev94:2319-2358
Michels JJ, Dorsey JG (1990) Lan-
gmuir 6:414-419

Taverner SJ, Clark JH, Gray GW,
Heath PA, Macquarrir DJ (1997)
Chem Commun 1147-1148

30.

3L

32.

Rottman C, Grader GS, Hazan YD,
Avnir D (1996) Langmuir 12:5505-
5508

(a) Marcus Y (1991) J Solution Chem
20:929-944; (b) Migron Y, Marcus Y
(1991) J Phys Org Chem 4:310-
314

Marcus Y (1993) Chem Soc Rev 22:
409-416

33. Schilt A (1960) J Am Chem Soc

82:3000-3005

34. Spange S, Simon F, Heublein G,

Jacobasch HJ, Borner M (1991) Coll
Polym Sci 269:173-178



