590 Russian Chemical Bulletin, International Edition, Vol. 59, No. 3, pp. 590—597, March, 2010

Novel organosilicon monomer for preparing transparent matrices doped
with lanthanide complexes
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Perfluoroadipic bis(trialkoxysilylpropyl)amide was synthesized as a mixture of five com-
pounds with the general formula (EtO),(MeO),_, Si(CH,);NHC(O)(CF,)4,C(O)NH(CH,);-
Si(OMe),(OEt);_, (1, n =1, 2). Hydrolysis of this product by a specified amount of water (1 : 4)
gave oligomers EtO[(HO)(EtO)Si(CH,);NH(O)C(CF,),C(O)NH(CH,);Si(OEt),0],H (n =7-9).
From oligomer solutions, transparent glassy thermally stable films were obtained. The film
material was studied by IR spectroscopy, atomic force microscopy, transmission electron mi-
croscopy, and powder X-ray diffraction. Compound 1 and oligomers can efficiently solvate
lanthanide diketonate complexes. They displace water from the metal coordination sphere, and
this water is then spent for hydrolysis of trialkoxysilyl groups. The luminescence intensity of
matrix films based on the oligomers depends on the concentration of lanthanide complexes and
is very low at A, = 330 nm, whereas the luminescence intensity of the Eu3" cation is very high.
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The upgrading of basic elements of optical communi-
cation facilities, fiber-optic waveguides, lasers, and opti-
cal integrated circuits!2 requires the search for new trans-
parent organic and inorganic materials. Their production
is impossible without the use of thin film technology. The
sol-gel chemistry method, unlike expensive and difficult-
to-use physical methods? such as plasma spraying and
reactive evaporation, or epitaxial growth, does not require
complex equipment. The films were produced by casting,
substrate dipping, centrifugation, and solution spraying.
Curing usually takes place under mild conditions; there-
fore, organic substrates introduced in the initial colloid
solutions can remain invariable. This method provides op-
portunities for the production of hybrid organic-inorganic
materials.34 Exceptionally promising!:2:5 is the use of flu-
oroplastics and polyorganosiloxanes in the photonics and
laser optics, because they exhibit high resistance to light,
moisture, and heat and are transparent in the visible and
UV spectral regions. In addition, they contain a reduced
(as compared with purely organic polymers) number of
C—H bonds whose high-energy vibrations induce the vi-
brational relaxation of the electronic excitation energy in
near-IR devices, which is exceptionally important for the
design of generating devices based on organic polymers
and rare earth metal (lanthanide) complexes. However,
usual fluoroplastics and silicones are practically unable to

dissolve lanthanide complexes. The limited compatibility
of the complex with the matrix material results in opales-
cence or opacification during structuring due to reduction
of the solubility of the coordination compound on going
from a solution in the monomer (or in an oligomer mix-
ture) to the solid polymer. Previously, we found® that this
problem can be easily solved by using organofluorosilicon
sol-gel compositions containing compounds with imine,
ester, or amide groups. However, sol-gel polymerization
involves air moisture, which is absorbed by the thin layer
of a composition applied on a substrate. The anhydrous
lanthanide complexes can be hydrated by adding three to
six water molecules, which is fairly undesirable. There-
fore, in the development of compositions meant for the
application of transparent luminescent films, it is neces-
sary to resolve the compatibility problems between the
complex and the matrix and luminescence quenching by
vibrations of the O—H, N—H, and C—H bonds. Hence,
the search for new sol-gel monomers or oligomers with
clearly defined solvating and water-proof properties is
a topical task.

The purpose of this work is the synthesis of a bifunc-
tional organofluorosilicon compound by the reaction of
perfluoroadipic ester and 3-aminopropyltriethoxysilane
(APTES) and the preparation on this basis of optically
transparent films doped with lanthanide complexes.
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Results and Discussion

Perfluoroadipic bis(trialkoxysilylpropyl)amide 1 was
prepared from dimethyl perfluoroadipate and APTES
(Scheme 1).

The reaction is accompanied by transalkoxylation at
the silicon atom. According to GC/MS analysis, the prod-
uct isolated by sublimation is a mixture of five alkoxy-
silanes corresponding to the general formula (EtO);Si-
(CH,);NHC(0)(CF,)4,C(O)NH(CH,);Si(OMe)(OEt),
(1), since the integral intensity ratio for the methyl signals
of the MeO and EtO groups in this mixture is 1:5. The
reaction of APTES with diethyl ester in the preparation of
the diamide would have ruled out transesterification. We
used the dimethyl ester due to the ease of removal of meth-
anol used for its synthesis. Previously,® for preparing films
doped with lanthanide complexes we have already used
trifluoroacetamide, which is also a mixture of compounds
with methoxy and ethoxy groups in the trialkoxysilyl frag-
ment. It was found that this difference in the alkoxy groups
does not affect significantly the film-forming properties.
Since only amide groups participate in the solvation of
lanthanide complexes (methylpolysiloxanes do not dissolve
them), the use of monomer 1 for preparing films doped
with lanthanide complexes appears quite admissible.

According to powder X-ray diffraction, the crude re-
action product differs from the mixture of sublimed alkoxy-
silanes 1 only by the absence of the amorphous compo-
nent (Fig. 1). Therefore, the isolated product 1 can be
regarded as a single-phase polycrystalline material.

It was found by IR spectroscopy that product 1 is fairly
stable against hydrolysis under the action of air moisture.
Only after powdered alkoxysilane 1 has been kept in air for
10 days, scarcely noticeable changes took place in its spec-
trum. The relative intensity of the absorption bands at 956
and 794 cm~! corresponding to the Si—OEt and Si—OMe
fragments slightly decreases and shoulders at 3460 and
1030 cm~! appear, indicating that hydrolysis at the tri-
alkoxysilyl groups takes place, giving rise to silanol and
siloxane groups. Keeping in air for 2 months does not
induce further changes in the IR spectrum. The so high
hydrolytic stability of the compound that contains two
trialkoxysilyl groups appears somewhat unexpected. Usu-
ally derivatives of this type are readily hydrolyzed in thin
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Fig. 1. X-ray diffraction patterns of compound 1 before (7) and
after (2) sublimation.

films under the action of air moisture and form cross-
linked polyorganosiloxanes.® The inertness of compound
1 can be attributed to the presence of the water-repelling
perfluorinated organic (CF,), fragment and also to close
crystal packing preventing the fast reaction of alkoxysilyl
groups with water molecules.

Storage of solutions of compound 1 in acetone, THF,
or CHCl; gives white, opaque, and rough films, and this is
not accompanied by polycondensation. High tendency for
crystallization is attributable to the well-known ability of
organic amides’ to form strong intermolecular hydrogen
bonds. These give rise to ordered supramolecular struc-
tures.8 The slight differences in the composition of the
alkoxysilyl fragments of particular molecules of compound
1 do not considerably interfere with crystal ordering.

To bring compound 1 to the disordered amorphous
state, one can use its hydrolysis to give soluble polysilox-
anes suitable for the formation of transparent films with
high optical characteristics. As shown by elemental analy-
sis and IR spectroscopy data, hydrolysis of a solution of 1
in acetone with excess water yields the polysiloxane
[HO(O, 5)(EtO)Si(CH,);NH(0)C(CF,),C(O)NH(CH,);-
Si(OH)O0],,[0O(HO)Si(CH,);NH(O)C(CF,),C(O)NH-
(CH,)5Si(OH)0],, (2, m:n =1:1). Meanwhile, the re-
action of powdered compound 1 with water catalyzed by
~0.1% BuyNF (the use of acids or alkalis could promote
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the reaction of the amide groups with water) gave rise
to the polysiloxane [O, 5(HO)(EtO)Si(CH,);NH(O)C-
(CF,)4,C(O)NH(CH,);Si(OEt)(OH)O( 5], (3). The
amount of unreacted starting compound was 7% in the
former case and 19% in the latter case. Both polymers
were insoluble in organic solvents. Product 2 was fully
amorphous, while 3 contained both amorphous and crys-
talline phases. The number and positions of reflections
and their intensity ratios observed for the crystalline phas-
es were the same as those for the starting compound 1
(Fig. 2). Thus, by hydrolytic polycondensation proceed-
ing to a high degree, it is possible to convert crystalline
compound 1 to amorphous polysiloxanes 2 and 3 insolu-
ble in organic solvents.

Soluble oligomers needed for the formation of trans-
parent films were prepared by partial hydrolysis of com-
pound 1in a THF solution. The addition of 3—4 moles of
water per mole of (EtO);Si(CH,);NHC(O)(CF,),C(0O)-
NH(CH,);Si(OMe)(OEt), and keeping the reaction mix-
ture at ~20 °C for 4—7 days affords oligosiloxane 4 whose
structure was determined by elemental analysis, gel per-
meation chromatography, and IR spectroscopy. The in-
crease in the amount of water used for hydrolysis to
5—6 moles results in the formation of an insoluble po-
lysiloxane precipitate apart from the oligomer occurring
in solution.

oH O*cmw 1,20 PEt
Et ?f\\//\HN/ 2/a NH/\\//\§r—O H
OEt OEt

n

4

The oligomer has a unimodal narrow molecular-mass
distribution (M,,/M, = 1.1); according to HPLC, this
was a mixture of compounds with ~50% content of
the desired product. Oligosiloxane consists of seven to
nine structural fragments of silicon-containing perfluoro-
adipic diamide connected to one another through di-
siloxane bridges, silanol groups being present at the
chain ends and in the middle. The IR spectrum shows
a very weak shoulder at 3453 cm~! characterizing the SiOH
fragments.

Seven-day storage of solutions of partly hydrolyzed
diamide in which the starting 1 : H,O molar ratiowas 1 : 3
and more yields transparent colorless 5—10 um-thick films
with a smooth surface. If the solutions were applied 1—2 h
after mixing the reactants, the surface of the resulting films
was rough. Therefore, long-term keeping of the reaction
mixtures appears necessary for the formation of high-op-
tical quality coatings. Curing of the liquid layer on the
silicate glass surface from a THF solution occurs after
1.0—1.5 h. According to IR spectroscopy, structural
changes in the films formed continue to take place for
additional 20 h. The shoulder at 3453 cm~! somewhat
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Fig. 2. X-ray diffraction patterns of hydrolysis products of com-
pounds 2 (1) and 3 (2).

decreases but the intensity of the siloxane absorption at
1040—1020 cm~! increases. These changes attest to con-
densation of the silanol terminal groups.

Powder X-ray diffraction investigation of the trans-
parent coatings formed from solutions of oligomer 4 in
THF on the silicate glass surface showed that they had a
polycrystalline structure. However, the X-ray diffraction
patterns of the films attest to the presence of considerable
amounts of the amorphous components together with the
crystalline phase identical to compound 1 (Fig. 3, curves /
and 3). This fact indicates that the crystallization pattern
of both compound 1 and the oligomers is affected only by
the formation of associates through hydrogen bonding be-
tween the amide groups. The optical transparency of the
layer can be due to the presence of an amorphous phase in
the material and to the decrease in the size of crystalline
structures compared to those formed from monomer 1
under similar conditions.
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Fig. 3. X-ray diffraction patterns of the films of oligomer 4 (/),
composition based on compound 1 containing 44.5% of complex
5 (2), and initial compound 1 (3).



Novel organosilicon monomer

Russ.Chem.Bull., Int. Ed., Vol. 59, No. 3, March, 2010 593

h/um
40 1
30 A
20 1

10

L 4 0 L L O =

a

d/u h/um d/um
3tm -3

160
2} 1204 2}

80
1+ 1

40
0L 1 1 = 0 B 1

1 2 d/um 1

2 d/um 1 2 d/um

Fig. 4. AFM images of the film surfaces formed by oligomer 4 on silicate glass before heating (a), after heating at 100 (b) and 200 °C (c¢).

On the film surface image recorded by atomic force
microscopy (AFM), one can clearly see the orderly ar-
ranged cylindrical fibers with approximately equal thick-
ness (0.25—0.30 um) (Fig. 4, a). After heating for 30 min
at 100 °C, the weight of the films decreases by 30%, they
become white and opaque, the fiber thickness increasing
twofold (to 0.50—0.60 um). The height (4) of the surface
relief also increases: before heating, it was not more than
0.18 um, while after heating, it reached 1.00 um (Fig. 4, b).
The polymer becomes insoluble in THF, and, hence, it
becomes impossible to measure its molecular-mass char-
acteristics. Heating of the films at 200 °C for 30 min re-
sults in a weight decrease by more than 20% and the dis-
appearance of the fibers (Fig. 4, ¢). The surface of the film
formed by the starting oligomer is hydrophobic (the water
wetting contact angle is 97°). Therefore, on heating, the
hydrolysis of the residual alkoxy groups under the action
of air moisture does not take place. Hence, changes in the
polymer surface and solubility are associated with the for-
mation of cross-linked 3D structures upon condensation
of molecules 4 by two reactions. One is the reaction of the
neighboring silanol and alkoxysilyl groups with alcohol
evolution and the other is the reaction of neighboring
ethoxy groups with evolution of diethyl ether (both prod-
ucts were detected in the gas phase by GC/MS). However,
the above-described fibers are observed only in the films
formed on a continuous smooth surface. The application
of oligomer solution on a metallic fine-meshed grid af-
fords a porous film. Transmission electron microscopy
study of the film showed that the pore size was 200—500 nm,
which corresponds to the thickness of the fibers we ob-
served in the coatings on glass substrates. This suggests
that the fibers are formed upon the reaction of compound
4 with the surface onto which the solution is applied and
that they are hollow.

Lanthanide B-diketonates are most convenient objects
for the creation of transparent materials with luminescent
properties.1»? They are stable in air and are readily soluble
in polar organic media. Derivatives with fluorinated ligands

are better compatible with fluorinated monomers and poly-
mers. Solubility testing of lanthanide complexes in mono-
mer 1 and in oligosiloxane 4 was carried out using pra-
seodymium tris(hexafluoroacetylacetonate) trihydrate
Pr(HFA);-3H,0 (5), europium tris(benzoyltrifluoro-
acetonate) hexahydrate Eu(BTFA);+6H,0 (6), anhydrous
erbium tris(hexafluoroacetylacetonate) Er(HFA); (7), and
ytterbium tris(dipyvaloylmethanate) Yb(DPM); (8). The
highest attainable solubility was defined as the concentra-
tion of the complex at which drying of a solution of the
composition in CHCI; or THF yielded a transparent solid
film that retained its properties on storage in air for a long
period of time (the observation lasted for three months).
The data presented in Table 1 on the solubility of
the complexes and on the quality of films formed from the
1/LnL;-nH,0 compositions attest to good solvation prop-
erties of compound 1 with respect to the lanthanide
B-diketonates with fluorinated ligands. Complex 8 con-
taining the nonfluorinated ligand is almost incompatible

Table 1. Results of film formation study of perfluoroadipic di-
amide (1)

Lantha- m Comp- H,0:1 r* Film
nide (wt. %) lex:1  (mol.) quality
complex (mol.)
— — — — 5 min Rough,
white
5 25.2 1:3.5 0.9:1 10min  Rough,
opaque
30.5 1:2.7 1.1:1 1.5h Rough,
transparent
44.5 1:1.5 2.0:1 10days Smooth,
transparent
6 21.7 1:4.38 1.3:1 5 min Rough,
transparent
7 23.0 1:39 — 10 min  Rough,
transparent

* Film curing time.
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with compound 1. The presence of a water molecule in the
metal coordination sphere does not reduce the solubility
but leads to an increase in the structuring time upon an
increase in the concentration of the complex.

The reaction of the organofluorosilicon matrix with
praseodymium and europium B-diketonates was studied
by 'H NMR and IR spectroscopy. The 'H NMR spec-
trum of a solution of compound 1 in CDClI; containing
Pr(HFA);-3H,0 (0.04 mol per mole of 1) shows broad-
ening of the proton signals of the NCH,CH,CH,Si frag-
ment and their upfield shifts by 0.10, 0.07, and 0.04 ppm,
respectively, compared to the spectrum of pure 1. The
observed effect is due to coordination of the amide group
to the praseodymium cation. Complex 5 functions in this
case as a lanthanide shift reagent.10

The IR spectra of the films obtained from composi-
tions based on compound 1 and complexes 5 and 6 show
clear-cut changes of the absorption bands of diketonate
ligands, whereas the part of the spectrum corresponding
to the matrix (i.e., compound 1) remains almost invari-
able. The initial coordination compounds are hydrated,
which is confirmed by broad and rather intense O—H
absorption bands at 3600—3300 cm~!. However, the spec-
tra of films show no absorption in this range, despite the
fact that O—H stretching bands are expected to be broad-
ened and rather intense due to the possibility of intermo-
lecular interaction with the amide.!! This implies that
water has been displaced from the praseodymium and
europium coordination sphere. The number and positions
of absorption bands corresponding to the B-diketonate
ligands also change. Thus the spectrum of the complex
Pr(HFA);-3H,O contains five absorption bands includ-
ing more intense 1660 (shoulder), 1649, and 1628 cm™!
(shoulder) bands corresponding to v(C=C) and v(C=0)
vibrations and less intense 1567 and 1543 cm~! bands
corresponding to v(C=0) and §(C—H) vibrations.!?
The spectrum of the same complex but incorporated in
the matrix exhibits only three bands in this region: an
intense band at 1654 cm~! and less intense bands at 1554
and 1528 cm~!. In the IR spectrum of the complex
Eu(BTFA);- 6H,0, the most intense absorption bands for
the benzoyltrifluoroacetonate ligand occur at 1614, 1576,
and 1533 cm~!. In the transparent matrix doped with
this complex, two high-frequency shoulders (1638 and
1625 cm™!) appear at the 1614 cm~! band, while the other
bands shift insignificantly being located at 1578 and
1536 cm~!. Thus, the solvation of complexes 5 and 6 with
molecules 1 is accompanied by substantial changes in the
metal coordination sphere.

As noted above, pure compound 1 is precipitated from
solution as a finely crystalline opaque layer, which is not
hydrolyzed for a considerable period of time. Therefore,
the formation of transparent coatings, although with
a rough surface, from this layer even at concentrations of
complexes of up to 30% may imply a substantial change in

the structure of the supported layer up to transition to the
amorphous state. However, powder X-ray diffraction data
indicate that the coatings remain crystalline, the X-ray
diffraction patterns of the films and pure compound 1 are
identical, no amorphous halo is observed. Apparently, the
structure of 1 is substantially affected by the additive;
the crystallite size decreases and becomes smaller than
the visible light wavelength. Therefore, the film becomes
transparent but its surface remains rough. Fast curing
(5—10 min) means that the layer deposited from the solu-
tion is only dried (CHCl; is removed) but is not structured
through Si—O—Si bond formation and consists of mole-
cules 1, which have been hydrolyzed to a minor extent.
Therefore, at concentrations of up to 30% the supported
layer is the crystalline phase.

Only when the Pr(HFA);-3H,0 concentration is
44.5% (see Table 1), a smooth film is formed from the
composition based on alkoxysilane 1 over a period of
10 days. This pronounced increase in the content of com-
plex 5 gives rise to a large amount of water of crystalliza-
tion, which is liberated upon its dehydration and is spent
for hydrolytic condensation of the trialkoxysilyl groups.
The IR spectra of adhesive films have a broad weak ab-
sorption band at 3700—3470 cm~! for O—H stretching
vibrations of water, alcohols, and silanols. The spectra of
solid films do not exhibit this band, but have a shoulder at
1020—1040 cm™!, indicating removal of water from the
complexes, evaporation of alcohols, and condensation of
silanols to give Si—O—Si fragments in the film material.
As can be seen from Table 1, for the maximum possible
content of the Pr(HFA);-3H,0 complex, the composi-
tion contains two water molecules per molecule 1. This
water suffices to hydrolyze only two alkoxy groups to sil-
anols. But their condensation gives one more water mole
which is able to hydrolyze one more alkoxy group. The
dehydration, hydrolysis, and condensation proceed slow-
ly. Therefore, curing of a film with this high concentration
of the lanthanide complex requires a long time. Thus,
an absolutely smooth transparent matrix doped with
a praseodymium complex is composed of polysiloxanes
based on compound 1 in which only three alkoxy groups
have been hydrolyzed. This takes place only at very high
(44.5%) content of the complex in the matrix. However,
high optical characteristics of the cured layer are attribut-
able to its amorphous properties (see Fig. 3, curve 2).

Oligomer 4 has even higher dissolving capacity with
respect to lanthanide complexes. Transparent glassy coat-
ings are formed from compositions containing up to
40—50% of praseodymium and europium B-diketonates.
These complexes are crystalline; however, films with high
contents of the complexes are amorphous (Fig. 5). The
film structuring process takes 18—24 h and is also ac-
companied by displacement of coordinated water. Fig-
ure 6 shows the IR spectra of complex 6 in mineral oil and
the composition consisting of compounds 4 and 6 (50%).
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Fig. 5. X-ray diffraction patterns of films composed of the oli-

gomer 4—complex Eu(BTFA); - 6H,0 composition (Cg, = 8.4%)
containing 50% of the complex (/) and the pure complex (2).

In the spectrum of the cured film, the absorption band at
3450 cm™! corresponding to O—H vibrations is virtually
missing, whereas in the spectrum of the complex, absorp-
tion in this region is clearly pronounced. However, oligo-
mer 4, unlike compound 1, can form transparent smooth
matrices containing the complex with the nonfluorinated
ligand (ytterbium dipivaloylmethanate) in 28.6% amount.

The luminescence properties were studied in relation
to the films cast on the surface of quartz substrates from
saturated solutions of compound 4 and the europium com-
plex in CHCIl;. The coating thickness was 10—20 pm, the
curing time was 20 h, and the Eu(BTFA); - 6H,0 concen-
trations were 0, 5, and 37 wt.%. The photoluminescence
spectra excited at 245 nm are presented in Fig. 7, a. The
spectra of all three films exhibit a broad emission band of
the matrix (i.e., oligomer 4) with a maximum at 395 nm.
The intensity of this band rapidly decreases with increase

T

3500 3000 2500 2000 1500

Fig. 6. IR spectra of the film composed of oligomer 4 (1), film
based on oligomer 4 containing 50% of complex 6 (2) and pure
complex 6 in mineral oil (3); T is transmission.

v/em™!

in the concentration of the coordination compound. The
luminescence of the europium cation shows itself upon
excitation at 330 nm as a series of narrow bands corre-
sponding to transitions from the excited D level to the
ground multiplet 'F, level (Fig. 7, b). The °Dy, — 'F,
transition is most intense (1000 rel. units). When the com-
plex concentration is 37%, the matrix luminescence is
very low. At the same excitation wavelength, the lumines-
cence intensity of the matrix in the film made of oligomer
4 + 5% Eu(BTFA)5 - 6H,0 composition is only 1% of the
luminescence intensity of europium, i.e., lower than the
error of measurements. The organic-inorganic glasses and
films obtained by the sol-gel method from organoalk-
oxysilanes are usually responsible for a broad photolumi-
nescence band at 400—450 nm. The nature of this band
and its relationship with the supramolecular structure of
amorphous sol-gel coatings were studied previously.13:14
Organosilsesquioxane structures with a size of 15—20 A
are considered to be luminescence centers. The results we
obtained show that a similar emission band occurs also in
the fluorescence spectra of organofluorosilicon films.
However, its intensity depends on the excitation wave-
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Fig. 7. Photoluminescence spectra of transparent films com-
posed of oligomer 4 at A, = 245 (a) and 330 nm (b); a: without
addition of lanthanide complexes (/) and containing complex
Eu(BTFA);+6H,0 in amounts of 5 (2) and 37% (3); b: 5%
Eu(BTFA);-6H,0.
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lengths, being maximum for A.,. = 245 and minimum for
Aexe = 330 nm. The addition of europium B-diketonate
even in a quantity of 5% also induces degradation of this
band, which may result either from change in the film
structure or from violet luminescence quenching by the
coordination compound.

Thus, we synthesized perfluoroadipic bis(trialkoxy-
silylpropyl)amide 1 and soluble oligosiloxane 4, which have
a polycrystalline structure. As shown by analysis of X-ray
diffraction patterns, their crystallization pattern is mainly
affected by formation of associates through hydrogen
bonding between the amide groups. Compounds 1 and
especially 4 have high solvation capacities with respect to
lanthanide B-diketonates and, what is especially impor-
tant, they are able to displace water molecules from the
lanthanide coordination sphere, these water molecules be-
ing spent for hydrolysis of trialkoxysilyl groups of these
compounds. In the luminescence spectrum of the film
based on oligomer 4 with a europium complex content of
5% at Ay, = 330 nm, the intensity of the D, — ’F,
transition is high (1000 rel. units). The luminescence in-
tensity of the matrix is very low under the same conditions.

Experimental

The IR spectra of compounds as liquid films between the
KBr plates were recorded on FSM 1201 and Bruker Vertex 70 FT
IR spectrometers, 'H NMR spectra were run on a Bruker Avance
DPX-200 instrument (200 MHz) at 25 °C using Me,Si as an
internal standard and CDCl; as the solvent. GC/MS analysis
was carried out on a PolarisQ/TraceGCUItra GC/MS spectrom-
eter under the following conditions: a 60-m long TR 35 MS
column 0.25 mm in diameter was heated from 60 to 300 °C, the
injector temperature was 300 °C, and the carrier gas (helium)
flow rate was 1| mL min—!. Positive ion electron ionization mass
spectra were measured at 70 eV in the mass number range of
29—600. The luminescence properties of the films were studied
on a Perkin—Elmer LS-55 spectrofluorimeter with a front-face
attachment for film luminescence. The measurements were car-
ried out at a spectral slit width of exciting and measuring mono-
chromators of 2.5 nm, which accounts for rather high noise level
(see Fig. 7). The film surfaces were studied by atomic force
microscopy (AFM) on a Solver-P47 AFM microscope, Powder
X-ray diffraction study was carried out on a DRON-3M diffrac-
tometer (computerized, Cu-Kao radiation, graphite monochro-
mator on a diffracted beam), scanning step 0.02 deg, acquisition
10 s. The molecular-mass distribution was determined on a Knau-
er Smartline chromatograph with Phenogel Phenomenex 5u col-
umns (300x7.8 mm) using a refractometer as the detector. THF
was used as the mobile phase at a flow rate of 2 mL min~!. The
calibration was performed by polystyrene standards with molec-
ular masses of 3420—2570000. HPLC analysis of oligomer 4 was
carried out on a Knauer liquid chromatograph with Silasorb
600 SPH columns (100x6 mm) and a UV spectrophotometer as
the detector (A = 230 nm). A hexane—THF mixture (5: 1) at
a flow rate of 1.5 mL min~! was used as the mobile phase. The
oligomer films were studied on a Jeol 1200EX2 transmission
electron microscope. Perfluoroadipic acid difluoride (P&M In-
vest company, Moscow, 97%) was used as received; APTES

(Altayhimprom company, Yarovoe, Altay Region) was distilled
at reduced pressure where the fraction containing only the
y-isomer was isolated. Chloroform, THF, methanol, and ace-
tone were purified by known methods.!5

Dimethyl perfluoroadipate. A solution of methyl alcohol (9.93 g,
0.309 mol) in diethyl ether (10 mL) was added dropwise over a pe-
riod of 1 h under argon to a cooled (0—35 °C) and stirred solution
of perfluoroadipic acid difluoride (9.90 g, 0.034 mol) in diethyl
ether (10 mL). The reaction mixture was stirred for 10 h under
argon. Then diethyl ether and excess methanol were distilled off
from the reaction mixture under atmospheric pressure. The res-
idue was distilled in vacuo collecting the fraction with b.p. =
=35—50°C (1 Torr) to give 8.76 g (82%) of dimethyl perfluoroa-
dipate. Found (%): C, 29.80; H, 2.05. CgH¢F3O,. Calculated
(%): C, 30.20; H, 1.90. IR, v/cm~!: 2969, 1444 (C—H), 1787,
1199 (C(0)0), 1325, 1146, 1097, 1076 (C—F), 955, 800 (O—Me).

Reaction of dimethyl perfluoroadipate with APTES. Dimeth-
yl perfluoroadipate (3.36 g, 10.5 mmol) was added in small por-
tions with stirring to APTES (4.67 g, 0.021 mol). After harden-
ing of the reaction mixture, it was heated for 1 h at 36—40 °C
in vacuo to remove methanol. This gave 6.99 g (97%) of the
product as the mixture of alkoxysilanes (EtO);Si(CH,);NH-
(0)C(CF,)4,C(O)NH(CH,);Si(OMe)(OEt), (1) and dimer
[(EtO);Si(CH,);NH(O)C(CF,)4C(O)NH(CH,);Si(OMe)(OEt)],.
IR, v/em~': 3299, 3078 (N—H), 1699 (>C=0, amide I), 1549
(N—H, amide II), 1305, 1277, 1182, 1082 (C—N, N—H, C—F),
958, 794 (Si—O—C). 'H NMR, &: 0.66 (m, 4 H, —CH,Si—);
1.22 (m, 15 H, 0—CH,—CH,;); 1.72 (m, 4 H, —CH,CH,CH,);
3.39 (m, 4 H, —NHCH,—); 3.48, 3.56, 3.57 (all s, 3 H, OMe);
3.83, 3.72 (both m, 10 H, O—CH,Me); 7.03 (br.s, 2 H, NH).

Vacuum sublimation at 135—170 °C gave 6.0 g (87%) of
a white powder, which was a mixture of five alkoxysilanes with the
general formula (EtO);Si(CH,);NH(O)C(CF,),C(O)NH-
(CH,);Si(OMe)(OEt),. The contents of individual compounds
in the mixture was as follows: (EtO);Si(CH,);NH(O)C(CF,)4-
C(O)NH(CH,);Si(OEt);, 47%; (EtO)3;Si(CH,);NH(O)C-
(CF,),C(O)NH(CH,);Si(OMe)(OEt),), 40%; (EtO),(MeO)-
Si(CH,);NH(0O)C(CF,)4C(O)NH(CH,);Si(OMe)(OEt),, 9%;
(Et0);Si(CH,);NH(O)C(CF,)4C(O)NH(CH,)3Si(OMe),(OEt),
3%; (EtO),(MeO)Si(CH,);NH(O)C(CF,),C(O)NH(CH,);-
Si(OMe),(OEt), 1%. M.p. =90 °C. Found (%): C, 40.22; H, 6.34.
C,3H 4 FgN,OgSi,. Calculated (%): C, 40.46; H, 6.20. IR,
v/ecm~1: 3464, 3297, 3074 (N—H), 1700 (>C=0, amide I), 1548
(N—H, amide II), 1305, 1277, 1182, 1082 (C—N, N—H, C—F),
958, 794 (Si—O—C). 'H NMR, &: 0.66 (m, 4 H, —CH,—Si—);
1.23 (m, 15 H, 0—CH,—CH;); 1.72 (m,4 H, —CH,—CH,—CH,—);
3.39 (m, 4 H, —NH—CH,—); 3.56, 3.57 (both s, 3 H, OMe);
3.83 (m, 9 H, O—CH,—Me); 7.01 (br.s, 2 H, NH).

EI MS (70 eV), m/z (I (%)): (EtO);Si(CH,);NH(O)C-
(CF,),C(O)NH(CH,);Si(OEt);: 651 [M — OEt]* (7), 605 [M —
— HOEt — OEt]* (17), 248 [(EtO)5Si(CH,);NHCO] " (32), 220
[(EtO);Si(CH,);NH]* (61), 174 [(EtO),Si(CH,);NH]" (47), 79
(100); (Et0O);Si(CH,);NH(0O)C(CF,),C(O)NH(CH,);Si-
(OMe)(OEt),: 637 [M — OEt]" (10), 591 [M — HOEt — OEt]*
(28), 248 [(Et0);Si(CH,);NHCO]* (26), 234 [MeO(EtO),Si-
(CH,);NHCO]* (24), 220 [(EtO);Si(CH,);NH]* (68), 206
[MeO(Et0O),Si(CH,);NH]* (40), 174 [(EtO),Si(CH,);NH]"
(47), 160 [MeO(EtO)Si(CH,);NH]" (42), 111 [EtOSiF,] " (86),
79 (100); (EtO),(MeO)Si(CH,);NH(O)C(CF,),C(O)NH-
(CH,);Si(OMe)(OEt),: 623 [M — OEt]" (6), 577 [M — HOEt —
OEt]" (13), 234 [MeO(EtO),Si(CH,);NHCO]" (20), 206
[MeO(EtO),Si(CH,);NH]* (40), 174 [(EtO),Si(CH,);NH]"
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(20), 160 [MeO(EtO)Si(CH,);NH]" (28), 111 [EtOSiF,]* (100);
(EtO);Si(CH,);NH(0O)C(CF,),C(O)NH(CH,);Si(OMe),(OE):
623 [M — OEt]" (7), 577 [M — HOEt — OEt]"™ (14), 248
[(EtO);Si(CH,);NHCO] ™ (23), 220 [(EtO);Si(CH,);NH]* (63), 192
[(MeO),EtOSi(CH,);NH]* (30), 174 [(EtO),Si(CH,);NH]"
(36), 160 [MeO(EtO)Si(CH,);NH]™ (30), 125 (100), 79 (71);
(Et0),(MeO)Si(CH,);NH(0O)C(CF,),C(O)NH(CH,);Si-
(OMe),(OEY): 609 [M — OEt]* (7), 563 [M — HOEt — OEt]* (9),
234 [MeO(EtO),Si(CH,);NHCO]* (24), 206 [MeO(EtO),Si-
(CH,);NH]* (60), 192 [(MeO),EtOSi(CH,);NH]" (30), 174
[(EtO),Si(CH,);NH]" (34), 160 [MeO(EtO)Si(CH,);NH]™*
(27), 125 (78), 111 (59), 92 (100).

Hydrolysis of compound 1. A. A 7% solution of compound 1
in acetone (the amount of diamide was 0.86 g) was added drop-
wise over a period of ~10 min to distilled water (20 mL). The
reaction mixture was stirred for 24 h. The resulting white powder
was filtered off, washed with water, and dried in air; its
weight was 0.45 g. Washing with CHCI; and drying in vacuo
gave 0.39 g of the product [HO(O 5)(EtO)Si(CH,);NH(O)C-
(CF,)4C(0)NH(CH,);Si(OH)0],[O(HO)Si(CH,);NH(O)-
C(CF,),C(O)NH(CH,)5Si(OH)O],, (m: n=1:1). Found (%):
C,30.27; H, 4.03. C,sH37F(N4O; 5Si4. Calculated (%): C, 30.56;
H, 3.65. IR, v/ecm~!: 3670—3520 (O—H), 3458, 3322, 3080
(N—H), 1704 (>C=0, amide 1), 1547 (N—H, amide II), 1309,
1274, 1202, 1181, 1143, 1108 (C—N, N—H, C—F), 1040
(Si—0—Si), 970, 910, 804 (Si—O—C).

B. Water (7.5 mL) containing the catalyst BuyNF (~0.1 wt %
of the amount of substance to be hydrolyzed) was added to pow-
dered dry compound 1 (0.46 g). The reaction mixture was stirred
for 24 h. The powder was filtered off, washed with water, and
dried in air; its weight was 0.31 g. Washing with CHCl; and
drying in vacuo gave 0.22 g of the polysiloxane [O, s(HO)(EtO)-
Si(CH,);NH(O)C(CF,),C(O)NH(CH,);Si(OEt)(OH)Oy 5],
Found (%): C, 33.94; H, 5.26. C;¢H,sFgN,0,Si,. Calculated
(%): C, 33.92; H, 4.63. IR, v/cm~!: 3730—3536 (O—H), 3455,
3303, 3080 (N—H), 1699 (>C=0, amide I), 1548 (N—H, amide II),
1305, 1274, 1183, 1082 (C—N, N—H, C—F), 1040—1015
(Si—0—Si), 956, 799 (Si—0—C).

C. Wet THF containing a specified amount of water was
added to a solution of compound 1 in THF and the mixture was
stirred. The 1: H,O molar ratios were varied from 1:2to 1:6.
The film-forming properties of solutions of hydrolyzates were
studied every day for a week and then after one more week.
From solutions with 1: H,O molar ratio of 1:4 to 1:6, the
oligomers (O(EtO)Si(CH,);NHC(O)(CF,),C(O)NH(CH,);-
Si(OEt),0y 5), (4) were isolated. Found (%): C, 36.94; H, 5.26.
CsH,9FgN,Og 5Si,. Calculated (%): C, 36.91; H, 4.99. M, = 4711,
M, = 5187, M,/M, = 1.1. IR spectrum of oligomer 4 film,
v/em~!: 3459 (O—H), 3318, 3085 (N—H), 1703 (>C=0, amide
I), 1546 (N—H, amide II), 1309, 1291, 1274, 1182, 1108 (C—N,
N—H, C—F), 957, 795 (Si—O0—C).

Determination of the solubility of lanthanide complexes. A so-
lution of compound 1 in chloroform or a solution of oligomers 4
in THF was added in small portions (each 0.0009—0.006 g) to
a weighed portion of the lanthanide complex (0.01—0.05 g) until
the complex completely dissolved.

Film formation. Solutions of pure compound 1 in chloro-
form, oligomers 4 or those containing a lanthanide complex
were cast as thin films onto a glass substrate and left in air to
complete hardening. The film thickness was 10—20 pm. The
time of solvent removal from the films was determined by weigh-
ing; this was ~5 min.

Analyses were carried out in the analytical center of
the G. A. Razuvaev Institute of Organometallic Chemis-
try of the Russian Academy of Sciences and the Montpel-
lier University II (France).

This work was financially supported by the Russian
Foundation for Basic Research (Projects No. 08-03-00771
and No. 08-03-90024 Bel), the Council on Grants at Rus-
sian Federation President (Program for the State Sup-
port of Leading Scientific Schools of the RF, grant
NSh-1396.2008.3), and Presidium of the Russian Acade-
my of Sciences (Programs "Fundamental Problems of
Physics and Chemistry of the Nanosized Systems and
Nanomaterials" and "Targeted Synthesis of Compounds
with Specified Properties and Design of Functional Mate-
rials Based on Them").

References

1. K. Kuriki, Y. Koike, Y. Okamoto, Chem. Rev., 2002,
102, 2347.

2. R. G. Hunsperger, Integrated Optics: Theory and Technology,
Springer-Verlag, Berlin—Heidelberg—New York—To-
kyo, 1984.

3. N. N. Khimich, Fizika i khimiya stekla | Phys. Chem. Glass-
es], 2004, 30, 585 (in Russian).

4. O. A. Shilova, Fizika i khimiya stekla | Phys. Chem. Glasses],
2005, 31, 270 (in Russian).

5. Fluorine Compounds. Modern Technology and Application, Ed.
Nobuo Isikawa, 1981.

6. E. Yu. Ladilina, V. V. Semenov, Yu. A. Kurskii, O. V. Kuz-
netsova, M. A. Lopatin, B. A. Bushuk, S. B. Bushuk, V. E.
Duglas, Izv. Akad. Nauk, Ser. Khim., 2005, 1131 [ Russ. Chem.
Bull., Int. Ed., 2005, 54, 1160].

7. Obshchaya organicheskaya khimiya |General Organic Chemis-
try], Eds N. K. Kochetkov, E. E. Nifant’ev, M. A. Chlenov,
Khimiya, Mscow, 1983, v. 4, 728 pp. (in Russian).

8.J.J. E. Morean, L. Vellutini, M. W. C. Man, C. Bied, J. L.
Bantignies, P. Dieudonne, J. L. Sauvajol, J. Am. Chem. Soc.,
2001, 123, 7957.

9.J. C. G. Biinzli, C. Pignet, Chem. Soc. Rev., 2005, 34, 1048.

10. V. F. Zolin, L. G. Koreneva, Redkozemel 'nyi zond v khimii i
biologii [ Lanthanide Probe in Chemistry and Biology], Nauka,
Moscow, 1980, 350 pp. (in Russian).

11. L. J. Bellamy, The Infra-Red Spectra of Complex Molecules,
Methuen and Co. Ltd—John Wiley and Sons, Inc., Lon-
don—New York, 1954.

12. K. Nakamoto, Infrared Spectra of Inorganic and Coordination
Compounds, John Wiley and Sons, Inc., New York—Lon-
don, 1963.

13. R. A. Sa Ferreira, L. D. Carlos, V. de Zea Bermudez, Thin
Solid Films, 1999, 343—344, 476.

14. K. Dahmouche, L. D. Carlos, V. de Zea Bermudez, R. A. Sa
Ferreira, C. V. Santilli, A. F. Craievich, J. Mater. Chem.,
2001, 11, 3249.

15. Organic Solvents, Eds A. Weissberger, E. S. Proskauer, J. A.
Riddick, E. E. Toops, Interscience Publishers, Inc.,
New York, 1955.

Received January 20, 2009;
in revised form October 22, 2009




	Novel organosilicon monomer for preparing transparent matrices dopedwith lanthanide complexes
	Abstract
	Results and Discussion
	Experimental
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 25
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /CourierA
    /CourierA-Bold
    /CourierA-BoldOblique
    /CourierA-Oblique
    /MathFont1
    /NewStandardA
    /NewStandardA-Bold
    /NewStandardA-BoldItalic
    /NewStandardA-Italic
    /NewtonC
    /NewtonC-Bold
    /NewtonC-BoldItalic
    /NewtonC-Italic
    /PragmaticaC
    /PragmaticaC-Bold
    /PragmaticaC-BoldOblique
    /PragmaticaC-Oblique
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 202
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 202
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 605
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.48760
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.001 840.999]
>> setpagedevice


