Macromol. Symp. 2005, 220, 155-164 155

NMR Spectroscopy and Atomic Force Microscopy

Characterization of Hybrid Organic — Inorganic Coatings
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Summary: Hybrid organic—inorganic (O-I) epoxide-based products made from
functionalized organosilicon precursors, oligomeric di- and triamines and in some
cases colloidal silica particles were characterized by NMR spectroscopy and atomic
force microscopy (AFM). The kinetics and reaction mechanism of condensation
reactions, structure and segmental dynamics of final films, as well as homogeneity
and partial ordering were studied by solid-state NMR spectroscopy (2D CRAMPS,
2D 'H-"*C WISE, relaxation experiments); the surface morphology and other surface
characteristics were determined by AFM.

Keywords: atomic force microscopy; coatings and films; solid-state NMR

Introduction

New nanocomposite materials can be formed if controlled heterogeneity of the structure on the
nanometer scale is possible. As the molecular-scale morphology plays an important role in
achieving macroscopic properties of molecular and supramolecular assemblies, the synthetic goal
is to prepare multiphase microheterogeneous systems with desired tunable properties. Organic—
inorganic (O-I) hybrid polymers with an in situ created inorganic phase are considered as typical
examples of such materials. The modification of organic matrix with silica—siloxane domains
formed by the sol-gel process of alkoxysilanes is one of the methods of their preparation. The
resulting structures depend on the reaction conditions used and vary from monodisperse silica
particles to polymer networks.!"® Designing materials with well-adjusted properties makes
possible their use in industrial applications with specific requirements, e.g., in the form of
coatings as various kinds of protection!™!. [3-(Glycidyloxy)propyl]trimethoxysilane (GTMS) is
one of the most used trialkoxysilane-type precursors.!'"*!

Recently, we have prepared and characterized a series of hybrid O-I coating films and free—

standing films made from [3-(glycidyloxy)propyl]trimethoxysilane (GTMS), diethoxy[3-
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(glycidyloxy)propyl]methylsilane (GMDES), poly(oxypropylene) of different molecular weights
end-capped with primary amino groups (Jeffamine D-230, D-400 and T-403) and in some cases
colloidal silica (SiO2) particles."™*'*) The variability of final properties was demonstrated on the
base of static and dynamic mechanical analysis. It was found that it is possible to prepare
products ranging from glassy through main transition up to rubbery state at room temperature.
Although the composition and the techniques of preparation varied, all materials showing
above-average values of toughness had temperature of glass transition close to 20 °C, that means
they existed in the main transition region at room temperature.

This paper deals with the characterization of these O-I coating films. The structure development
as well as homogeneity and partial ordering were studied by NMR spectroscopy while the

surface morphology and other surface characteristics were determined by AFM.

Experimental

Materials: [3-(Glycidyloxy)propyl]trimethoxysilane (GTMS, Fluka), diethoxy{3-
(glycidyloxy)propyl]methylsilane (GMDES, Fluka), Jeffamine D230 and T403 (Huntsman
Corporation, USA), colloidal silica (40 % solution in water; d = 29 nm; Ludox AS-40, Aldrich)
and propan-2-ol (Lachema, Czech Republic) were used as received. The formulas of Jeffamines
are given in the Table 1.

Technique of preparation of coating films: GTMS and GMDES were mixed with water,
propan-2-ol and (in some cases) with colloidal silica particles and stirred at ambient temperature
for 24 h acid step. Then the proper amine was added and the reaction mixture was stirred at
ambient temperature up to 3 h alkaline step and subsequently spread on glass or modified
polypropylene sheets in a layer of constant thickness and immediately placed into an oven and
kept at 80 °C (2h) and at 105 °C (1 h), (thermal curing).

NMR spectroscopy: The 'H, °C and *Si MAS and CP/MAS NMR spectra were measured
using a Bruker DSX 200 NMR spectrometer (Karlsruhe, Germany). The magic angle spinning
(MAS) frequency was 4 kHz, B, field intensity (‘"H and °Si) corresponds to 62.5 kHz. The
repetition delay was 10 s and the spin-lock pulse 2-5 ms. In the 1D and 2D 'H CRAMPS
experiments, the BR-24 pulse sequence was used, with a 90° pulse length of 1.8 ps and a large

and short delay of 3.8 and 1.0 ps, respectively. The MAS frequency was 2.5 kHz and the
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repetition delay of 4 s. 'H scale was calibrated with an external standard — glycine (low field NH;
signal at 8.0 ppm and the high field aH signal at 2.5 ppm). The spin diffusion mixing time was

varied from 0.01 to 20 ms.

Table 1. The used Jeffamines

Abbreviation Formula
D230
HZN_Cle‘CHrFO‘CHE(I:H__)TNHZ
CH, CH,
x=2-3
T403

CH,
CH;(*O-CH;J)H%NHZ
CchHEC—CHZ-%o-CHZ—(fH%NHZ
CH,
CH;(*O-CH;(]:H%?NHZ
H

c 3
(x+y+2)=5-6

Atomic force microscopy (AFM): Measurements were performed under ambient conditions
using a commercial atomic force microscope (MultiMode Digital Instruments NanoScope™
Dimension IIla). Olympus oxide-sharpened silicon nitride probes (OMCL TR-400, spring
constants 0.02 and 0.08 N/m and OTR-8PS, spring constants 0.16 and 0.68 N/m) for the contact
mode and an Olympus tapping-mode etched silicon probe (OTESPA, spring constant 42 N/m,
resonant frequency 272 kHz) for the tapping mode were used. Moreover, a force modulation DT-

FMR probe (Nanosensors, spring constant 2 N/m, frequency 70 kHz) was exercised as well.

Results and Discussion
NMR spectroscopy: Several reaction mixtures were studied by NMR spectroscopy to follow the
kinetics and reaction mechanism of polymerisation as well as to predict the final structures of

resulting materials. During the acidic step, fast hydrolysis and formation of short oligomers
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(dimers to tetramers) is the predominant process in systems without colloidal silica. Although the
extensive polycondensation starts predominantly during the alkaline step the presence of
colloidal silica in the reaction mixture accelerates condensation even at low pH. It seems that
NH," ions stabilizing colloidal silica particles promote the condensation reactions. Additionally
it was found that no cleavage of oxirane rings occurs during the whole process before thermal
curing, leaving these functional groups accessible to form organic network.

The structure of final coatings with the most suitable properties (prepared from GTMS, D230 and
silica (GTMS/silica) and GMDES, T403 and silica (GMDES/silica)) was evaluated by analysis of
3¢ and *Si CP/MAS NMR spectra as shown in Fig. la-d. Although it is generally accepted that
the reactivity of alkylalkoxysilanes increases with increasing number of alkyl substitutents, the
condensation rate of GTMS (¢=0.96) is much higher than the condensation rate of GMDES
(g=0.77) (see Fig. lc and d).

This indicates formation of *C CP/MAS NMR ’Si CP/MAS NMR

highly condensed and compact
cage-like clusters, which are
surrounded by organic phase.

On the other hand, the presence

of nearly 45% D' units of the R o c)
GMDES monomer that are not
fully  condensed  indicates T : : T T
formation of very short siloxane 10((; o >0 pom 0 ~100 ppm
chains (on average tetramers — om0 e si o
pentamers). The end D' units
do not increase the network GMDES/ @ @ d)
density and thus provide only silica
linkages between various chains. ———— T T | ]

100 50 prm -50 -100 ppm

This fact results in significant

Figure 1.%°Si CP/MAS NMR and “C CP/MAS NMR spectra:
GTMS/silica system — (a) and (c¢), and GMDES/silica system
In BC CP/MAS NMR spectra, — (b) and (d), respectively.

softening of final coatings.

the signals of the main structure

units were assigned (Fig. 1) using the standard editing technique CPPI'®. Broadening of CH,-N
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and CH-N signals of the GMDES/silica system indicates its worse conformational arrangement
and disordering compared with the GTMS/silica one.

Relaxation measurements and 2D WISE NMR spectra reveal significant differences in segmental
dynamics of the resulting materials. The estimated activation energies AE of high-frequency
motions (determined from variable-temperature 71('>C) relaxation measurements) are remarkably
lower for, e.g. CH-N, CH,-N (7 kJ.mol™) and CH,-Si segments (5 kJ.mol™) in the GMDES/silica
network, compared with the GTMS/silica one (41 and 22 kImol'; respectively). This
corresponds to their large overall flexibility. In contrast, low-frequency motions (determined
from variable-temperature T 1,3(13C) relaxation measurements) of these = CH-N, CH,-N (73
kJ.mol™") segments are more hindered in the GMDES/silica network compared with the GTMS
system (47 kJ.mol™) as a result of a smaller number of oxypropylene unit in amine moieties
(Table 1). The exceptions are CH,-Si units in GMDES/silica which when bonded to short
siloxane chains, are not immobilized at all (29 kJ.mol™). This confirms that these short siloxane
chains lead to softening of final coatings and its larger elasticity. Low-frequency motions of CH,-
Si groups in GTMS/silica networks are remarkably
hindered (55 kJ.mol ") as they are bonded to large
compact cage-like clusters forming rigid siloxane-
rich domains.

Variability in segmental dynamics in the
GMDES/silica system is quite clear from the 2D
WISE NMR spectrum (Fig. 2), in which narrow

and broad components for all signals are resolved.

Figure 2. 2D 'H->C WISE NMR
spectrum of the GMDES/silica system.

We found (from the spectrum measured with short
CP, thus suppressing 'H spin diffusion) that the
narrow signal originates from Si-CHj3 units. Due to
spin-diffusion during the long cross-polarization step, magnetization is transferred to other 'H
species and thus its behavior is rapidly equilibrated. In our case, a high degree of equilibration
(70-80 %) was achieved in 1 ms indicating intimate mixing of amine and siloxane residues and
the absence of formation of larger heterogeneities in the organic phase of the GMDES/silica

system.
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2D 'H CRAMPS spin-diffusion experiments
provide additional information about the ordering
and arrangement of various components in
complex systems. However,

good spectral

resolution is a necessary  prerequisite.
Unfortunately, this condition is not entirely
fulfilled for our materials (see Fig. 3). We can
resolve only three signals corresponding to CHs-
Si (-0.05 ppm), CH3- and CH»-Si (0.5 ppm), and
other CH,-O and CH-O (N) units (3.5 ppm). Due
to this fact, we performed only qualitative
analysis of 2D 'H-'H CRAMPS spin-diffusion
experiments (cf. Fig. 4). Off-diagonal signals in

the 2D spectra correlating two different structure

Figure 3.
GMDES/silica (a) and GTMS/silica system (b).

CHy i

GMDES/

silica

GTMS/
silica

[ T T T T 1
10 5 0 -5 ppm

'H CRAMPS spectra of the

units indicate their spatial proximity, and the dependence of off-diagonal signal intensity on spin-

diffusion mixing time, ¢y, corresponds to 'H-'H interatomic distances and/or the size of domains

in heterogeneous systems. In addition to all predictable signals a relatively weak diagonal signal

(ca. 5.8 ppm) corresponding to hydrogen-bonded OH groups (CH-OH and/or Si-OH) was found

Figure 4. 2D 'H CRAMPS spectra of GMDES/silica (a)
and (b) and GTMS/silica (¢) and (d), measured with 250

ps and 1 ms mixing time, respectively.

(U A
1 0 -1 oppm

Figure 5. 2D 'H CRAMPS
spectrum  of  GMDES/silica,
measured with 250 ps mixing
time.
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in 2D spectra of both materials (cf. Fig. 5). This indicates that also hydrogen-bonding
interactions involving these OH groups can affect final mechanical properties of these films. Off-
diagonal signals correlating at 3.5 and 0.5 ppm (in Fig. 4 marked by arrows) reflect mainly
magnetization exchange between -CHj; and neighbouring -CH-O and -CH,-O protons in one
monomer unit. The rate of this magnetization exchange should be the same in similar networks,
because this depends predominantly on the 'H-'H interatomic distances. However, we observe
significant differences (see Fig. 6). In GMDES/silica network, 'H magnetization is equilibrated
after 0.5 ms, while in the GTMS/silica system after 0.85 ms. This indicates differences in
ordering and arrangement of both components (originating from amine and siloxane monomers)

in resulting networks, because a portion

of this cross-peak intensity reflects the GTMS/
long-range magnetization exchange sttiea
between CH,-Si protons and CH-O “EMDEY
protons from the amine component. sitica

This means that there is longer average

pathway through which 'H .
magnetization is transferred into 2 3 J‘rm‘”,ms”f

GTMS/sili twork. Thi b . . .
stiea - fietwor 1§ can be Figure 6. Dependences of cross-peak intensity

explained by the formation of nano- (correlating 3.5 and 0.5 ppm) vs. mixing time:

heterogeneities in this network. The dots — GMDES/silica, asterisks — GTMS/silica.
resulting material is formed by a
polycyclic cage-like siloxane phase, which is separated by the organic phase composed of
oxypropylene units. Arrangement of organic chains is not random and we propose the formation
of small domains formed by parallel or partially folded chains. This possibility follows from the
application of D230, which is a linear molecule. On the other hand formation of such structures
is less possible in the GMDES/silica system, due to the low condensation rate of siloxane
structure units as well as due to the application of branched molecule of T 403. The resulting
network is less organized and thus can be considered as almost homogeneous. The organic
molecules of amine components are randomly linked by siloxane units. The structural

characterization of final products studied by SAXS confirmed that GTMS/silica products differ
substantially from GMDES/silica analogues. While GTMS/silica products exhibit a certain kind



162

of ordering (interference maximum), GMDES/silica products do not show any regular

arrangement.[s]

Atomic force microscopy: The surface
morphology and other surface characteristics were
investigated by AFM in tapping and contact modes
which were evaluated: (i) to test if any destruction
of the surface may occur in the contact mode; (i7)
to compare images of surfaces when either tapping

or contact modes were applied.

(fa) Two images in the contact mode were

performed: first scanning and then the tenth scan. Figure 7.3D image of the coating surface
GTMS/silica system after destruction by
OTR-8PS probe.

sample surface was Satisﬁed, identical images were The normal force apphed for 30 s onto the
length 350 nm: 100nN (1); 170 nN (2);
240 nN (3); 370 nN (4).

mechanical properties). No damage of surfaces by ~ Normal force used for imaging: 26 nN.

If the condition of the minimum tip force on the
obtained (even for samples with limited

the probes occurs even for multiple scanning.

(ib) When normal forces of the probe on the sample were high enough (hundreds of gN), it was
possible to use the probe as a “scraper” and to determine microhardness and scratch resistance of
coatings.">'”) Figure 7 shows how non-destructive analysis (sample imaging, and 1) can be
transformed into destructive conditions resulting in the formation of scrapes (2-4).

Figure 8 represents the top view characteristics of left-bottom detail of the image demonstrated in
Fig. 7. Although the time (30 s) and the velocity and size of probe movement (4 pm/s; 350 nm)
were kept the same in all cases, it is evident that the scrapes differ substantially in shape and
depth depending on the value of the normal force applied. The destruction of surfaces in x-y
coordinates (i.e., area damage) confirmed that hybrid O-I coating nanocomposite films are
characterized by different local stiffness and elasticity on the nanometer scale.

(i) The second main task was to decide what mode (tapping or contact) is more suitable for the
surface characterization of hybrid O-I coatings. It is evident that equal information about surface
morphology can be achieved for both modes, because the relief of the surface is preserved with

slight differences not exceeding 1 nm in the maximum. Thus either tapping or contact mode can



be used to achieve practically

identical information about the
surface morphology.
Based on the above-described
measurements, the following can be
concluded: All hybrid O-I coatings
have fairly flat in nm units and regular
surfaces; the surface smoothness and
profile depend on the
presence/absence of colloidal SiO;
particles. The presence of individual
SiO; nanoparticles at the surface is

well apparent (Fig. 9). They are
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Figure 8. The shape of scratches after destruction of
the coating surface by the probe.

Normal force: 170 nN (a); 240 nN (b).
Length/depthy.x of the slot hole: 346 nm / 1.7 nm (a);
175 nm /5 nm (b).

distributed quite uniformly, without distinct clustering and they are well incorporated into the

surface layer. It was calculated" that SiO; nanoparticles, which are well miscible with all

reactants and fairly compatible with the formed O-I networks, tend to concentrate in the surface

30,000 nu

100

30,000 nu

Figure 9. Examples of 3D images of sample surfaces: silica-free (a) and silica-
containing (b) coatings; contact mode.
Composition of samples: GTMS, D230 (a); GMDES, silica, T403 (b).

layer thus lowering the surface tension. However, a fraction of them

still remains randomly

distributed in the 3D structure as indicated by SAXS.!'Y
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Conclusions

It was shown that advanced techniques of the solid-state NMR spectroscopy provide an important
tool for investigation of the structure, arrangement and molecular dynamics at atomic and
segmental level of complex organic-inorganic films. We found significant differences in the
mechanism of formation of final structures, segmental dynamics and ordering as well as
homogeneity of the prepared systems. While the systems composed of GMDES (bifunctional)
and T403 (hexafunctional) monomers form a homogeneous, rather flexible random network
without any ordering, which is incompletely condensed in the siloxane part, the system based on
GTMS (trifunctional) and D230 (tetrafunctional) monomers forms nano-heterogeneous network
with highly condensed cage-like siloxane clusters which are separated by the organic phase. The
presence of these compact clusters leads to significant hindering of segmental motions. Surface
morphology studied by AFM revealed that nanocomposite hybrid organic — inorganic coatings
have very smooth and regular surface. If colloidal silica nanoparticles are present in the reaction
system, they are very well detectable. Conditions for non-destructive analysis and controlled

damage of surfaces (in order to study the scratch resistance) were evaluated.
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