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The detailed characterization of molecular recognition
structures is one of the essential prerequisites for the
development of new materials for specific applications in
catalysis, sensor technology, and for the analysis of mixtures of
compounds.

Highly selective stationary phases are needed for the
efficient separation of complex mixtures of compounds in
high-performance liquid chromatography (HPLC).[! The
tailored synthesis of these phases is impossible without any
detailed knowledge of the surface structure of the materials
and a detailed understanding of the structural and dynamic
properties of the separation phase. Routine applications in
HPLC can be successfully performed with reversed-phase
materials,”! which are prepared by modifying silica gel with n-
alkylsilanes (for example, n-octadecylsilane). Reversed phas-
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es with triacontyl chains show an extremely high shape
selectivity for the separation of stereoisomers (for example, f3-
carotene stereoisomers).?- Solid-state NMR spectroscopy is
of great importance for the characterization of these amor-
phous compounds and through the many experiments possi-
ble delivers valuable information on the structural and
dynamic behavior.

Reversed phases with high shape selectivity can be
prepared by the solution polymerization procedure, in which
a defined quantity of water is added during the modification
reaction of silica gel with n-alkylsilanes. Solid-state *C NMR
investigations of these materials reveal two signals for the
methylene groups of the alkyl chain which can be assigned to
one domain with preferentially all frans and the other one
with mainly gauche conformations. Many investigations
performed with “self-assembled monolayers” (SAMs) reveal
that the observed signal splitting also takes place in diverse n-
alkyl-modified inorganic oxides (ALO;, SiO, TiO,, and
710,).1"1 No information could be gained up to now upon
the size, extension, and alignment of these domains, even
though these parameters are responsible for the selectivity of
the chromatographic separation.* %'l The main question
which still remains is what is the alignment of the domains:
there could be a lateral alignment with the island structures at
the silica surface or a mobility gradient along the alkyl chains
with layers parallel to the silica surface.

The answer to this question can be found by employing
spin-diffusion solid-state NMR investigations. These experi-
ments have large practical applications for the determination
of the homogeneity of polymers and have been mainly
conducted to determine the phase structure of organic
polymers.l'’""I Moreover, the alignment and size of domains
of different mobility can be determined in the range of 5 to
2000 A. The basic principle of the method is outlined in
Figure 1.1 The magnetization of the sample is shown in the

T
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Figure 1. Schematic representation of the principle of spin-diffusion
experiments. Top: sample magnetization, bottom: NMR spectra; red:
mobile, green: rigid; A—B: selection, B—D: spin diffusion, #,,: mixing time.

upper part of Figure 1, while the lower part depicts the
resulting NMR spectra. The sample under investigation
consists of two domains with different mobility, which are
indicated by different colors (red: mobile, green: rigid).

At the start of the NMR experiment the sample is in state A
where the magnetization is distributed in both domains, and
results in NMR signals of both domains. In a second step a
selection process is performed by making use of the different
relaxation times.?* 2! Thus in state B only one component of
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the sample contains a significant magnetization, which is
registered in the NMR spectrum. Spin diffusion starts at
state B, that is, magnetization is transferred to neighboring
nuclei by dipolar interactions and thus starts to diffuse.
During this diffusion mixing time ¢, the magnetization of
mobile compounds decreases while the magnetization of rigid
nonselected components increases again. Thus, the intensity
of the signal corresponding to the mobile species in the NMR
spectrum decreases while the second signal increases in
intensity (state C). Finally the magnetization in the equili-
brium state D is distributed on both components and the
NMR spectra are similar to those of state A but show less
signal intensity.

The reduction in the magnetization during the spin-
diffusion mixing time ¢, can be used to understand the
distribution, that is, the size of areas of equal mobility. If the
distribution of both components at the silica surface is very
homogeneous, then a large number of border areas exist
between domains with different mobility. Interactions be-
tween both components take place at these border areas and
the equilibrium state can be reached very fast. A more uneven
distribution with big domains of equal mobility results in less
border areas and the adjustment of the magnetization takes
more time.

Figure 2 shows the pulse sequence of the spin-diffusion
experiment together with the application of the dipolar filter.
First a 12 pulse block consisting of 90° pulses in the proton

SR-12 tm
—>

o111 N

130 I
| S
d 10

Figure 2. Schematic representation of the pulse sequence for the spin-
diffusion experiment with a dipolar filter and '*C detection. /0: number of
repetitions of the 12 pulse sequence, d9: delay time between two 90° pulses,
t,: variable mixing time.

CcP

v

channel is applied, which eliminates the dipolar couplings of
the protons in the mobile component. Thus, there is only a
very small dephasing of the magnetization of the mobile
components, while a fast dephasing of the magnetization of
the rigid components takes place because of the strong dipole
interactions. The delay times d9 between the single pulses and
the number of repetitions of the pulse block /0 are parameters
which can be varied for an optimal selection according to the
nature of the investigated sample. Two 90° pulses follow,
which alternately align the magnetization to the 4 z or — z axis
of the corresponding phase cycles, in order to correct for T
effects. Spin diffusion takes place following the mixing time
tm, and is followed by the cross-polarization pulse sequence,
and detection in the C channel. Rows of spectra are
registered by incrementing the mixing time ¢,,, which enables
the time dependence of the diffusion to be studied by
observing changes in the signal intensity.
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Figure 3 shows the “C CP/MAS NMR spectra of a
triacontyl separation phase recorded with mixing times ¢, of
the spin-diffusions experiment varied between 1 pus and

|
(0]

I
Si—0-8i~CHy CHz CHz(CH,),z CHz-CHz-CHj
O1 2 3 427 28 29 30

C-4 <= C-27

\ C2,C29 C-1,C-30
c3,C28 ‘ /
M 500 ms

a/‘,\d\b
100 ms
J A 50 ms
J \ " 10 ms
;I/LA 5 ms

50 40 30 20 10 0
—
Figure 3. Spin-diffusion NMR experiment with 3C detection of a Cj
phase (ProntoSIL 3 um, 200 A, surface coverage 3.5 umolm=2) with a
varible mixing time ¢, and a temperature of 312 K (/0 =6, d9=10 ps); a:
rigid, b: mobile.

500 ms. Two resonances at 0 =32.8 and 30.0 are observed for
the carbon atoms of the methylene chain. These signals can be
assigned to rigid all-trans and mobile gauche conformations,
respectively, of the alkyl chain.'¥l The spectrum with the
smallest mixing time #,, of 1 us clearly depicts that only mobile
domains exhibit a reasonable magnetization at the start of the
spin-diffusion experiment, since only the high-field-shifted
signal 6=30.0 is visible. Spin diffusion becomes more
effective with increasing mixing time, and magnetization is
transferred from the mobile to rigid domains. Thus the signal
at 0 =30.0 decreases in intensity whereas the signal at 6 =32.8
increases in intensity. At the largest employed mixing time ¢z,
of 500 ms both signals show comparable intensity. The
decrease in the intensity of the signals of the carbon atoms
of the mobile alkyl chains together with the increase in
intensity of signals for the carbon atoms of the rigid alkyl
chains corresponds to the tranfer of magnetization from the
mobile to the rigid alkyl-chain domains.

This phenomenon is direct proof for the existence of alkyl-
chain domains of different mobility at the silica surface of Cs,
reversed phases, which are prepared under the special
solution polymerization procedure. The distribution of the
domains can be derived from the time dependence of the
signal decay of the methylene chains recorded during the spin-

3488 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

diffusion experiment. Domains parallel to the silica surface,
which result from a mobility gradient from the silica surface to
the end of the alkyl chain, should exhibit a very fast spin
diffusion. This effect is in accordance with the hypothesis of a
lateral distribution of domains, that is, island structures are
formed at the silica surface. These different regions are caused
by the different cross-linking of the silanes employed during
the synthetic procedure. Thus clusters are formed from an
array of closely packed C;, alkyl chains which bind to the silica
surface and are organized in rigid domains.

The size of the domains can be estimated by comparing the
decrease of the signal at 6 =30.0 with the signal progression
derived from a simulated spin-diffusion experiment. Here the
whole sample is represented by a periodic array of quadratic
single cells which exhibit different mobility and are mixed
together (core/shell model; Figure 4, top). The system is

. =

A B Ch

U | AT

Figure 4. Schematic representation of the sample model (A). It was
hypothesized that the sample consists of a periodic array of unit cells (B).
The two-dimensional spin lattice (C) is projected into one dimension
(D, E).

projected with respect to symmetry considerations into one
dimension by summation of the lattice points that are able to
receive magnetization. Thus the one-dimensional display
contains marked lattice points at regular distances which are
able to take up magnetization and to exchange with their
neighbors (Figure 4, bottom). The whole system reaches the
equilibrium state as a result of the different sizes of the two
domains.

The size of the diffusion constant is important for the
simulation of the spin-diffusion process. In earlier publica-
tions this process has been independently addressed and a
diffusion constant in the range of 20-100 A’ms! was
determined.l'” 2124 A diffusion constant D, =30 A2ms~! for
the mobile component and of D,=80 A2ms~! for the rigid
component was used for the interpretation of the current
system. Figure 5 shows the comparison of the experimental
data together with the simulated reduction. The signals
(Figure 3) were simulated by peak deconvolution by employ-
ing Lorentian peak shapes. The intensity of the signal of the
mobile component is related to the integral value of both
signals, which corresponds to 100. A good fit with the
experimental data is obtained with values of 112 A for the
core of the single cell (mobile component D,, =30 A?ms~")
and 16 A for the shell of the unit cell (rigid component, D,, =
80 A’ms~'). A calculation of the relative areas of both
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Figure 5. Comparison of the experimental decrease in the signal of the

mobile component and the simulated curve with respect to the mixing time
(ProntoSIL 3 um, 200 A, surface coverage 3.5 pmolm~2).

components for one unit cell is possible from the proposed
structure and arrangement of unit cells (Figure 4). An area of
(112 A)?~ 12500 A2 (red area) results for the mobile compo-
nent and an area of (16 A+112A+16A)>— (112 Ay~
8200 A2 (green area) for the rigid component. Thus the ratio
of the mobile:rigid area is 60:40.

Thus it is clear that two domains exist with different
densities of alkyl chains and their sizes can be evaluated. The
model depicted in Figure 6 results from the described

Figure 6. Model of the silica surface of a C;, phase chemically modified
with trichlorotriacontylsilane. Region a: rigid, 32 A; region b: mobile,
112 A.

measurements together with the computer simulation. Thus
an average domain size of 8200 A? for the rigid all-trans alkyl-
chain conformations (average alkyl-chain length 43 A) and of
12500 A2 for the gauche alkyl-chain domains (average alkyl-
chain length 31 A) can be concluded. Thus it was possible to
derive insight into the spatial distribution of alkyl chains at the
silica surface by employing the outlined solid-state NMR
experiments. Direct proof of the existence of Cy, alkyl chain
domains with different mobility at the silica surface was
obtained in the case of the investigated C;, reversed-phase
spin-diffusion measurements.

Experimental Section

The investigated C;, phase was synthesized according to the solution
polymerization procedure!'¥. Silica gel (ProntoSIL, particle size 3 pm, pore
size 200 A, Bischoff Analysentechnik und -gerite GmbH, Leonberg,
Germany) was dried under vacuum conditions at 180° for 4 h, suspended in
xylene, and treated with a threefold excess of triacontyltrichlorosilane. The
polymerization was started by the addition of a defined amount of water
and the reaction mixture was heated at reflux overnight. A white powder
was obtained after purification of the product.

NMR parameters: The NMR spectra were recorded on a Bruker ASX 300
spectrometer. *C CP/MAS NMR measurements were performed with a
7-mm probe at a spinning rate of 4000 Hz and a sample temperature of
312 K (90° pulse angle 6.5 ps, 2048 transients, contact time 6 ms, delay time
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1s, time domain 2 K data points with a spectral width (SW) of 23 kHz,
acquisition time 45 ms).

Spin-diffusion MAS NMR measurements were recorded with the dipolar
filter with six repetition cycles (/0) and a delay time of 10 ps (d9) between
the 'H pulses. A 7-mm probe was employed at a spinning rate of 4000 Hz
and a sample temperature of 312 K (90° pulse angle 6.9 ps, 12288 tran-
sients, contact time 6 ms, delay time 1 s, time domain 2 K data points with a
spectral width (SW) of 23 kHz, acquisition time 45 ms).

The simulation of the spin diffusion was performed with a self-developed
computer programm (MR-SpinDiff) on a PC (Pentium, 200 MHz).
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