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The microstructure of the poly(imide-—silica) hybrid materials containing various
proportions of silica was examined by high-resolution solid-state 2°Si and '3C nuclear
magnetic resonance s?ectroscopy The #Si—!H cross-polarization (CP) process re-
vealed that the Q% Q° and Q* species had dlfferent CP eﬁicwncy Moreover, the time
constant for the energy exchange between 'H and 2°Si spin systems (Tgy) for the
siloxane units was less restricted by silica than by 1m1de The spin-lattice relaxation time
in rotating frame (TH) of hybrids indicated that the 'H spin diffusion between imide and
siloxane units were on a nanometer scale.

Keywords: Poly(imide—silica); Hybrids; Nuclear magnetic resonance; Relaxation; Spin-
diffusion

INTRODUCTION

Organic—inorganic hybrids are attractive materials with heat resis-
tance, good mechanical and electrical properties, and radiation
resistance. ! The organic polymers combined with inorganic oxides
using variations of the sol—gel method have become prevalent as a
means of preparing organic—inorganic hybrid materials. 21 Employing
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the sol-—gel reaction, the synthesis of the poly(imide-silica) hybrid
(P1—SiO;) has been reported. 3-16 Two main procedures have been
used to prepare PI—SiO, hybrids. The first uses a mixture of a tetra-
functional silicon alkoxide and the PI without trialkoxysilyl function-
al group to produce composite materials.®~ The second creates
bonding sites between the PI and the silica, resuiting in homogeneous,
hybrid materials. 10~

Several methods have been used to characterize the miscibility of
organic—inorganic hybrids, including microscopy, scattering techni-
ques, mechanical and thermal measurements, and spectroscopy. The
relaxation processes can be influenced by several factors, such as the
change of molecular mass, addition of a suitable polymer modifier,
preparation of polymer hybrid, spinning under different conditions,
and stretching. Different chemical and physical modifications for
hybrids produce some changes of the molecular motions. NMR
methods are sensitive to short range interactions. However, there are
very few articles on the dynamics of PI—SiO, hybrids.["® Thus a
further study to estimate the extent of miscibility for these hybrids is
carried out by NMR using relaxation time measurements. The tech-
nique of the rotating frame spin-lattice relaxation times (77,) is,
owing to the low frequency and the restriction of spin- diffusion over
the much shorter T;, times, more sensitive to the structural changes
and molecular motions than those of the laboratory frame spin-lattice
relaxation times (T3).['” However, the Si—H polarization transfer
relaxation time constant (7g;y) can be calculated from a double-
exponential fit of the NMR line intensity versus contact time. To
understand the scale of homogeneity of the hybrids, we have measured
TSiH and Tg.

EXPERIMENTAL

Preparation of the P —SiO; Hybrids

PI—Si0, hybrids prepared by sequential condensation reactions are
shown in Scheme 1, and their theoretical schematic structures are
shown in Figure 1.!""! Hybrids were designated so that, for example,
6A-30 denotes diamic acid reacted with about 30 wt% of tetramethoxy-
silane TMOS ([H,O}/[TMOS]=6). The nomenclature of D' and ¢’
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SCHEME 1

was taken from Glaser and Wilker!'®, where i refers to the number of
—O—Si groups bonded to the silicon atom of interest. D' and @’
denote species that have two organic side groups and no organic
side group, respectively. Hybrid 6A without addition of TMOS was
synthesized via a similar procedure for comparison. The hybrids 6A
presented two siloxane bonds and one methyl group bonded to a
silicon atom, giving a two-dimensional network material. However,
the silanol group (Si—OQOH) that was formed during the hydrolysis
of alkoxy groups in APrMDEOS and TMOS induced more cross-
linked three-dimensional (D’ and Q%) network materials for other
hybrids.
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FIGURE 1 The theoretical structure of P1-—SiO, hybrids.

Characterization of the PI—SiO, Hybrids

The structure of PI—SiO; hybrid was confirmed by its infrared (IR)
spectrum (Bomem DA 3.002). For the sample prepared via the KBr
pellets technique, the IR (KBr) bands are 1778cm ™! (imide C=0
symmetric stretching), 1718 cm ~ ! (imide C == O asymmetric stretching),
1382 cm ~ ! (C—N stretching), 1080 cm ~ ! (Si—O—Si vibration), and
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720cm ! (imide ring deformation). The '3C and ?*Si nuclear magnetic
resonance (NMR) spectra of the solid-state P1—SiO; hybrids were
determined (Bruker MSL-400) by using the cross-polarization/magic
angle spinning (CP/MAS) technique. 2°Si NMR spectrum of 6A
hybrid had two peaks at —9.6 and —20.4 ppm, corresponding to D'
and D? structures, respectively. 2°Si NMR spectra of hybrids 6A-30,
6A-50 and 6A-70 showed four peaks about at —16.8, ~91.4, —100.4
and —108 ppm corresponding to D?, Q?, 03, and Q*, respectively. 13C
CP/MAS NMR spectra of the PI—SiO, hybrids were nearly
identical. A set of peaks for imide dimer was observed at around
193, 167, 159 and 140—-124ppm arising from the benzophenone
carbonyl, imide carbonyl, aryl carbons with oxygen substituents,
and various aromatic carbons, respectively. The other set of peaks
was observed at around 41, 22, 14 and — 0.06 ppm that correspond to
—NCH; —, — CH,;—, — CH,Si— and — SiCH3, respectively.

CP contact time studies can produce Si—H polarization transfer
constant (Ts;n). The "H—2°Si spin contact time in the rotating frame
with the Hartmann—Hahn condition was typically about 5ms, but
optimized in the range between 0.5 and 20ms. Proton spin-lattice
relaxation times in the rotating frame (T}f)) were measured by using a
'H spin-lock 7-pulse sequence followed by cross-polarization. The 'H
90° pulse width was 4.5 ps, and the CP contact time was 2ms. The
length of delay time 7 ranged from 0.1 to 25ms for Tj..

RESULTS AND DISCUSSION

Cross Polarization Process

In the conventional CP process under Hartmann—Hahn conditions,
'H and 2Si spin systems are spin-locked in the rotating frames and
thermally in contact with each other, thus exchanging their energies.
The respective spin systems also exchange energies with the sur-
rounding thermal reservoir, the so-called lattice. Figure 2 gives an
example of the effect of contact time ¢ on the °Si resonance of the
6A-50 hybrid. Intensities in the Figure 2 reflect local cross-polariza-
tion dynamics which may vary from site to site. According to the sim-
ple theory in this CP process, magnetization M(?) is expressed as a
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FIGURE 2 Stacked plot of the CP-MAS spectra of 6A-50 hybrid as a function of
contact time.

function of the contact time as follows: ')
M () =M, [exp(—t/Tllf,) —exp(—t/Tsiu)

Here, M,, is the 2°Si equilibrium magnetization obtained when both
spin systems fully interact with each other without any energy ex-
change with the lattice and therefore this value is proportional to
the concentration of a given 26i nucleus in a material. Ty is the time
constant for the energy exchange between 'H and 2°Si spin systems,
and Tﬁ is the spin-lattice relaxation time in a rotating frame. This
equation indicates that the 2°Si magnetization appears at the rate of
the order of (Tsir) ™' and disappears at the rate of (Tl}; -1,

Figure 3 shows a semilogarithmic plot of the peak intensity as a
function of the contact time for the silicon in the 6A-50 hybrid. A
steeper slope is an indication of faster transfer of magnetization
(shorter Tgy) or faster relaxation by spin diffusion (shorter T{},). The
values of Ty and Tl‘f, estimated by curve-fitting are summarized in
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FIGURE 3 Semilogarithmic plot of the peak intensity of the Q°, Q° and Q% species
shown in Figure 2 as a function of contact time.

TABLE1 Tgpg and Tl":, values of the respective resonance lines of PI—S8iO, hybrids

Tsiu(ms) T,':, {ms)
8/ppm
Si 64  64-30 64-50 64-70 64  64-30 64-50 6A4-70
D? -203 09 0.9 0.8 1.0 182 186 140  27.0
o? -91.5 - 2.0 1.2 12 - 2,0 170 144
o  -1000 - 0.4 0.3 0.5 - 283 169 253
ot -1070 - 1.7 1.7 1.8 - 48 261 637

Table 1. The Q7 structure displays longer Ty relaxation than the Q°
structure, although it has the largest number of relatively close
protons. The result may be due to greater motion for the Q? structure.
However, Tz and Tff, values for Q3 species are smaller than that for
Q* species as shown in Table 1. It indicates that the Q> centers contains
protons that can provide the Si—H dipolar coupling. The low CP
efficiency of the Q* species may be due to a few nearby protons in the
material matrix to facilitate the transfer of polarization. Moreover,
the curve in Figure 4 is linear that suggests that large-scale phase
separation of Q* species does not occur in these materials. The *°Si
atoms of Q* species must be within approximately 10A of a proton
to facilitate polarization transfer.!'”)
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FIGURE 4 Semilogarithmic plot of the peak intensity of the 0* species as a function of
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FIGURE 5 Semilogarithmic plot of the peak intensity of the D? species as a function of

contact time.

Figure 5 shows a semilogarithmic plot of the peak intensity versus
the contact time for the D” silicon of hybrids. It indicates that the
intensities of the D? resonance in PI—SiO, hybrids reach a maximum
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approximately at 2.5ms that is less dependent on the silica content.
The values of Ts;a(D?) and T} (D?) estimated by the curve-fittings are
listed in Table I. The results reveal that the flexibility of the free
siloxane chains is less restricted by silica than by imide.

H Spin-lattice Relaxation Time in the Rotating Frame

The relaxation time T{f, of the protons is a quantity which is averaged
within a domain of 1 -2 nm diameter. Tf,‘, can therefore be treated as a
phase quantity, at least in those cases where there is sufficient dipolar
coupling among the protons to provide spin-diffusion over the range
of 1-2nm. It should be noted that the Tﬁ, values in Table I are
obtained by the analysis of the CP process. Based on the spin-locking
mode employed in THJ measurement, the magnetization of reso-
nance is expected to decay according to the following exponential
function: "]

M, =M, CXp[-—T/TS)].

Here, 7 is delay time used in the experiment and M, corresponds to
resonance intensity. Table II lists the TE, values of the respective car-
bon of hybrids measured by using the standard pulse sequence. The
cause of the difference is not clear at present but the values indirectly
determined may contain some unknown contributions in the CP pro-
cess. It seems, therefore, plausible to discuss relative changes in T}f,
instead of absolute values, as in previous section. As is clearly in
Table 11, the TB, values for imide units are in agreement with those for
siloxane units. This finding reveals that the 'H spin diffusion between
imide and siloxane units is very fast although their molecular mobility

TABLE 11 T{f, and L values of the respective resonance lines of
P1—SiO; hybrids

T, (ms)/To(us) /L(nm)
64pmm
B¢ 64 64-30 6A4-50 64-70
166.7 11.2 12.4 10.5 13.8
134.8 12.5/27.3/2.0  12.4/27.5/2.1 8.4/25.6/1.6  13.8/25.6/1.3
14.0 18.0 149 12.2 14.3

1.0 17.0/30.7/2.4  14.3/33.7/2.1  11.3/408/1.8  14.1/43.9/1.8
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are different. It is, therefore, concluded that most of imide and
siloxane units are compatible in hybrids in a scale of several
nanometers.

A fast spin-diffusion occurs among all protons in hybrids, which
averages out the whole relaxation process. Thus, the domain size of
hybrids is smaller than the spin-diffusion path length within Tf; time.
The spin-diffusion path length, I, can be estimated using the following
equation: 2%

(L) = (Ti,/ T2)(k3)

Here [, is the distance between protons and has a typical value on the
order of 0.1 nm. T is the proton spin—spin relaxation time, and (L?) is
the mean-square distance over which magnetization is transported.
The values of T, is obtained in a previous paper!'” and then (L?) can
be evaluated (Tab. II). It can be seen that the L values of the hybrids
are clearly around 2nm.

CONCLUSIONS

The microstructures of the poly(imide—silica) hybrid materials,
prepared via condensation, imidization, and sol—gel techniques by
mixing TMOS with a imide precursor, were characterized by high
resolution solid-state NMR spectroscopy. The CP efficiencies of the Q3
and Q* species were determined by local chemical environment of the
protons which provided Si—H dipolar coupling. A more complex CP
dynamics were observed for the Q* species as these can be accounted
for by considering the lower hydrogen concentration in the vicinity
of Si. The greater motion of the Q? structure resulted in longer T
relaxation times than the Q3 structure. Moreover, the values of
Tsin(D?) and T}, (D*) were less dependent on the silica content because
the flexibility of the free siloxane chains was less restricted by silica
than by imide. The 'H spin-diffusion between imide and siloxane units
was very fast although their molecular mobilities were different. From
spin-diffusion path length examinations, the distance between the
imide and the siloxane units in the hybrids are roughly on a nanometer
scale.
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