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ABSTRACT: Hybrid materials incorporating poly(ethylene glycol) (PEG) with tetra-
ethoxysilane (TEOS) via a sol—gel process were studied for a wide range of compositions
of PEG by DSC and high resolution solid-state '*C- and *?Si-NMR spectroscopy. The
results indicate that the microstructure of the hybrid materials and the crystallization
behavior of PEG in hybrids strongly depend on the relative content of PEG. With an
increasing content of PEG, the microstructure of hybrid materials changes a lot, from
intimate mixing to macrophase separation. It is found that the glass transition tempera-
tures (T,) (around 373 K) of PEG homogeneously embedded in a silica network are
much higher than that (about 223 K) of pure PEG and also much higher in melting
temperatures 7, (around 323 K) than PEG crystallites in heterogeneous hybrids.
Meanwhile, the lower the PEG content, the more perfect the silica network, and the
higher the T, of PEG embedded in hybrids. An extended-chain structure of PEG was
supposed to be responsible for the unusually high T, of PEG. Homogeneous PEG-TEOS
hybrids on a molecular level can be obtained provided that the PEG content in the
hybrids is less than 30% by weight. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67:

139-147, 1998
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INTRODUCTION

In recent years, study of hybrid materials, ob-
tained through the sol—gel process by incorporat-
ing organic polymers with tetraethoxysilane or
tetramethoxysilane (TEOS or TMOS)," % has be-
come popular as a simple and efficient approach
to develop new organic—inorganic composite ma-
terials with special performance. By properly con-
trolling the conditions of hydrolysis and condensa-
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tion of TEOS in the presence of a preformed or-
ganic polymer, it is usually possible to obtain
optically transparent composite materials in
which organic polymers are homogeneously em-
bedded within a 3-dimensional SiO, network.! It
is found that the existence of special functional
groups in the polymer, which may form hydrogen
bonds with silanol groups or covalent bonds with
the inorganic phases, is favorable for the forma-
tion of optically transparent materials.’~® In addi-
tion, factors such as the molecular weight of the
polymer and the content of polymer in hybrids
are also found to have a significant effect on the
morphology of composite materials.?

In this work a typical polymer, poly(ethylene
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glycol) (PEG), was chosen as a preformed poly-
mer to form a hybrid with TEOS because it has
two features: it is crystallizable, and it has termi-
nal hydroxyl groups that are expected to form hy-
drogen bonding with the silanol group and/or
form C—O—Si covalent bonds with the silica
network. The microstructure of PEG-TEOS hy-
brids, the mobility of PEG in the hybrids, and
the crystallization behavior of PEG in the hybrids
were systematically studied by DSC and solid-
state NMR techniques. Some novel results were
obtained.

EXPERIMENTAL

High purity TEOS was obtained from the Fluka
Company of Japan without further purification.
PEG (M, = 2000) and tetrahydrofuran (THF, as
solvent) were purified before use to insure homo-
geneous solutions.

A highly schematic mechanism for hydrolysis—
condensation reactions for TEOS is shown below:

| |
—Si—OE, + H,0 » —Si—OH

| | | |
—Si—OH + HO —Si— —» —Si—0—8i—
| | | |

| | | |
—Si—OE, + HO —Si— » —Si— 0 —Si—
| | | |

Ion-free water (1.6 mL) and hydrochloric acid
(2M, 0.1 mL) were first added to a 100-mL round-
bottom flask with 20 mL of THF, and the mixture
was stirred thoroughly. Then TEOS (5 mL) and
an appropriate amount of PEG were simultane-
ously added to the flask that was placed in an oil
bath (338-343 K); the reaction took place under
reflux with fast agitation for 0.5 h. After cooling,
the clear liquid was poured into a Teflon-coated
Petri dish and covered with parafilm to allow the
system to gel. After 2 weeks at ambient all of the
samples gelled and the parafilm was removed to
continue the drying process at 323 K for 1 week.
Specimens were further dried at 313 K under a
vacuum for 2 weeks prior to measuring. The com-
positions of the initial reactive solutions and the
appearance of final products are listed in Table I.

In this study, all the reaction conditions were
kept constant except for the PEG content. The
amount of water added to initiate the hydrolysis

reaction was stoichiometric; the molar ratio of
HCI to TEOS was 0.01 : 1. We found that the
degree of transparency of the final hybrid materi-
als strongly depended on the relative content of
PEG. Specimens 2 and 3 had a lower content of
PEG and were large pieces of transparent films;
specimens 4, 5, and 6 had a middle content of
PEG and were semitransparent and brittle; and
specimens 7 and 8 had a higher content of PEG
and were opaque. The appearance of these hy-
brids showed that their microstructures were
quite different.

DSC experiments were performed on a Perkin—
Elmer DSC-7. The following thermal procedure
was used: heating from 280 to 520 K with a heat-
ing rate of 20 K/min, holding 5 min at 520 K, and
cooling from 520 to 280 K with a cooling rate of
—20 K/min. The hold at 520 K was used to avoid
the effect of thermodynamic history. The crystalli-
zation temperature (7..) was determined as a
maximum of the exothermic peak of crystalliza-
tion. The heating run gave the melting tempera-
ture (T,,) as the maximum of the endothermic
peak. The temperature at the midpoint of the heat
capacity transition was taken as the glass transi-
tion temperature (7).

Solid-state cross polarization magic angle spin-
ning (CPMAS) NMR experiments were per-
formed on a Bruker MSL-400 NMR spectrometer
at 298 K. The hydrogen resonance frequency was
400.13 MHz, and the '*C resonance frequency was
100.63 MHz. A 5.5-us 90° pulse for the **C nucleus
and a 4.8-us 90° pulse for 'H were used. The con-
tact time was 1.0 ms and the MAS rate was 4.0
kHz. C spin-lattice relaxation times [7T(C)]
were measured by the CP T; method. * "H spin-
lattice relaxation times in the rotating frame,
T.,(H), were obtained from the '>’C CPMAS inten-
sity with increasing contact times. '*C spectra
were referred to the chemical shift of methyl
group carbons of hexamethylbenzene, which is
16.9 ppm. **Si resonance frequency was 79.46
MHz, and the MAS rate was 1.5 kHz. ?°Si spectra
were referred to the chemical shift of the methyl
group silicons of tetrakis(trimethylsilyl)silane
(TKS), which is —9.8 ppm.

RESULTS AND DISCUSSION

DSC Measurements

Shown in Figures 1 and 2 are the DSC traces
for the selected samples 2, 3, 6, and 8: the corre-
sponding thermal data are listed in Table II.
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Table I Preparation Conditions of PEG-TEOS Hybrid Materials

Sample TEOS PEG H,0 HCI (2M) wt % Si0O, in
No. (mL) (g) (mL) (mL) Final Product® State

1 0 Pure PEG 0

2 5 0.1 1.6 0.1 93.2 T

3 5 0.4 1.6 0.1 77.5 T

4 5 0.8 1.6 0.1 63.2 T/S
5 5 1.0 1.6 0.1 58.0 S

6 5 1.2 1.6 0.1 53.5 S

7 5 1.6 1.6 0.1 46.3 (0]

8 5 1.8 1.6 0.1 43.3 (0]

T, transparent; S, semitransparent; O, opaque.
? Assuming reaction is complete.

There are several features about the DSC results
worthy of mention. The T, values (353—373 K) of
PEG in the hybrids are much higher than that of
pure PEG (around 223 K)®; the lower the content
of PEG, the higher the T, of PEG in the hybrids.
Hybridization has a dramatic effect on the crystal-
lization behavior of PEG. Only when the content
of PEG is more than some value (for example,
40% by weight in this case) can detectable PEG
crystallites form. An unusual phenomenon ob-
served is that the T, of PEG in hybrids is much
higher than its 7). Meanwhile, it is also found

that the higher the relative content of PEG in the
hybrids, the lower the T, and T, of PEG, and the
larger the AH; and AH,, of PEG. When the con-
tent of PEG is big enough, such as in sample 8,
the T, of PEG crystallites in hybrids is the same
as that of pure PEG,® implying that the PEG do-
main size is so big that the existence of the silica
network has little effect on the crystallization be-
havior of PEG. The above DSC results indicate
that the morphology of PEG chains in silica net-
works changes a lot with the increase in PEG con-
tent, from intimately mixing with the silica net-
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Figure 1 DSC melting curves for samples 2, 3, 6, and 8.
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Figure 2 DSC crystallization curves for samples 2, 3, 6, and 8.

work to microphase separation, and finally to
macrophase separation. For hybrids with lower
PEG content (samples 2 and 3), it seems that
PEG chains are embedded in the 3-dimensional
silica networks. Therefore, the PEG has T, values
much higher than that of pure PEG and loses its
crystallizability due to the restrictions imposed
by the dense silica network. Meanwhile, the T,
values of PEG in hybrids, to some degree, de-
crease with increasing content of PEG. The possi-
ble reasons for this may be small domains rich in
PEG tend to be formed with the increase in the
PEG content, or the silica network becomes looser
and looser with increasing PEG content. With a
further increase in PEG content, the region rich
in PEG becomes large enough for the formation

Table II Thermal Data for PEG-TEOS Hybrid
Materials

Sample T, T, AH; T, AH,,
No. (K) X J/g)* (K) J/g)r
2 374
3 369
6 361 327.6 2.4 304.3 11.3
8 357 323.6 20.3 300.3 25.8

2 The values are normalized.

of a small quantity of PEG crystallites. Sample
6 is an example of this kind of hybrid. Finally,
macrophase separation occurs for the hybrid con-
taining a much higher content of PEG like sam-
ple 8.

At first sight it seems strange that the T, of
PEG in sample 6 is higher than that in sample 8,
which has the same T, value as pure PEG, and
that PEG in sample 6 has a much lower AH, (2.4
J/g) than in sample 8 (20.3 J/g). Here it should
be kept in mind that for sample 6 the PEG domain
size may still be very small and most of the PEG
chains are embedded in the silica networks.
Hence, a small AH,value means low crystallinity
and an increased T, value implies that some con-
strictions are also imposed on the PEG crystal-
lites.'”

13C and ?°Si Solid State NMR

The DSC results can be reasonably explained by
13C- and ?°Si-NMR results on a molecular level.
Shown in Figure 3 are the solid-state **Si-NMR
MAS spectra of selected samples 3, 4, 5, and 8.
Based on the peak assignments from model com-
pounds, ' 7*® three states of Si coordination about
SiO, tetrahedra (@2, @3, and @*) are found with
Q? = (Si0);Si(OR) in the greatest abundance.
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Figure 3 2°Si MAS NMR spectra of samples 3, 4, 5,
and 8.

More SiO, groups are tetra- than disubstituted.
No Q' or TEOS peak appears. At the same time,
it is clear that the existence of PEG chains has a
considerable effect on the microstructure of the
silica network. With the increase in PEG content,
the relative content of @* decreases and the con-
tent of @2 increases. This means that an increase
of silica network defects, which results from the
increased PEG content, in turn gives rise to effects
on the morphology of PEG in the hybrids. *C-
NMR spectra, shown in Figure 4, give more im-
portant information about the microstructure of
the silica network. Figure 4 clearly shows that the
intensity of the methyl resonance peak at 18.0
ppm, which represents the quantity of the Si-
ethoxyl group, is much smaller than that of the
PEG resonance peak around 70.0 ppm. It should
be kept in mind that each @ has one OR group
(R = Hor CH,CH;), and each @2 contains two OR
groups. The much smaller intensity of the methyl
peak indicates that the hydrolysis is nearly com-
plete, and the hybrids contain great quantities
of silanols. Roughly estimated, the mole ratio of
silanols to PEG-OH is 300 for sample 2 and 20
for sample 8. This means that there are enough
silanols for the formation of PEG—C—O0O—Si co-
valent and/or PEG—OH - - OH—Si— hydrogen
bonds, if they could really form. Our results do not

support the above hypothesis; at least no evidence
showed that the covalent and/or the hydrogen
bonds do exist. In fact, 2?Si-NMR spectra indicate
that, with the increase in PEG content, @ content
increases at the expense of @* content.

The influence of PEG on the microstructure of
the silica network may originate from two main
sources. The first is that some PEG—C—0O—Si
covalents and/or PEG—OH - - OH—Si— hydro-
gen bonds form, which will, to different degrees,
defer the condensation of silanols. Without doubt,
this situation is favorable for the formation of ho-
mogeneous hybrids. The second source is that the
existence of PEG chains dilutes the concentration
of silanols and reduces the probability that sila-
nols meet, which is the prerequisite for the con-
densation of silanols. Thus, many free silanols re-
main in the hybrids (i.e., the @* content decreases
and the Q% and @? contents correspondingly in-
crease). In this work, we think the latter is domi-
nant, otherwise we cannot explain the fact that
phase separation becomes worse with the increase
in PEG content. A very important conclusion
drawn from the *C- and ?°Si-NMR spectra is that
the lower the PEG content in the hybrids, the

-
-

Figure 4 '*C CPMAS NMR spectra for samples 3—8.
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Table III '*C Spin-Lattice Relaxation Times
T, (C)(s) of PEG Hybrid Materials

Sample T, T,
No. ©) Percent (®)) Percent
3 2.5 100
4 0.3 42 2.6 58
5 0.3 65 2.7 35
6 0.3 70 3.0 30
7 0.2 70 2.7 30
8 0.2 69 3.0 31

Estimated error = +10%.

more perfect the silica network. It is significant
for us to understand the fact that the lower the
PEG content, the higher the T, of PEG in the
hybrids.

Nuclear Spin Relaxation

DSC and #*Si-NMR results imply that the micro-
structure and mobility of PEG in hybrid materials
changes a lot. As a powerful tool for characterizing
microstructure and mobility of polymers, nuclear
spin relaxation should offer more detailed infor-
mation about them. As is well known, *C spin-
lattice relaxation time, 7', (C), can give the infor-
mation about the motion of main-chain carbons
on a megahertz regime.'* Usually rigid chains will
have a longer T';(C) value than mobile ones. The
T,(C) values of PEG in hybrids, listed in Table
III, clearly show that T';(C) values change with
the PEG content. When the PEG content is low
(sample 3), a single longer T';(C) value can be
observed, indicating that some restrictions are
imposed on the PEG chains. A single longer T';(C)
value for sample 3 is in accordance with the DSC
evidence of noncrystalline PEG with much higher
T, in this sample. As the PEG content increases,
two T:(C) values occur. Except for the longer
T.(C) value belonging to the restricted chains, a
shorter T';(C) appears, which can be ascribed to
the relaxation from the region rich in PEG. An-
other point worthy of mention is that the relative
content of the PEG rich phase increases with PEG
content in the hybrids because the relative con-
tent of the shorter 7', (C) component increases cor-
respondingly. Its consequence is that the domain
size of the PEG rich phase becomes larger and
larger and finally crystallites form within these
domains. More direct evidence for the increase of
mobile PEG chains with increased PEG content
is that the line width at half-height of the '*C

spectra dramatically decreases from the 574 Hz
of sample 3 to the 287 Hz of samples 7 and 8 (see
Fig. 4, Table IV). From Figure 4 and Table IV we
can find that a maximum PEG content exists, in
this case say 50 wt %, beyond which a further
increase in PEG content has almost no effect on
the '*C line width, implying that in this case the
domain size of the PEG rich phase is so big that
the PEG chains do not “feel” the existence of the
silica network; in other words, the PEG chains in
the rich phase have the same freedom as pure
PEG chains. Therefore, they should exhibit the
same crystallization behavior as that of pure PEG
chains. This result is in excellent agreement with
that from DSC. The results from proton spin—spin
relaxation times, T's(H) further support this con-
clusion.

Other NMR Measurements

Until now we have had no idea about the homoge-
neity of hybrid materials. As is well known, pro-
ton spin-lattice relaxation in a rotating frame,
T.,(H), is a very useful parameter for characteriz-
ing the homogeneity of multicomponent systems.
A single T',(H) value was used as a criterion for
the miscibility or homogeneity of multicomponent
polymer systems.'*~'” Shown in Figure 5 are the
plots of logarithmic '*C resonance intensity vs.
proton spin-locking time for pure PEG and its hy-
brids, and the corresponding T';,(H) values are
listed in Table V. For pure PEG, two T';,(H) val-
ues are observed. This result agrees with the fact
that PEG is a semicrystalline polymer. When PEG
chains are incorporated into the silica network,
quite different situations occur. For hybrids with
PEG content less than 30% by weight (samples 2
and 3), a single T',,(H) value is observed. This
means that spin diffusion'® via strong proton di-
polar coupling is efficient enough to damp out non-
equilibrium magnetization in any part of the pro-
ton spin systems in samples 2 and 3. The maxi-
mum displace L resulting from spin diffusion
during a time # can be calculated by the equation ™

L = 6Dt (1)

Table IV Line Width at Half-Height (A,) of 13C
CPMAS NMR Spectra for Hybrid Materials

Sample No.

3 4 5 6 7 8

Ay, (Hz) 574 517 488 344 287 287
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Figure 5 Plots of logarithmic *C resonance intensity vs. proton spin-locking time for
samples: (A) pure PEG, (V) sample 3, () sample 4, (®) sample 6, (O) sample 7, and

(M) sample 8.

where D is the diffusion coefficient taking an aver-
age value of D = 5 X 10'? cm?/s for polymers.'®
For a T';,(H) value of 1 ms, considering that spin
diffusion in the rotating frame is scaled by a factor
of 3, we can immediately estimate that the lim-
iting size of the PEG domain in samples 2 and 3
is on the order of about 10—20 A. Obviously, PEG
chains in samples 2 and 3 are homogeneously dis-
persed within the silica network. As for samples
4-8, an obvious biexponential decay is observed.
Phase separation undoubtedly occurs in these
samples.

Interestingly, a clearer microstructure can be
obtained from proton spin—spin relaxation time,

Table V T,, (H) Values (ms) of PEG and
PEG-TEOS Hybrid Materials

Sample T, T,
No. (H) Percent (H) Percent

1 1.2 81.5 6.3 18.5
3 1.1 100

4 0.2 41.2 0.8 58.8
5 0.2 42.8 0.9 57.2
6 0.5 55.0 1.3 45.0
7 0.5 36.1 1.3 63.9
8 0.6 54.5 14 45.5

Estimated error = +=10%.

Ty(H). Figure 6 shows the curves of T3 (H) decay
of hybrids with different PEG content, and corre-
sponding T's(H) values are listed in Table VI. Fig-
ure 6 clearly shows that for molecular dispersion
of PEG (samples 2 and 3), biexponential decay
can be observed. One component has a much
shorter T'5(H) value, indicating that the PEG
chains in this case are rigid; and the other compo-
nent has a much longer T,(H), which is almost
close to the T',(H) of the PEG rich phase in sample
8, although its relative content is only around
20%. Here it should be kept in mind that the PEG
chains are uniformly dispersed within the silica
network in this case. Hence, the existence of biex-
ponential components suggests that the silica net-
work is not uniform, and defects or looser net-
works exist in the hybrids. This conclusion is in
accordance with the *?Si-NMR results. PEG
chains may take the mode of an extended chain
going through the silica network. The PEG seg-
ments within the tighter or more perfect silica
network show a much shorter T9(H), and the
PEG segments on the looser silica network or net-
work defects will have a longer T,(H). Even if
the PEG segments locate on the network defects,
their T',(H) is also shorter than that of crystalline
PEG, indicating that there are some constrictions
imposed on the PEG segments. The extended-
chain behavior of PEG in silica networks is helpful
to understand why the T, of PEG in silica net-
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Figure 6 Plots of proton spin—spin relaxation for samples: () sample 3, ([J) sample
4, (®) sample 5, (O) sample 6, (A) sample 7, and (V) sample 8.

works is much higher than that of pure PEG and
even much higher than the T, of PEG crystallites,
and why the lower the PEG content in heteroge-
neous hybrids, the higher the T, of PEG crystal-
lites, if they exist. As the PEG content increases,
the relative content of the shorter T'5(H) compo-
nent decreases. Meanwhile, the shorter T,(H)
value becomes slightly longer, indicating fewer re-
strictions on the PEG chains (i.e., the silica net-
work becomes less perfect with the increase in
PEG content). This result is in agreement with
the increase in @2 content at the expense of a
decrease in @* content and the decrease of T, of
PEG in hybrids as PEG content increases. A fur-
ther increase in PEG content makes the longer
T, (H) component become dominant. Finally, for
samples 7 and 8 the content of the shorter T,(H)

Table VI T, (H) Values (us) of PEG-TEOS
Hybrid Materials

Sample T, T,
No. (H) Percent (H) Percent
3 19 77 271 23
4 26 51 262 49
5 35 36 283 64
6 33 19 467 81
7 498 100
8 513 100

Estimated error = +5%.

component becomes so small that only a single
longer T2(H) can be detected. In this case, the
crystallization behavior of PEG in the hybrids is
similar to that of pure PEG. As pointed out above,
when PEG content is beyond some range, in this
case 50% by weight, a further increase in PEG
content has no effect on To(H) value, indicating
that the domain size of the phase separation is so
big that PEG chains exhibit properties similar to
that of bulk PEG. One of its macroscopic conse-
quences is that the T, of PEG crystallites in hy-
brids is the same as that of pure PEG.

CONCLUSIONS

By a combination of the results from DSC and
13C- and *Si-NMR, we can draw the following con-
clusions: The microstructure of PEG-TEOS hy-
brid materials strongly depends on their composi-
tions. Truly homogeneous PEG-TEOS hybrids can
be obtained via a sol—gel process provided the
PEG content is lower than, say 30% by weight.
The presence of PEG has a considerable effect on
the microstructure of the silica network, which in
turn influences the morphology of PEG. The effect
of PEG on the microstructure of the silica network
mainly results from the diluting and separating
effects of PEG chains on silanols. With increasing
PEG content, the morphology and mobility of PEG
changes a lot, from uniform dispersion on a molec-
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ular level to microphase separation, and finally to
macrophase separation. In homogeneous hybrids
PEG segments, taking the mode of an extended
chain, have a T, 150 K higher than that of pure
PEG. In macrophase separation systems, the crys-
tallization behavior of PEG is quite similar to that
of pure PEG.

The authors are grateful for the financial support
granted by the National Natural Science Foundation of
China and the Laboratory of Magnetic Resonance and
Atomic and Molecular Physics, Wuhan Institute of
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