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ABSTRACT: Solid-state 13C cross-polarization/magic-angle spinning/dipolar Decoupling (CP/MAS/DD) nuclear
magnetic resonance (NMR) spectroscopy of poly(ethylene oxide) (PEO) tethered on silica was studied to character-
ize the conformation and dynamics of PEO chains. Temperature dependent NMR spectra could be interpreted in terms
of the degree of interaction between PEO and silica molecules. The structures and molecular motion of the chains are
strongly dependent on the grafting ratio (GR). Chemical shift of the methylene peak of the 13C NMR spectrum increases
with GR. 70.2 ppm in low GR indicates “train” segments strongly interacted with the silica surface, whereas of 71.2 ppm
in high GR is originated from “tail” (“loop”) segments separated from the surface. The fractional amount of “train” seg-
ment decreases remarkably with increase in GR. From the temperature dependence of the line width of the NMR spectra,
correlation time, activation energy and transition temperature of the molecular motion were estimated. Molecular mobil-
ity of the “tail” segment was much higher and that of the “train” segment was lower than PEO chains in the amorphous
region of the homopolymer bulk. “Tail” segments may thus protrude from the silica surface and have low segmental
density, whereas “train” segments are trapped near the silica surface. It can be also considered that the fractional amount
of “tail” segment increases abruptly with grafting ratio after the tethered chains of a coiled structure form one monolayer.

KEY WORDS Tethered Chain / Silica/Molecular Motion / Molecular Density / 13C Cross-
Polarization/Magic-angle Spinning/Dipolar Decoupling (CP/MAS/DD) NMR /

Many investigations have been published on the ad-
sorption of polymer on the silica surface.1–6 A few
papers have been also presented about the adsorption
behavior of polymer on the silica surface modified
by different polymer chains.7, 8 The development of
hybrid materials comprised of organic and inorganic
compounds can be expected. For example, when one
polymer is grafted on the silica surface, another poly-
mer miscible with the polymer can be mixed homoge-
neously. At present, it is very important to elucidate the
structures and molecular motion of the tethered chains
to discuss molecular compatibility of the two polymers
in the blend system.

In our previous paper,9 the spin label method was
used to study the structures and molecular motion of
the end sites of the tethered poly(ethylene oxide) (PEO)
chains on the silica. The conclusions were as follows:
1) The structures and molecular motion of the chain
ends are strongly dependent on grafting ratio (GR).
When GR < GR∗ at which the overlap of the PEO
chains starts, all PEO chains take a flat conformation
(“train” conformation) and interact strongly with sil-
ica surface and molecular motion of the chains is sup-
pressed. 2) When GR > GR∗, the segments of the PEO
chains released from the silica surface increase with
GR, take “tail” conformation like a “polymer brush”
and have high molecular mobility. 3) Chain ends of
the tethered PEO chains in the structure like “polymer
brush” have low segmental density and rotate rapidly in

free space at high temperatures.
This paper clarifies the structures and molecular mo-

tion of the whole segments of the PEO chains tethered
on the silica surface as a function of GR and confirms
the above conclusions obtained by spin labeling.

Tajouri et al.10, 11 studied the organization of a layer
of PEO chains tethered on silica by measurement of
1H spin–lattice relaxation and concluded that the chains
adopted a flat conformation on the surface at low GR,
whereas the chains adopted more extended conforma-
tion, perpendicular to the surface, at high GR. This pa-
per characterizes the molecular mobility of the whole
segments of the PEO chains and interactions between
segments and silica by the 13C NMR. The temperature
dependency of chemical shift and line width of the PEO
spectrum should give rise to dynamics and aggregation
state of the segments in comparison with the depen-
dency for PEO homopolymer bulk.

EXPERIMENTAL

Materials
Poly(ethylene oxide) PEO’s having Mw = 2.0 × 103

and 6.0 × 103 were purchased from Katayama Science
Co. PEO’s were purified by dissolving them in chlo-
roform and precipitation in diethyl ether. The purified
powder samples were dried under vacuum at room tem-
perature for more than 1 day. The procedure was car-
ried out twice. The silica gels (70–230 mesh) were pur-
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chased from Nacalai Tesque Co. Specific surface area
of the silica was 411.9 m2 g−1 as measured by BET
(nitrogen adsorption) using NOVA21000 (Uasa Ionix
Co.). The silica particles were purified by washing with
acetone using a Soxlet apparatus and dried under vac-
uum at room temperature for more than 1 day.

Preparation of PEO Chains Tethered on Silica Surface
Grafting reaction was simply the direct esterification

of a silica surface of silanol group by an hydroxy end
of the PEO.12 The reaction was performed in poly-
mer melt at 373 K to 453 K for 1 h in vacuum. The
homopolymer was removed by the Soxlet extraction
with acetone for 3 days. The grafted silica was dried
under vacuum at room temperature for more than 1
day. PEO’s having Mw = 2.0 × 103 and 6.0 × 103

were grafted on the silica surface by this procedure.
The grafted samples are called Si-g-PEO2K and Si-g-
PEO6K, respectively.

The grafting ratio, GR (weight ratio of PEO to
silica) of each sample was determined by pyrolysis
of weight loss between 373 K and 573 K. Thermo-
gravimetry (TG) measurements were carried out using
a TG8101D Calorimeter Rigaku Denki Co. TG scans
were run from 298 K to 773 K at heating rate of 5 K
min−1. GR was calculated by the following equation,
GR(%) = (PEO fraction(g)/Silica fraction (g))×100.

NMR Measurements
High-resolution solid–state NMR experiments were

carried out at 100.58 MHz for 13C, using Varian
UNITY plus 400 spectrometer. The instrument is
equipped with a high-power amplifier decoupling and
a Varian CP/MAS/DD (cross polarization/magic angle
spinning/dipolar decoupling) probe. Spectra were ref-
erenced to the methyl carbon signal of tetramethyl-
silane (TMS) by taking the methyne carbon of solid
admantane (29.5 ppm) as external reference standard.
MAS frequency was set to ca. 4.5 kHz. 4.4 µs, π/2
pulse was used for 1H cross polarization pulse and
proton decoupling strength was approximately 60 kHz.
Contact time of CP signal enhancement was 0.5 ms.
Variation of the CP/MAS/DD spectra with temperature
was observed. Temperatures in the sample, controlled
by blowing cooled and warmed nitrogen gas, were cal-
ibrated using chemical shift of samarium acetate.

RESULTS AND DISCUSSION

Structure of PEO Chains Tethered on Silica
Figures 1 and 2 show the dependency of 13C

CP/MAS/DD NMR spectrum of PEO chains tethered
on silica observed at 311 K on grafting ratio (GR).

Maximum peak shifts to down-field with increase in
GR for both samples. The chemical shift (σ) of 70.2
ppm observed for GR = 6% of PEO2K is remarkably
lower than 71.2 ppm and 72.0 ppm assigned to PEO
carbon in non-crystalline (amorphous) and crystalline
phases, respectively, of PEO homopolymer bulk.13, 14

The small value should be due to the strong interaction
between the electric dipole of the PEO segments and
silica molecules. Yoshino et al. observed the shift to
high magnetic field of the 13C NMR signal of methanol
adsorbed on silica by increasing the concentration of
the solvent and interpreted it in terms of interaction be-
tween methanol and silica molecules.15 σ-Value is a de-
creasing function of interaction between 13C and silica
through oxygen atom. σ is plotted with GR in Figure 3.
The value, which reflects conformational structures of
tethered chains, had a strong dependence on GR. σ in-
creased remarkably with GR and leveled off to ca. 71.2
ppm corresponding to the value in the non-crystalline
phase of the PEO homopolymer bulk. This suggests

Figure 1. Variation of NMR spectrum of PEO tethered on sil-
ica surface with grafting ratio (GR) for Si-g-PEO2K. Measurements
were carried out at 311 K. Percent values in the figure are GR.

Figure 2. Variation of NMR spectrum of PEO tethered on sil-
ica surface with grafting ratio (GR) for Si-g-PEO6K. Measurements
were carried out at 311 K. Percent values in the figure are GR.
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Figure 3. Variation of chemical shift (σ) for SL-PEO tethered
on the silica surface with grafting ratio. NMR measurements were
carried out at 311 K. Si-g-PEO2K (○), Si-g-PEO6K (●).

change of fractional amount of “train” to “tail” segment
with GR. The segments of the tethered PEO chains hav-
ing a low GR interact strongly with the silica surface
and take a “train” conformation. With increase in GR,
the tethered chains of a coiled structure cover the whole
surface, form one monolayer and then, some segments
protrude from the surface and take a “tail” (“loop”) con-
formation with the contact of the tethered chains. All
PEO segments depart from the silica surface and take a
structure like a “polymer brush”. σ for the high GR is
a function of interaction between PEO segments rather
than PEO-silica interaction.

Theoretical analyse16, 17 of grafted polymer chains
on the surface which take account of higher-order in-
teraction predict the structure of a “polymer brush” be-
cause repulsion force steeply increases with graft den-
sity. Graft chains stretch away from the surface in
higher graft density than 0.001–0.05 chains nm−2. In
our previous paper,9 GR∗ where PEO coils begin to
overlap was approximately 11%. The value of GR∗ cor-
responds to 0.09 chains nm−2 of graft density.

Yamamoto et al.18, 19 prepared high-density polymer
brushes comprised of poly(methyl methacrylate) chains
densely end-grafted on a silicon substrate and clarified
higher-order interactions among grafted chains from
the long equilibrium thickness of the brush in toluene.
Graft density on the silica substrate is larger than 0.4
chains nm−2. Graft density for GR = 47% of Si-g-
PEO2K in the present paper corresponds to be 0.4
chains nm−2. PEO segments may thus take structures
like the polymer brush.

Kawaguchi et al.20–22 concluded the preferential ad-

Figure 4. Temperature dependence of chemical shift (σ) for
SL-PEO tethered on the silica surface. Grafting ratio (GR) = 5%
(○) and 47% (●) of Si-g-PEO2K. GR = 10% (△) and 66% (▲)
of Si-g-PEO6K.

sorption of large molecules over small molecules. This
indicates the large molecules have many sites of the
polymer segment-silica interaction. However, molec-
ular weight dependence of σ reflects differences in
average PEO segment-silica interaction for conforma-
tional structures of whole segments. The molecular
weight dependence of the σ-value is ambiguous in Fig-
ure 3. Here, we conclude the fractional amount of “tail”
(“loop”) conformation increases with GR.

Is the dependence of σ-value on GR at 311 K in Fig-
ure 3 affected by molecular mobility of PEO segments?
PEO segments of the “tail” (“loop”) conformation at
311 K for high GR’s should shrink, approach the sil-
ica surface and take a structure like “train” conforma-
tion at extremely low temperatures. We call the struc-
ture “quasi-train” conformation, the σ of which is be-
tween those of the “train” and “tail” (“loop”) conforma-
tion. Those of “train” conformation at 311 K should de-
part from the silica surface at higher temperatures than
311 K.23

To confirm the conversion of “train” or “quasi-train”
to “tail” (“loop”) conformation, temperature depen-
dence of σ is estimated from the variation of NMR
spectrum with temperature. σ includes considerable er-
ror when the sample has an absolutely small quantity of
PEO segment and the spectrum in a temperature range
has a broad line width because of motional broadening
as mentioned in the next section.

Figure 4 shows temperature dependency of σ. σ for
GR = 5% of Si-g-PEO2K includes more experimental
error because of the small quantity of PEO. Values at
higher temperature tend to be larger than at lower tem-
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perature. The temperature dependency seems to be a
transition phenomena. σ for GR = 10% of Si-g-PEO6K
increases abruptly around 360 K. This transition is a re-
flection of the conversion of “train” segments to “tail”
(“loop”) segments. The adsorbed segments begin to
protrude from the silica surface and convert to “tail”
(“loop”) segments when the segments have thermal en-
ergy equal to the PS-silica interaction energy, which has
a broad distribution. σ for GR = 47% of Si-g-PEO2K
increases abruptly around 275 K. This transition is a
reflection of conversion of “quasi-train” segments to
“tail” (“loop”) segments. The transition temperature of
“train” (“quasi-train”) to “tail” (“loop”) conformation
shifts to low temperature with increase in GR. This in-
dicates weak interaction between the PEO segment and
silica at low temperature for a sample of high GR. Ex-
treme σ at low temperature, where molecular motion
is frozen, for high GR (47% of Si-g-PEO2K) is higher
than at low GR (5% of Si-g-PEO2K and 10% of Si-g-
PEO6K). This indicates that PEO segments for high GR
(Si-g-PEO2K and Si-g-PEO6K) take “quasi-train” con-
formation which has weak PS-silica interaction around
the silica surface in comparison with the “train” confor-
mation.

Molecular Motion of PEO Chains Tethered on Silica
To evaluate the molecular motion of tethered PEO

segments related to PEO-silica interaction, NMR spec-
tra were observed at various temperatures. Figure 5
shows the temperature dependence of NMR spectra of
PEO chains tethered on silica having GR = 47% of Si-
g-PEO2K. As temperature increases, the line broadens
at 224 K, and narrows on further heating. 13C line
width of the CH2 carbon is plotted as a function of tem-
perature in Figure 6. Hikichi et al.24, 25 described how
the onset of molecular motion associated with a glass-
rubber transition brought a temperature dependence to
a 13C line width in DD/MAS experiments and proposed

Figure 5. Temperature dependent NMR spectrum of PEO teth-
ered on silica surface with grafting ratio of 47% of Si-g-PEO2K.

the following equation.

δ = δ0+δ1(2/π)−1arctan(α(T0−T ))+λM2(τ/(1+ω2
1τ

2))
(1)

where the first term represents intrinsic line width aris-
ing from static line broadening. The second term de-
scribes motional averaging of the distribution of the
isotropic chemical shift. α describes steepness of the
narrowing. T0 is the characteristic temperature for on-
set of molecular motion. The third term is motional-
broadening term and maximum broadening at ω1τ = 1
when τ is varied. λ is a reduction factor and M2 rep-
resents the power average of the second moment of
the 13C–1H dipolar interaction. τ and ω1 are correla-
tion time and 1H decoupling frequency, respectively.
Bimodal distribution of molecular mobility should be
considered because motional modulation of 13C–1H
dipolar interaction deteriorates the efficiency of cross-
polarization. More mobile chains give a weaker NMR
spectrum and may not contribute to line- broadening of
the third term in the eq 1. Here, apparent mobility is
discussed because the experimental spectra seem com-
posed of only one component.

The average correlation time for segmental motion
like a Micro Brownian motion should obey the WLF
equation. For simplicity, we apply an Arrenius-type de-
pendence of correlation time on temperature.

τ = τ0 exp(Ea/RT ) (2)

where Ea is activation energy and τ0 correlation time
at infinite temperature. The empirical relationship sug-
gested by Williams, Landel and Ferry (WLF) was in-
terpreted in terms of the expansion of free volume in
the matrices. Matsuoka et al.26, 27 proposed a domain
where number (z) of conformers moves cooperatively
and is to related the degree of cooperation with WLF
equation. If equilibrium is achieved at low-temperature
limit T0, every conformer becomes meshed with the
others and the number of conformers in one domain is
nearly infinite. At high temperature-limit, they called
T ∗, each conformer relax independently of neighbors,
and the number of conformer in each domain is 1. Be-
tween the two extreme temperatures, the size of a do-
main is specified by z in the domain which is a mea-
sure of cooperation of molecular motion. When the
Arrenius-type dependence is applied, apparent activa-
tion energy, Ea has a physical meaning of z × ∆µ at
an observation frequency or temperature. Here, ∆µ
means a rotational barrier of the C–C bond and z × ∆µ
should be closely related with the magnitude of the in-
ter molecular interaction for the molecular motion. The
dependence of the molecular mobility of the grafted
chain on GR was elucidated by estimation of the ap-
parent activation energy at the observation frequency.
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Table I. Best fitting parameters of CH2 line width of PEO tethered on the silica surface

Samples
Ea

kcal mol−1

τ0

sec
λ

δ0

Hz

δ1

Hz

T0

K
PEO (crystalline) 9.3 1.0 × 10−13 0.32 125 128 240
Si-g-PEO (GR = 5%) 9.3 1.3 × 10−14 0.45 423 262 213
Si-g-PEO (GR = 18%) 6.5 2.4 × 10−12 0.21 318 271 211
Si-g-PEO (GR = 47%) 4.9 4.7 × 10−11 0.21 308 257 192

Figure 6. Variation of line width of NMR spectrum of PEO
tethered on the silica surface with temperature for Grafting ratio
(GR) = 5% (●) and 47% (○) of Si-g-PEO2K. Solid lines are ob-
tained using eq 1 in text.

Observed line width was least-squares-fitted to eq 1 by
taking δ0, δ1, α, T0, λ, τ0, and Ea as adjustable parame-
ters. The solid lines through the data points in Figure 6
are “the best fit” ones. The agreement was excellent and
the least-squares fitted parameters are listed in Table I.

Four parameters in the first and second terms in the
eq 1 are evaluated ambiguously from the data points
at lower temperature. The dependency of parameters
of grafting ratio cannot be discussed. Maximum peaks
were observed clearly and the third term in the eq 2
could be definitely evaluated. Ea and τ0 in the eq 2
can be determined with some accuracy by the “least-
squares-fitting”. τ0 has no physical meaning when ap-
parent activation energy changes with observation fre-
quency. The large difference between τ0 for GR = 5%
and 47% come from different values of Ea. PEO seg-
ments may possibly move at a rate of ω1 = 60 kHz at
the temperature where line width has a maximum in
Figure 6. PEO segments in Si-g-PEO2K having higher
GR = 47% are much more mobile than at low GR =
5% in Figure 6. The activation energy of molecular
motion decreases with increase in GR as shown in Ta-
ble I. Figure 7 shows temperature dependence of line
width for the sample having GR = 18% in comparison

Figure 7. Variations of line width of NMR spectrum of PEO in
the homopolymer, Bulk (▲) and tethered on the silica surface with
temperature for Grafting ratio (GR) = 18% (△) of Si-g-PEO2K.
Solid lines are obtained using eq 1.

with PEO homopolymer bulk, where the NMR spec-
trum of 13C in the crystalline phase, not in the amor-
phous phase, was observed under the experimental con-
ditions. The lower temperature at the maximum peak
for Si-g-PEO2K (18%) than that for the homopolymer
bulk indicates that tethered chains are much more mo-
bile than PEO chains in the crystalline phase. Arre-
nius type dependency on temperature is depicted in Fig-
ure 8 using determined Ea and τ0 shown in Table I. The
temperature (●), where Micro Brownian type molec-
ular motion in the PEO homopolymer bulk28 occurs
at ω1 = 60 kHz is plotted in the figure. The char-
acteristic temperature was estimated from a relaxation
map of PEO, by Wada.28 The relaxation map in Fig-
ure 8 indicates that molecular mobility of the tethered
PEO segment in Si-g-PEO2K having GR = 5% is lower
than in the amorphous phase of the PEO homopolymer
bulk. Mobility of PEO segments in the silica having
GR = 18% and 47% is higher than in PEO bulk. Teth-
ered chains having a low GR are adsorbed strongly on
the silica surface and take flat conformation. With in-
crease in GR, chains contact each other, protrude from
the surface and take “tail” (“loop”) conformation and
finally all chains stretch perpendicularly on the silica
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Figure 8. A relaxation map of PEO tethered on the silica sur-
face. Dependence of relaxation frequency ( f ) on inverse temper-
ature (1/T ) Grafting ratio (GR) = 5% (a), 18% (b) and 47% (c)
of Si-g-PEO2K. Dashed line is temperature dependence of PEO in
the crystalline region calculated from NMR data and (●) is relax-
ation frequency in the amorphous region of PEO bulk, obtained
from map.

surface like a “polymer brush”. Changes of the struc-
ture and molecular motion with GR obtained from the
NMR data are consistent with ESR data in our previous
paper.9

CONCLUSION

The structures and molecular motion of PEO chains
tethered on silica surface are strongly dependent on the
grafting ratio (GR).

1) When GR < GR∗ at which overlap of the PEO
chains starts, all PEO chains take flat conforma-
tion (“train” conformation) and interact strongly
with the silica surface and molecular motion of the
chain is suppressed.

2) When GR > GR∗, the segments of the PEO chains
released from the silica surface increase with GR,
take “tail” conformation like a “polymer brush”
and have high molecular mobility.

3) Transition of “train” (“quasi-train”) conformation
to “tail” (“loop”) conformation is related to inter-
actions between PEO segments and the silica sur-

face.
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