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Abstract

Inclusion compounds formed from host small molecules and guest polymers have provided a novel platform to study the behavior of isolated
polymer chains confined in nanochannels. In this article, the PEO chain conformation in the metastable poly(ethylene oxide) (PEO)eurea in-
clusion compound (IC) and its transition was characterized via a combination of different analytical methods. Based on the FTIR and Raman
spectroscopy results, PEO chains in the metastable tetragonal IC are tentatively assigned to the tgg0 conformation. The structural changes of
the metastable tetragonal IC to the stable trigonal form were observed via in situ FTIR and ex situ WAXD. The transformation is a kinetic
solidesolid process and can even occur at room temperature. The activation energy of about 222 kJ/mol indicates that the transition occurred
via cooperative disruption of several hydrogen bonds. Measurement of the laboratory frame spin-lattice relaxation time T1 (13C) shows that
molecular motions of the nanoconfined PEO chains are more intensive than the neat crystalline PEO but weaker than those of the neat amor-
phous PEO. Second harmonic generation microscopy demonstrates that the trigonal IC exhibits stronger nonlinear optical activity than the
tetragonal IC. The intermolecular hydrogen bonding is attributed to the driving force for the transformation of the metastable tetragonal IC
into the stable trigonal form.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

More attention has been paid on the nanoconfined polymer
chains because they show distinct different conformations
from the bulk polymers. It will be of particular interest
when each strand of polymer chains is separately confined
in the nanochannels formed by another component. Extensive
studies [1e5] have focused on reeling of polymers into the
preformed nanotubes. However, since the process leads to
dramatic decrease of the entropy of the polymers, special
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interaction of the polymer chains with the confining environ-
ment is necessary to obtain negative DG of the system. Due
to the low diffusion coefficient of macromolecules into the
nanochannels, the load capacity is usually unsatisfying [6].
Furthermore, it is quite a challenge to obtain nanochannels
with narrow size distribution. On the contrary, the crystalline
inclusion compounds (ICs) [1,7e10] formed from spontane-
ous assembly of polymers and small molecules provide
a new method for observing the behaviors of isolated nanocon-
fined polymer chains. The ICs can be obtained in sufficient
amount so that the common analytical methods are feasible
to characterize the material structures. Various ICs of poly-
mers and small molecules, such as urea [9e17], perhydrotri-
phene [1,18] and cyclodextrin [1,2,4], have been reported, in
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which the included polymer chains are confined by the nano-
channels composed of the small molecules, or the host clath-
rates. In the polymereurea inclusion compounds, the
polymer chains are extended and separated from neighboring
chains by the channels of about 5.5 Å diameter [1,19]. Among
them, the PEOeurea IC has attracted much interest due to the
following reasons: first, there are at least two types of crystal
modifications; second, melt crystallization is allowed because
the melting temperature is lower than the degradation temper-
ature; third, hydrogen bonding is a key factor affecting the
crystallization behavior.

Up to now, three crystalline modifications have been ob-
served in PEOeurea ICs, which depend on the crystallization
condition. The IC formed from solution took a trigonal crystal
structure [13,20], in which PEO segments adopted an approx-
imate 41 helix conformation; while recrystallization from melt
produced a hexagonal form [13]. The ethylene oxide oligomer
(PEG)eurea inclusion compounds were found to crystallize in
two crystalline modifications, tetragonal and hexagonal form.
The tetragonal form contained eight molecules of urea and
eight ethylene oxide units in a unit cell, which transformed
into the trigonal form on heating [15]. Bogdanov et al.
[14,21] studied both the solid and molten states of PEOe
urea IC via infrared spectroscopy and observed the transfor-
mation of the metastable IC into the stable form when heated
to 85e90 �C; however, the crystalline structure and the chain
conformation in the metastable form have not been assigned
yet. Solid state 13C NMR has been applied to determine the
mobility of polymer chains in the trigonal PEOeurea IC.
The measured spin-lattice relaxation time showed that the in-
cluded polymer chains demonstrated higher mobility than the
bulk crystalline polymer chains [1,13].

Though much work has been carried out on PEOeurea IC,
however, there are still some items unsolved, e.g. the PEO
conformation, the chain mobility in the metastable crystalline
modification and the details of the transition of the crystal
modification have not yet been clarified. In addition, urea
has been found to show nonlinear optical (NLO) behavior;
nonetheless, the NLO behavior of the polymereurea complex
has not been reported so far.

In the present work, the crystalline structure, PEO confor-
mation, kinetics of the transition process and the PEO mobility
in the metastable tetragonal ICs are clarified via a combination
of different methods, such as polarized optical microscopy
(POM), differential scanning calorimetry (DSC), Fourier trans-
form infrared spectroscopy (FTIR), Raman spectroscopy, wide
angle X-ray diffraction (WAXD) and solid state 13C NMR. Fur-
thermore, second harmonic generation (SHG) microscopy was
introduced to characterize the nonlinear optical property of the
different crystal modifications of the ICs for the first time.

2. Experimental part

2.1. Sample preparation

PEO with Mw of about 1� 106 was obtained from Shang-
hai Lianshen Chemical Company. The solution-grown PEOe
urea IC crystals were obtained from the dilute (0.5%, w/v) wa-
ter solution of PEO and urea using a freezing drier after the
solution had been frozen in a �20 �C refrigerator. There
were no water molecules in the ICs, since the ICs prepared
from freeze drying showed the same IR spectra as the samples
cocrystallized from the supersaturated methanol solution.

2.2. POM

The inclusion compound was melted between two clean
glass slides at 160 �C and held for 2 min, then transferred
quickly to a thermal stage preset at a fixed temperature for iso-
thermal crystallization. After impingement of the spherulites
and no observable changes occurred, the digital images of
the spherulites were captured with a computer controlled
charge coupled detector (Tota, Japan). To obtain qualitative in-
formation of birefringence, a first order tint plate (530 nm)
was inserted into the illumination path.

2.3. DSC

DSC-60 calorimeter (Shimadzu, Japan) was employed in
the calorimetric analysis of pure PEO, urea and PEOeurea
IC. Sample about 3 mg was held in aluminum seal during
each process at a heating rate of 10 �C/min and an indium
standard was used for calibration. The endothermic peak tem-
perature was taken as melting point.

2.4. X-ray diffraction

Wide angle X-ray diffractions of the disk-shaped samples
of about 5 mm in diameter and 0.5 mm in thickness were re-
corded at ambient conditions on a BRUKER D8 Advance in-
strument using Ni-filtered Cu Ka radiation. The supplied
power was 3 kW. The scanning was carried out with 2q

from 2� to 50� with a step of 0.02�, and the diffraction peak
positions of the sample were calibrated from the pattern of
aluminum.

2.5. FTIR

The PEOeurea IC film was sandwiched between KBr win-
dows. FTIR spectra were recorded on a Nicolet-560 IR spec-
trometer by signal averaging over 32 scans at a resolution of
4 cm�1 in the wavenumber range of 4000e400 cm�1. To re-
veal the details of transformation of the crystals, in situ
FTIR study was carried out. The thin film sandwiched between
KBr windows was placed in a manually controlled heater. The
tetragonal PEOeurea ICs were kept at a fixed temperature for
a long period of time and the FTIR spectrum was recorded for
every 2 or 3 min.

2.6. Raman spectroscopy

A Renishaw RM-2000 micro-Raman spectrometer was
used to obtain the Raman spectra of the samples at the excita-
tion wavelength of 633 nm. The spectrometer operates in 180�
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backscattering geometry and utilizes a grating of 1800 lines/
mm. The resolution is 1 cm�1. A 50� objective lens with a nu-
merical aperture of 0.5 is used to collect backscattering light
and, accordingly, the radius of laser spot is 0.65 mm. The
Raman spectrum was obtained via six accumulations of the
backscattering light, each lasting for 30 s. The laser power
irradiated on the sample is 4.7 mW.

2.7. Solid state 13C NMR

High-resolution solid state 13C NMR experiments were per-
formed on a Bruker DSX-300 spectrometer operating at
75.47 MHz at room temperature. 13C spectra were all acquired
by employing the combination of cross-polarization (CP),
magic-angle spinning (MAS) and high-power dipolar decou-
pling (DD) techniques. The acquisition parameters were as
follows: MAS rate, 5 kHz; recycle delay, 5 s; contact time
for CP, 0.2 ms; 1H decoupling field strength, 62.5 kHz; num-
ber of accumulations, 1024. The 13C chemical shifts were de-
termined from the carbonyl carbon signal (176.03 ppm) of
glycine relative to tetramethylsilane (TMS). 13C spin-lattice
relaxation time T1 was determined by a CP based inversion-
recovery pulse sequence.

2.8. Second harmonic generation microscopy

A two-photon fluorescence microscope (BioRad
MRC1024 MP) was used for SHG imaging. The light source
was a TieSapphire femto second laser system (Millennium
V pumped Tsunami Lite, Spectra Physics), which provided
w120 fs polarized short pulses at 80 MHz rep rate and
810 nm wavelength. Optics for the transmission imaging
channel was replaced with an extra detection channel for for-
ward propagating SHG. A 10 nm pass-band filter centered at
405 nm was used to filter through the narrow band SHG, and
a high OD blocking filter was used to reject the two-photon
fluorescence and, more importantly, the 810 nm fundamental
laser light.

3. Results and discussion

3.1. Crystalline structure of the inclusion compounds

After melting, the PEOeurea inclusion compound (IC) was
isothermally crystallized at different temperatures ranging
from room temperature to 110 �C. In the crystallized film,
the PEOeurea IC can exist as two types of crystals: when
crystallized at the temperatures higher than 70 �C, only the
stable form with positive spherulites were observed
(Fig. 1a); while crystallized at temperatures lower than
70 �C, the metastable form appeared as small crystal grains
or negative spherulites besides the stable form. When the
melt was quenched to liquid nitrogen temperature, the meta-
stable form was predominantly observed (Fig. 1b). By adjust-
ing the crystallization condition, the two types of crystals with
occupation area larger than 5� 5 mm2 could be separately
obtained, which were used for further DSC, WAXD, FTIR,
Raman and solid state 13C NMR studies. Real-time POM
was carried out during heating to reveal the melting process
of the different crystalline modifications. While heating to
65e90 �C, the metastable form transformed into another
form, which finally melted in the range of 136e140 �C. The
stable form melted at about 140 �C as well.

DSC curves of the two types of crystals were recorded dur-
ing heating at a rate of 10 �C/min. Two endothermic peaks at
ca. 71 �C and 141 �C were observed for the metastable form of
the PEOeurea IC (Fig. 2, curve a), while only one endotherm
at 141 �C appeared for the stable form (Fig. 2, curve b). To re-
veal the origin of the endotherm at 71 �C, annealing of the
metastable IC samples were carried out at 60 �C for 0, 1,
and 3 h, respectively. Fig. 3 shows the DSC results of the an-
nealed ICs. The endothermic peak at around 71 �C decreased
with annealing time and almost disappeared after annealing
for 3 h, which confirms that the endothermic peak at 71 �C
corresponds to the metastable form.

Both POM observation and DSC study indicate that the
metastable form transforms into the stable form on heating.
The transition has been reported by Bogdanov et al.’s [14]
and Suehiro and Nagano’s studies [15], though different tran-
sition temperature was observed, which may be due to the dif-
ferent preparation method of the PEOeurea ICs. In the
previous reports [14,15] the PEOeurea ICs were all produced
by cocrystallization from the supersaturated methanol solu-
tion; while in this article the ICs were produced from freeze
drying of the water solution.

To reveal the microscopic crystalline structure of the two
types of PEOeurea ICs, WAXD study was performed, with
the results shown in Fig. 4. The diffractograms of the metasta-
ble form (curve a) and the stable form (curve b) are quite dif-
ferent. The latter is indexed into a trigonal unit cell with the
crystal lattice parameters a¼ b¼ 10.51 Å and c¼ 9.28 Å,
which are close to the result of Chenite and Brisse’s work
[20], in which a¼ b¼ 10.52 Å and c¼ 9.26 Å (measured at
room temperature).

The diffractions of the metastable form are indexed into
a tetragonal unit cell with the lattice parameters as follows:
a¼ b¼ 9.30 Å, c¼ 19.51 Å. This is different from the previ-
ous report [13] that the high-Mw PEOeurea IC melt crystal-
lized at room temperature produced hexagonal modification.
Nevertheless, the unit cell parameters of the tetragonal modi-
fication of the high-Mw PEOeurea IC agree with the results of
Suehiro and Nagano’s [15] and Tonelli et al.’s work [13] on
low-Mw (Mw¼ 400) PEGeU IC. The unit cell dimension
of tetragonal PEOeurea IC is much larger than that of bulk
urea, which is also tetragonal with a¼ b¼ 5.58 Å. The differ-
ence is due to the insertion of PEO molecules in the clathrates.
From Fig. 4, it is observed that the sample is not 100% phase
pure. The tetragonal IC sample contained trace amount of tri-
gonal IC and vice versa. Our interpretation is that crystalliza-
tion of the IC at around 70 �C was very fast, so that the
quenched sample still contained trace amount of trigonal IC,
which was formed at high temperature. When the IC melt
was isothermally crystallized at high temperatures, crystalliza-
tion was not complete, after cooled to room temperature,
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Fig. 1. Polarized optical micrographs of the stable form (a) and the metastable form (b) of the PEOeurea inclusion compound.
a small amount of amorphous melt further crystallized to form
tetragonal IC.

Fig. 5 shows the WAXD diffractograms of PEOeurea ICs
after annealing for different periods of time. The curve (a)
belongs to the as-prepared metastable tetragonal IC, and the
curves (b)e(d) indicate the diffractograms of the same sample
after annealing at 60 �C for 1 h, 3 h, and after further annealed
at 70 �C for 12 h, respectively. Comparing the four diffracto-
grams, we can find that the intensities of the peaks at 21.16�

and 22.36� due to the (202) and (114) planes of the tetragonal
form gradually decrease, and the intensity of the peak at
21.74� due to the (201) plane of the trigonal form increases
with the thermal treatment (see Fig. 5(b)e(d)). Fig. 5 further
confirms that the crystals of PEOeurea IC transit from the
tetragonal into the trigonal form during annealing.

3.2. PEO conformation in the inclusion compounds

Fourier transform infrared spectroscopy (FTIR) and Raman
spectroscopy are effective tools to reveal the conformation of

Fig. 2. DSC curves of PEOeurea IC: (a) the metastable form and (b) the stable

form.
polymer chains. Fig. 6 shows the FTIR spectra of PEOeurea
IC melt, the tetragonal and the trigonal crystalline forms.
The latter two types of ICs demonstrate quite different IR
spectra, suggesting different PEO chain conformations.

PEO chains in the trigonal modification adopted 41 helical
conformation (tgt)4, as reported by Chenite and Brisse [20].
The bands at 1360, 1279, 1248, 948 and 843 cm�1 bands are
assigned to CH2 wagging, CH2 twisting, CH2 rocking, CH2

rocking and CH2eOeCH2 deformation of the gauche confor-
mation, respectively. The bands at 1342 and 964 cm�1 are
assigned to CH2 wagging, CH2 twisting and CH2 rocking of
the trans conformation, respectively [22,23].

The IR bands of the PEO chains in the tetragonal IC are
quite different from those in the trigonal IC. New bands at
1350, 1307, 1242, 931 and 848 cm�1 were observed in the te-
tragonal IC. FTIR bands in the range of 1314e1325 cm�1,
though much weaker than that reported here, were previously
observed in PEO inserted into the interlamellar space of inter-
calated CdPS3 [24], homoionic NH4

þ-smectites [25] and lay-
ered double hydroxides [26], which were assigned to the

Fig. 3. DSC curves of the PEOeurea IC crystals obtained via annealing of the

original metastable form at 60 �C for (a) 0 h; (b) 1 h, and (c) 3 h.
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d(CH2) vibration mode of trans OeCH2eCH2eO conforma-
tion. It was also reported that in the stretched PEO film the
chains adopted ttt conformation [27]. To see whether the
1307 cm�1 band arised from trans OeCH2eCH2eO confor-
mation, we recorded the FTIR spectrum of a uniaxially
stretched PEO film; however, no bands were observed in the
range of 1300e1330 cm�1 (data not shown here). Conse-
quently, it is not plausible to assign the band around
1307 cm�1 to the trans zigzag or ttt conformation.

To further assign the chain conformation of PEO in the ICs,
Raman spectroscopy of the two types of ICs was further inves-
tigated, and the result is presented in Fig. 7. The strongest

Fig. 4. X-ray diffractograms of PEOeurea IC: (a) the metastable form, and (b)

the stable form.

Fig. 5. In situ X-ray diffraction patterns of PEOeurea IC (a) the as-prepared meta-

stable tetragonal IC; (b) annealed at 60 �C for 1 h; (c) annealed at 60 �C for 3 h;

(d) annealed at 60 �C for 3 h and further annealed at 70 �C for 12 h.
band at 1008 cm�1 belongs to the urea clathrate. The trigonal
IC shows Raman bands at 1278, 1237, 862 and 845 cm�1, sim-
ilar to the neat crystallized PEO. The tetragonal IC demon-
strates bands at 1308, 1259 and 845 cm�1. The strong bands
in the range of 800e900 cm�1 arise from the backbone

Fig. 6. Fourier transform infrared spectra in the region from 1700 to 800 cm�1

of the melt IC (a), the stable trigonal IC (b), and the metastable tetragonal IC (c).

Fig. 7. Raman spectroscopy of (a) trigonal PEOeurea IC; (b) tetragonal PEO

and (c) crystallized neat PEO. The inset shows the Raman spectroscopy from

950 to 750 cm�1.
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stretching vibration of PEO and are used for assignment of the
chain conformation. Yang et al. reported simulation on Raman
spectroscopy of different PEO conformations [28]: ‘‘for the
backbone stretching mode, the tgttgttgt and tggtggtgg se-
quences have a strong simulated band around 860 cm�1, the
tgg0tgg0tgg0 sequence has one at 830 cm�1, and the ttttttttt
and ttgttgttg sequences lack a substantial contributor in the
850 cm�1 region’’. Consequently, we tentatively assign the
predominant PEO conformation in the tetragonal PEOeurea
IC to tgg0. Shift of the Raman peak may result from the effect
of molecular weight and confinement. Yang’s simulation re-
sults were obtained from 1,2-dimethoxyethane, while in this
article the PEO chains are of high molecular weight of about
106 confined in the nanochannels. Based on both the IR and
Raman spectroscopy, we tentatively suggest that the band at
1307 cm�1 in the PEO complexes correspond to the gauche
conformation of OeCH2eCH2eO units rather than the previ-
ous assigned all trans conformation [24e26]. Furthermore,
our assignment agrees with the density functional simulation
of vibrations of 1,2-dimethoxyethane [29], which shows that
tgg0 instead of ttt and tgt conformations has vibration at
1312e1301 cm�1.
3.3. Transformation of the metastable tetragonal IC

To get a deeper insight, real-time FTIR was employed to
study the transformation process of the metastable tetragonal
form and to determine the kinetics at different temperatures.
Fig. 8 shows the FTIR results at 60 �C. Significant changes
can be observed during the transition process. Before the
transformation, the PEO chains in the metastable tetragonal
IC adopt tgg0 conformation, with strong bands at 1307,
1242, 931 and 848 cm�1. When kept at 60 �C, the tgg0 confor-
mation of OeCH2eCH2eO gradually converted into the tgt
conformation with bands at 1277, 1248, 948 and 843 cm�1.
Appearance of the peak at 1691 cm�1 (Fig. 8(c)) indicates
a transformation of the crystal structure from tetragonal to tri-
gonal modification. The reason for this peak’s appearance is
the existence of some isolated urea molecules in the channels
of the trigonal IC [13]. It can be found that the 1350 cm�1

(amorphous) band does not completely disappear after the
transition. The appearance of 1247 cm�1 band results from
the overlap of the broad 1242 cm�1 band of amorphous PEO
and the narrow 1248 cm�1 band of 41 helix. Fig. 9 compares
the final spectrum after transition to the calculated spectrum
Fig. 8. The in situ FTIR spectra of PEOeurea IC transformation at 60 �C. The time interval of two consecutive records is 3 min.
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from linear sum of 41 helix and the amorphous conformation
(using the IR band of the amorphous IC melt). The two spectra
match well, which suggests that during the transition the con-
fined tgg0 PEO chains in the tetragonal IC gradually change
into 41 helical and the random amorphous conformation, as
schemed in Fig. 10. It has been reported that the molar ratio
of [urea]/[CH2CH2O] is 1.0 in tetragonal form while 1.8 in tri-
gonal form of PEGeU IC and PEOeurea IC [15,20]. During
the transition, in order to satisfy the higher urea ratio con-
sumption, some PEO chains escaped from the urea channels
to form the random amorphous fraction.

Fig. 11 shows the conversion of the tetragonal form at
50 �C, 60 �C and 70 �C, measured by FTIR (using the relative
area change of peak at 1307 cm�1). The transition rate de-
pends on the annealing temperature. At 70 �C, the transition
is very fast, and the rate decreases at 60 �C and 50 �C. What’s
more, this transition can even occur very slowly at room tem-
perature. The low transition rate at room temperature makes it
possible for future characterization of the chain mobility via
solid state NMR. The above results confirm that the transfor-
mation is a kinetic solidesolid transition process and does
not have a defined transition temperature.

Fig. 9. Comparison of the final spectrum of transition (exp) and the calculated

spectrum (simu) from linear sum of 41 helix (curve b in Fig. 6) and the amor-

phous conformation (curve c in Fig. 6).

Fig. 10. The sketch map of the conformation change of PEO chains during the

solidesolid transition.
To determine the kinetics of the transition, the following
equation was used:

dA

dtn
¼�kA ð1Þ

where A is the area of the IR band at 1307 cm�1, n is the
exponent, and k is the rate constant depending on the temper-
ature. To obtain n and k, we integrate Eq. (1) to get a double
logarithmic equation, the well-known Avrami equation [30]:

log

�
� ln

�
At �AN

A0 �AN

��
¼ logkþ n log t ð2Þ

where A0, At and AN is the area of the IR band at time 0, t and
N, respectively.

Experimental data for Eq. (2) at different temperatures are
plotted and presented in Fig. 12. The calculated results are
listed in Table 1. The exponent n is around 1 and the rate con-
stant k increases sharply with annealing temperature. Arrhe-
nius equation is employed to get the activation energy of the
solidesolid transition:

kT ¼ k0 exp

�
� E

RT

�
ð3Þ

log kT ¼ log k0 �
E

2:303RT
ð4Þ

where kT is the rate constant at the temperature T and E is the
activation energy of transition. Plot of Eq. (4) is presented in
Fig. 13. The activation energy is calculated to be 222 kJ/
mol. Assuming hydrogen bonding energy in the tetragonal
IC is about 20 kJ/mol, the transition occurs with cooperative
disruption of at least 10 hydrogen bonds. Namely, the tgg0

PEO chains can only transform into the tgt conformation along
with disruption of the surrounding urea channels.
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3.4. Mobility of the nanoconfined PEO chains

High-resolution solid state 13C CP/MAS/DD (cross-polari-
zation, magic-angle spinning, dipolar decoupling) NMR is
a powerful technique to determine the mobility of polymer
chains. The spin-lattice relaxation times in the rotating (T1r

(1H)) and laboratory frames (T1 (13C)) have been demonstrated
to be sensitive to molecular motions at several tens of kHz and
several hundreds of MHz.

The CP/MAS 13C NMR spectra of pure PEO (a), the meta-
stable PEOeurea IC (b), the stable PEOeurea IC (c), and the
transformed product of the metastable IC after annealing at
70 �C overnight (d) are shown in Fig. 14. A resonance peak
at about 163.7 ppm in spectrum (b) is assigned to carbon of
urea in the tetragonal crystal lattice, which is slightly shifted
to 163 ppm in spectra (c) and (d). The resonance peak of meth-
ylene carbon of PEO appeared at 71.0 ppm for neat crystal-
lized PEO, 70.2 ppm for the metastable IC, and 70.0 ppm
for the stable IC and the transformed product of metastable
IC. The bulk PEO spectrum shows a resonance peak contain-
ing narrow and broad components, which corresponds to the
presence of amorphous and crystalline PEO, respectively.
The ‘‘upfield’’ shift of PEO line in the PEOeurea IC is similar
to that occurred in the PEOehydroxybenzene ICs [31], result-
ing from hydrogen bonding between O of PEO and H of urea.
Variation of the chemical shift of PEO reveals that the trigonal
IC exhibited stronger hydrogen bonding between PEO and
urea than the tetragonal form. The magnified resonance lines
of urea in the two types of ICs are presented in Fig. 15.
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Fig. 12. Plots of log[�ln((At�AN)/(A0�AN))] vs. log(t) for transition process.

A0, AN, and At are the initial area, final area, and area at time t of peak

1307 cm�1, respectively.

Table 1

Values of n and k for the transition kinetics determined from real-time FTIR

results

Temperature (�C)

50 60 70

n 1.03 1.28 0.88

k 0.0047 0.0753 0.5843
‘‘Upfield’’ shift of the resonance line of the carbonyl group in-
dicates that the stable trigonal form possesses stronger hydro-
gen bonding than the metastable tetragonal form, similar to the
case of starch/poly(sodium acrylate) [32].

Table 2 shows 13C T1 for the four samples at room temper-
ature, which reflects the local molecular motions at the fre-
quency region of several hundreds of MHz [33]. It is
revealed that PEO in the ICs possessed slower molecular mo-
tion than the neat amorphous PEO but faster than the neat
crystalline PEO, which agrees with the trend reported by
Tonelli et al. [1]. For the ICs, the PEO chains in the tetragonal
form show depressed local molecular motion than those in the
trigonal form, which may be attributed to the different channel
size and the different chain conformation as mentioned above.
Annealing of the metastable tetragonal IC at 70 �C overnight
produced the transformed product with T1 (13C) of 0.71 s, an
intermediate value between that of the trigonal IC (0.91 s)
and the neat amorphous PEO (0.61 s). Consequently, solid
state 13C NMR determination further supports the above
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Fig. 13. Plots of log(k) vs. 1/T for transition process. k is the transition rate at

temperature T.

Fig. 14. CP/MAS 13C NMR spectra of (a) pure PEO; (b) the metastable tetrag-

onal PEOeurea IC; (c) the stable trigonal IC, and (d) the transformed product

after annealing of (b) at 70 �C overnight.
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proposition that annealing of the tetragonal IC leads to transi-
tion to the trigonal IC and some amorphous PEO chains es-
caped from the urea clathrate nanochannels, as schemed in
Fig. 10.

The rotational isomeric state description for amorphous
PEO suggests that the energy of gauche OeCH2eCH2eO is
400 cal/mol greater than that of trans conformation [34e36].
Why do PEO chains in the tetragonal IC adopt the former con-
formation? It may be due to the following reasons: in the melt,
PEO chains adopt gauche OeCH2eCH2eO conformation due
to the intramolecular O/H attraction effect [28]. When the IC
melt was isothermally crystallized at temperatures higher than
70 �C, the components had enough mobility to form the con-
formations with strong intermolecular hydrogen bonding

Fig. 15. Resonance lines of urea in the stable trigonal form and the metastable

tetragonal form.

Table 2

T1 (13C) for neat crystallized PEO, the tetragonal IC, the trigonal IC, and the

transformed product at room temperature

Neat PEO Tetragonal

IC

Trigonal

IC

Annealing of

the tetragonal

IC at 70 �C

T1 (13C) (s) 3.22 (crystalline),

0.61 (amorphous)

1.59 0.91 0.71
between O of PEO and H of urea, thus producing the trigonal
form with the minimum free energy. When the IC melt was
quenched to temperatures lower than 70 �C, the tetragonal
IC possessed the PEO conformation similar to that in the
melt PEO (predominantly tgg0) [28], so it showed a higher
crystallization rate than the stable IC with a different PEO
conformation. Consequently, at lower crystallization tempera-
tures, the tetragonal form predominated due to the kinetic ef-
fect. Due to the narrow channel size of the urea clathrates
(about 7 Å), transition of the PEO chain conformation from
tgg0 to tgt is very slow at room temperature (more than a month
for complete transformaion). During annealing of the tetrago-
nal IC at higher temperature, the tetragonal urea channels dis-
rupted, so the PEO chains and urea cooperatively assembled
into the stable trigonal form with tgt PEO conformation.

3.5. Nonlinear optical response of PEOeurea ICs

Second harmonic generation (SHG) microscopy is a novel
method to study the second order nonlinear optical properties
of heterogeneous material [37e39], in which two photons at
the fundamental frequency u are converted into one photon
at the frequency 2u. In contrast to the conventional measure-
ment determining only the average SHG intensity in the
incident region (usually with a diameter about several
millimeters), SHG imaging is capable of obtaining the spatial
distribution of SHG response in the material with resolution
down to submicrons [40,41]. Thus, dependence of the SHG ac-
tivity on the crystalline structure of the inclusion compound
can be investigated. Different crystalline forms of PEOeurea
IC display different SHG activity, as demonstrated in
Fig. 16. In the SHG micrograph, the brighter region indicates
stronger second order optical activity. It is shown that the
trigonal IC (zone 2) reveals stronger SHG activity than
the tetragonal form (zone 1), which can be attributed to the
stronger hydrogen bonding in the former based on the report
Fig. 16. Second harmonic generation micrograph (left) and polarized optical micrograph (right) of the tetragonal (the small crystal grains) indicated by zone 1 and

the trigonal form PEOeurea IC indicated by zone 2 in the same film.
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that in some organic crystals, hydrogen bonding enhances the
hyperpolarizability and thus the SHG activity [42e44].

4. Conclusion

The PEOeurea ICs formed from melt can adopt two crys-
talline modifications: trigonal or tetragonal, depending on the
crystallization temperature. FTIR and Raman spectroscopies
reveal that the PEO chains in the trigonal modification appear
with the previously reported tgt OeCH2eCH2eO conforma-
tion, while those in the tetragonal modification possess pre-
dominantly tgg0 conformation. The transition of PEOeurea
IC from the metastable tetragonal form to the stable trigonal
form was observed via real-time FTIR and WAXD. During
the conversion, the PEO tgg0 conformation in the urea nano-
channels change into the tgt and the random amorphous con-
formation. It is a solidesolid transition process with the rate
depending on the annealing temperature. Furthermore, solid
state 13C NMR was carried out to measure the molecular mo-
bility in the ICs indirectly. The laboratory frame spin-lattice
relaxation time T1 (13C) shows that the PEO chains in the te-
tragonal form show depressed local molecular motion than
those in the trigonal form; nonetheless, PEO chains in the
two IC forms exhibit decreased chain mobility than the neat
amorphous PEO, but enhanced mobility than the neat crystal-
line PEO. Second harmonic generation microscopy reveals
that the trigonal IC exhibits stronger nonlinear optical activity
than the tetragonal IC due to the stronger hydrogen bonding in
the former. All the experimental results demonstrate that
hydrogen bonding is the driving force for the transformation
of the metastable PEOeurea IC.
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