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ABSTRACT: Simultaneous measurements of WAXD, SAXS, and Raman spectra have been performed
during the water-induced phase transitions of poly(ethylenimine) (PEI). As is well-known, PEI transforms
among four kinds of crystalline forms by absorbing water: anhydrate (EI/water = 1/0), hemihydrate (1/0.5),
sesquihydrate (1/1.5), and dihydrate (1/2). The chain conformation changes from double helix in the
anhydrate (0) to planar-zigzag form in the hemi- (0.5), sesqui- (1.5), and dihydrates (2). The structuctural
changes in the crystalline region during the water-induced phase transitions have been found to induce also
the remarkable changes in the higher-order structure of stacked lamellaec on the basis of the detailed
comparison between WAXD and SAXS data. The anhydrate (0) composed of double helices showed the long
period of 81 A. When the anhydrate (0) started to transfer to the hemihydrate (0.5), the two types of long
periods, 75 and 159 A, were observed. The 159 A period appeared only temporarily in the transition process
from anhydrate (0) to hemihydrate (0.5). In the transition from hemihydrate (0.5) to sesquihydrate (1.5) and
to dihydrate (2) the long period changed to 64 A (0.5 and 1.5) and 61 A (2). These SAXS profile changes have
been reproduced quantitatively on the basis of a stacked lamellar structural model with paracrystalline

disorder taken into consideration.

Introduction

Poly(ethylenimine) [PEI, —(CH,CH,NH),—] exhibits water-
induced phase transitions among four crystalline hydrates: anhy-
drate (molar ratio EI/water = 1/0), hemihydrate (1/0.5), sesqul-
hydrate (1/1.5), and dihydrate (1/2), as shown in Figure 1.' > The
chain conformation of the anhydrate (0) is a double helix formed
by N—H---N hydrogen bonds between the neighboring PEI
chains. By absorbing water, the double helix changes to a pair of
single chains of planar-zigzag conformation with the N—H- - -O
and O—H- - -N hydrogen bonds formed among water molecules
and PEI chains.' Depending on the water content included in
the crystal lattice, the packing structures of PEI and water
molecules are different among the hemi- (0.5), sesqui- (1.5), and
dihydrates (2). In this way the double helix of PEI is stabilized by
intermolecular hydrogen bonds, and it transforms to the parallel
packing of single chains through the rearrangements of hydrogen
bonds between polymer and water molecules. Such a transition
between double helices and single chains is quite unique among
many synthetic polymers.

In a series of papers,* ® we have investigated the structural
changes of PEI in the hydration and heating processes by
measuring the vibrational spectra and wide-angle X-ray diffrac-
tion (WAXD) patterns. On the basis of these experimental data,
the changes in molecular conformation and crystal lattice during
the phase transitions were clarified in a concrete manner. The
relative strengths of hydrogen bonds in the hydrates were
estimated by analyzing the infrared and Raman bands character-
istic of each hydrate. In addition to these crystalline phase
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transitions, the water-induced crystallization was also revealed
to occur in the amorphous region during the transitions.® It might
be expected, therefore, the PEI sample should become fully
crystalline at the end of hydration process. Actually, however,
it is difficult to get such a fully crystallized sample because of the
disturbance by the entanglements of polymer chains in the
amorphous phase, though the degree of crystallinity becomes
remarkably high in the hydrated state.® By performing the
temperature-dependent measurement of infrared spectra under
various water contents, the effect of temperature and water
content on the phase transitional behavior was also studied
extensively.” Using these experimental results, we built up a phase
diagram of the PEI/water system as functions of water content
and temperature.’” On the basis of this phase diagram, it is
possible to predict the transitional behaviors in both the hydra-
tion and heating processes. In fact, the predicted phase transitions
were confirmed quite reasonably by performing the X-ray dif-
fraction measurements under the various temperature/humidity
conditions.®

In this way we have been studying the changes in the crystal
lattice of the PEI—water system in detail. How about the relation
between the crystal and high-order structure? It might be reason-
able to speculate that the higher-order structure is also affected
more or less by the phase transitions in the crystalline region, as
known from many examples describing the intimate relationship
between the structural changes in crystal lattice and higher-order
structure.””"” In these cases the thermally activated molecular
chains in the crystal lattice experience the translational motion as
well as the rotational (librational) motion coupled with the
conformational change through the torsional motion around
the skeletal CC bonds. These motions do not affect only the
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Figure 1. Crystal structures of poly(ethylenimine).

crystal lattice but also the whole shape and stacking morphology
of the crystalline lamellae and then the physical property of the
bulk samples. In the case of PEI, too, the study of the hierarchical
relationship between the molecular conformation, crystal lattice,
and higher-order structure is important for controlling the
physical property, although the structural transitions occur via
water absorption mechanism, different from the above-men-
tioned many other cases.

As described in the present paper, we have performed the
simultaneous measurement of small-angle X-ray scattering
(SAXS), wide-angle X-ray diffraction (WAXD), and Raman
spectra in the hydration process to clarify the hierarchical
relationship. Since the transition occurs rapidly during the water
supply, high-speed measurement is required for the WAXD,
SAXS, and Raman spectra. The WAXD and SAXS measure-
ments were performed using the high-flux synchrotron X-ray
beam as well as the X-ray instrument in the laboratory. The
Raman spectra were obtained at the same time with the X-ray
measurements for getting the information on molecular structur-
al changes. The SAXS patterns were analyzed on the basis of the
stacked lamellar structural model with paracrystalline disorder
taken into account. It may be said that the present study will
make a significant contribution to the development of the
structural study of solid-state PEI in the humid atmosphere.

Experimental Section

Linear PEI was obtained by the acid hydrolysis of poly(N-
acetylethylenimine) [M: 500000 g/mol] which was supplied by
Dow Chemical Co. Ltd.'® Uniaxially oriented films were pre-
pared by stretching the melt-quenched sample in the dry ice/
methanol bath. The samples were kept in vacuo for 7 days at
35 °C to obtain the anhydrate (0) sample.

The simultaneous time-resolved measurements of WAXD,
SAXS, and Raman spectra were performed in the hydration
process of PEI at the beamline BL45XU of SPring-8, Hyogo,
Japan, where a high-flux synchrotron X-ray beam of 0.90 A
wavelength was generated by an undulator. Figure 2a shows a
schematic illustration of the measurement system. The sample of
ca. 150 um thickness was set into the cell with a pair of thin Mylar
films (2 um thickness). Water was supplied quickly to the bottom
of this cell, and the WAXD/SAXS/Raman measurements were
started immediately. The SAXS, WAXD, and Raman data were
collected for 1 s at every 10 s interval. In this experiment the
sample was exposed continuously in the water vapor atmosphere,
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Figure 2. Schematic illustrations of the measurement systems: (a)
simultaneous WAXD/SAXS/Raman measurement using synchrotron
system; (b) simultaneous measurement of WAXD and SAXS using
NanoViewer in the laboratory.

and the transition proceeded up to the sesquihydrate (1.5). Since
the sample was relatively thick, it was not possible to reach the
fully hydrated dihydrate (2) during the experimental time. The
2-dimensional WAXD pattern was detected using an arrayed
fiber-optic taper coupled CCD detector (arrayed FOT-CCD
detector),19’20 which was set at a distance of 126 mm from the
sample cell. The 2D SAXS pattern was measured using an X-ray
image intensifier with CCD installed at a distance of 2541 mm
from the sample position. For the Raman spectral measurement,
a laser beam of 633 nm wavelength was incident to the sample
using an optical fiber, and the backscattered Raman signals were
collected with the same optical fiber, where the Raman spectro-
meter of Lambda Vision Co. Ltd., Japan, was used.

The synchrotron experiment gave the SAXS and WAXD data
of high intensity. But, as will be seen later, the SAXS data were
not very clear due to too strong central scatterings (probably
coming from some voids included in the sample). Then the
simultaneous measurements of WAXD and SAXS were also
performed using Nanoviewer (RIGAKU) in the laboratory.
The measurement system is shown in Figure 2b. The finely
focused X-ray beam of Cu Ka line (1 = 1.54 A) was incident
to the sample. Imaging plates were used as the detectors for
WAXD and SAXS data. The sample-to-detector distances were
30 mm for WAXD and 560 mm for SAXS. Since the X-ray
exposure time was long, the hydration was assumed to have been
enough well equilibrated at each humidity condition to give some
particular hydrate phases. The sample was sealed off perfectly
immediately after the supply of a certain amount of water. The
SAXS pattern changes were essentially the same as those of
synchrotron experiments but with clearer images in the central
parts.

Results and Discussion

Simultaneous WAXD/SAXS/Raman Measurements Using
Synchrotron System. Figure 3 shows the time dependence of
WAXD and SAXS patterns in the hydration process of the
oriented PEI sample, which were measured using synchro-
tron system. Since the two panels were set separately in the
arrayed FOT-CCD detector, the WAXD patterns given in
Figure 3a are combinations of two images taken by these two
separate panels. The WAXD pattern at the starting point
was that of anhydrate (0). By absorbing water, the X-ray
scattering intensities of the anhydrate (0) decreased and the
reflections of the hemihydrate (0.5) started to appear. The
WAXD pattern at 17 min corresponds to that of hemihy-
drate (0.5). After that, the reflections of sesquihydrate (1.5)
started to appear and coexisted with those of hemihydrate
(0.5). The transition from sesquihydrate (1.5) to dihydrate
(2) occurred too slowly to trace completely in this experi-
ment.
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Figure 3. Time dependence of WAXD and SAXS patterns of uniaxially
oriented PEI sample in the hydration process measured with the
synchrotron system: (a) WAXD and (b) SAXS patterns.
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Figure 4. Time-dependent Raman spectral change in the hydration
process of PEI measured simultaneously with the WAXD and SAXS
data shown in Figure 3.

In the SAXS patterns shown in Figure 3b, the meri-
dional scattering peaks were detected, which changed the
positions by hydration. The long period changed from 74 A
of the anhydrate (0), to 83 A of the hemihydrate (0.5), and
to 90 and 66 A for the mixture of hemi- (0.5) and sesquihy-
drates (1.5).

Figure 4 shows the time dependence of Raman spec-
tra measured simultaneously with the synchrotron WAXD
and SAXS data. The spectrum at 0 min corresponds to that
of the anhydrate (0). The bands at 800, 1250, and 1465 cm ™",
characteristic of the anhydrate (0), rapidly decreased in
intensity by hydration. Since it was difficult to separate the
bands of hemi- (0.5) and sesquihydrates (1.5) in the fre-
quency region of 1482—1493 cm™'; these bands were
analyzed as a combined band.” The Raman band inten-
sities of anhydrate (0), hemi- (0.5), and sesquihydrates (1.5)
are plotted against time in a logarithmic scale in com-
parison with the changes in WAXD and SAXS data, as
shown in Figure 5. When the WAXD reflections changed
from anhydrate (0) to hemihydrate (0.5) and to ses-
quihydrate (1.5), the Raman band intensity was found to
change in parallel. The SAXS long period of anhydrate (0)
was 74 A at the starting point. It became apparently con-
tinuously longer during the transition from anhydrate (0) to
hemihydrate (0.5). When the anhydrate (0) disappeared
totally at around 10 min, the long period was about 83 A.
Then, the two long periods were observed at 90 and 66 A
during the transition from hemihydrate (0.5) to sesquihy-
drate (1.5).

In this way, a good correlation was observed between
the molecular, crystal, and higher-order structures in the
process of water-induced phase transitions. In the SAXS
measurement using synchrotron X-ray beam, however,
the central part of SAXS patterns was detected too strongly
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Figure 5. Time dependence of the Raman band intensities, the SAXS
long period, and the WAXD intensities of the hydrates in the hydration
process of PEL.
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Figure 6. (a) WAXD and (b) SAXS patterns of uniaxially oriented PEI
samples with the various hydrates.

even in a quite short exposure time to perform the de-
tailed analysis of the integrated intensity profiles in a
quantitative manner. In addition, the transition from ses-
quihydrate (1.5) to dihydrate (2) was not observed in this
measurement. Then we were challenged again by the simul-
taneous WAXD/SAXS measurements in the laboratory
using thicker samples (ca. 500 um) to increase the signal-
to-noise ratio.

Figure 6 shows the WAXD and SAXS patterns thus
collected using the Nanoviewer. In this experiment the
sample was sealed perfectly immediately after the supply
of a certain amount of water, and then the WAXD and
SAXS measurement was made with relatively long X-ray
exposure time. A series of X-ray scattering patterns given
in Figure 6 are those taken for long time at different con-
stant water contents. It may be reasonable to assume that
the sample was enough well in the equilibrated state at
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Figure 7. Equatorial WAXD and meridional SAXS profiles measured
for uniaxially oriented PEI samples with various hydrates (refer to
Figure 6).

each water content. The WAXD profiles along the equator-
ial line and the SAXS profiles along the meridional line are
shown in Figure 7. As seen in the WAXD data of high ¢
range, where ¢ = (4mr/A) sin(0) for the scattering angle 20 and
X-ray wavelength 4, the transitions between the anhydrate
(0), hemihydrate (0.5), sesquihydrate (1.5), and dihydrate (2)
were observed cearly in the hydration process. The corre-
sponding SAXS patterns are shown in Figure 6b. The long
period observed for the anhydrate (0) was 81 A. In the
transition from the anhydrate (0) to hemihydrate (0 >
0.5), the plural number of scatterings were detected along
the meridional line, corresponding to the long periods of 75
and 159 A. (The long period peak of 159 A could not be
detected in the synchrotron experiment because of too strong
central scattering.)

When the anhydrate (0) disappeared completely as
known from the WAXD data, the long period peak of
159 A disappeared at the same time. At the stage of hemi-
and sesquihydrates mixture (Figure 7c) or the pure sesquihy-
drate (Figure 7d), the broad peak of 64 A long period existed.
Then the long period changed to 61 A when the dihydrate
started to appear (1.5 > 2). In the synchrotron experiment,
the peak was observed also at 90 A, which was not detected in
Figure 6. While the synchrotron experiment was to trace the
structural change in situ during the hydration process, the
laboratory experiment measured the structure attained at
equilibrated states. Therefore, by comparing these two dif-
ferent experimental results, we may say that some special
aggregation state might appear on the way of transition by
hydration, but the details are not known at present. We need
to perform more highly qualified synchrotron experiment
again. In the present paper the analysis of higher-order
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Figure 8. Schematic illustration of the stacked lamellar structure: (a)
the anhydrate (0), (b) mixture of anhydrate (0) and hemihydrates (0.5),
(c) the model equivalent to (b) but with the electron density distribution
taken into account, and (d) the structural model of alternately stacked
lamellae with different electron densities.

structure will be made for the SAXS data taken at equili-
brated states.

Models of Higher-Order Structures. As pointed out above,
the SAXS long period 159 A was detected only temporarily
in the transition from anhydrate (0) to hemihydrate (0.5).
This peak disappeared when all the anhydrates (0) trans-
ferred to the hydrates (0.5 and 1.5). The long period 159 A is
nearly double of the value 81 A detected for the anhydrate
(0). To interpret this appearance of two types of long periods,
we calculated the SAXS intensity profiles based on the
stacked lamellar structural model. As shown in Figure 8a,
the dry PEI sample is assumed to consist of stacked lamellae
of anhydrate (0). By absorbing water, some of lamellae may
transfer to the hemihydrate (0.5), as shown in Figure 8b. This
may occur statistically randomly. When a double helix in the
anhydrate (0) transfers to a couple of planar-zigzag chains in
the hemihydrate (0.5), the electron density along the chain
axis changes from 25 (0) to 16 (0.5).' > Although the lamellar
stacking structure is the same as (b), Figure 8c considers the
electron density, where the height corresponds to the elec-
tron density difference between the lamellar and amorphous
phases. This model given in (c) is complicated and difficult to
calculate the corresponding X-ray scattering pattern. But, as
already reported,>"** this statistically disordered model is
essentially equivalent to that shown in Figure 8d or the
alternately arranged model of the two kinds of lamellae of
different electron densities.

The lamellae are assumed to have the sharp edges. The
relative electron density of the original anhydrate lamella is
Ay, and that of hydrate lamella is A,. The d; and d> indicate
the thicknesses of a main lamella and an inserted one,
respectively. The long period L, is assumed to be a half of
the original period L;; L, = L;/2. If the second kind of
disorder is introduced to the model shown in Figure 8d, the
scattering intensity /(¢) is expressed by eq 1:>>*

1(q) = P(q)L(q) (1)

where P(q) is a particle factor and L(q) is a lattice factor. P(g)
is a square of Fourier transform of structure unit p(x) shown
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Figure 9. Comparison of the observed SAXS profiles of PEI with the
profiles simulated for the stacked lamellar structure model: (a) anhydrate
(0), (b) the mixture of anhydrate (0) and hemihydrate (0.5) (0 > 0.5), (c)
the mixture of hemi- and sesquihydrates (1.5 > 0.5) and the sesquihy-
drate (1.5), and (d) the mixture of sesqui- and dihydrates (1.5 > 2).

in eq 2 and is given by eq 3.

A (—d/2<x=d)2)
px) = {o (x < —d/2, dJ2 < %) )

’ ) =| [ peras

2, sin(dig/2
_ 1smq(1q/)Jr

2

2
exp(—iLq/2)

2A; sin(drq/2)
q

= 4[A* sin*(dyq/2) +2A1A; cos(Lq/2)
sin(dyq/2) sin(daq/2) + As* sin’(daq/2)] /% (3)
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Figure 10. Stacked lamellar models obtained for (a) anhydrate (0), (b)
the mixture of anhydrate and hemihydrate (0 > 0.5), (c) the mixture of
hemi- and sesquihydrates (1.5 > 0.5) and the sesquihydrate (1.5), and

(d) the mixture of sesqui- and dihydrates (1.5 > 2). The electron density
Ap is a relative one.

The lattice factor L(g) is a square of Fourier transform of
one-dimensional periodicity of lamellae with the second kind
of disorder and is given by eq 4.

1 —exp( —47%g’h?)
[1 — exp( —272g2h?)]* 4 4 sin® (zwh) exp( —272g2h?)
B sinh(q?0.2/2)
~ cosh(q?0,2/2) — cos(Lq)

L(q) =

“4)

where the Gaussian distribution is assumed for the long
period L, and g (= o,/L) is a measure of the second kind
of disorder and o; is the standard deviation. A is given as h =
Lg/2m. Substituting eqs 3 and 4 into eq 1, the scattering
intensity /(g) is expressed by eq 5.

4[A\% sin®(d1q/2) +2A1A; cos(Lq/2) sin(dq/2) sin(dag/2) + Ay* sin*(daq/2)] sinh(q?0,%/2)

I(q) =

g*[cosh(q?012/2) — cos(Lq)]

(5)

The parameters A;, A,, etc., were adjusted to reproduce the
observed SAXS profiles as reasonably as possible.

The comparison between the observed and calculated
SAXS profiles is shown in Figure 9a—d. Figure 10 exhibits
the resultant structural models. The anhydrate (0) sample
possesses the stacked lamellar structure of the averaged long
period 78 A and the thickness ca. 30 A. In the case of mixture
of anhydrate (0) and hemihydrate (0.5) (Figure 9b), two sorts
of lamellae with the electron density ratio 10:3 are existent as
shown in Figure 10b, where the long periods are 130 and
65 A. The thickness of the lamellae is 30 A. The SAXS
profiles of 1.5 > 0.5 and 1.5 give the models shown in
Figure 10c,d. The long period is 57 A, and the lamellar
thickness is 30 A. The electron densities of these hydrates are
16.9 (0.5), 21.2 (1.5), and 23.9 (2). Since the relative electron
densities of these hydrates are similar to each other, the
lamellae cannot be distinguished each other among these
three types of hydrates.

The structural parameters thus obtained are shown in
Figure 11. The g factor, a measure of second kind of disorder,
increases in the transition process from anhydrate (0) to
hemihydrate (0.5) and to sesquihydrate (1.5), indicating the
disorder of the lamellar stacking structures in the process of
water-induced phase transition. When the dihydrate (2)
starts to appear, however, the g factor decreases, meaning
that the lamellar stacking structure becomes ordered again in
the transition to hydrate (2).

The models shown in Figure 10 take the difference of
electron density into consideration. In the actual case the
structure of Figure 10 can be expressed more realistically as
the statistically disordered lamellar stacking structure as
shown in Figure 12. The anhydrate (0) sample has the
lamellar stacking structure of the long period 78 A and the
lamellar thickness 30 A (Figure 12a). Some of the lamellae
transform to those of hemihydrate (0.5) by hydration,
and the long period changes slightly (Figure 12b). Further
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absorption of water induces the transitions from hemi-
hydrate (0.5) to sesquihydrate (1.5) and dihydrate (2), but
the lamellar stacking structure is almost preserved: the long
period 57 A and the lamellar thickness 30 A.

About the Lamellar Thickness and Structural Change. In
the phase transition of PEI, the chain conformation changes
remarkably between the helical and planar-zigzag forms.
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Figure 13. Illustration of the higher-order structural change in the
hydration process of PEI from the anhydrate (0) to the mixture of
anhydrate (0) and hemihydrates (0.5). (a) The double helical parts are
assumed to change totally to the planar-zigzag chains. The lamellar
thickness increases by about twice and the long period increases from 78
to 105 A. This model cannot reproduce the observed SAXS profile
(Figures 7 and 9). (b) Central parts of double helices transform to the
planar-zigzag chains, and the other parts change to the amorphous
phase. At the same time the amorphous phase transforms partially to
the crystalline hydrate phase. The long period changes from 78 to 57 A.

The fiber period of double helix is 4.79 A as observed in
X-ray diffraction pattern, but the actual period of single
helical chain component is 9.58 A consisting of 5 monomeric
units."* In other words, the helical pitch per monomeric
unitis 9.58/5 = 1.92 A. On the other hand, the fiber period of
planar-zigzag chain conformation is 7.31 A and consists of 2
monomeric units along the chain axis. The pitchis 7.31/2 =
3.66 A/monomer unit. Therefore, when the anhydrate (0)
transforms to the hemihydrates (0.5), the lamellar thickness
should increase by about twice (3.66/1.92) as long as the
chain axis is kept in the transition. In the above-mentioned
calculation of lamellar thickness, as shown in Figures 10 and
12, the lamellar thickness of 30 A is kept unchanged in the
transition process. In the structural transition, the whole part
of double helix may not change to the regular zigzag chains,
but some portions may be disordered to become the amor-
phous state, resulting in the lamellar thickness of 30 A. At the
same time, it is needed to remember that the amorphous
region can be crystallized by llydration.6 The original amor-
phous thickness is about 48 A, since the long period is 78 A
and lamellar thickness is 30 A. Therefore, it might be possible
for the amorphous phase to change partially to the crystal-
line phase of 30 A thickness. The long period of the anhy-
drate (0) is 78 A, while it is 57 A in the hydrate phase. By
considering all these situations, we may draw the structural
change of stacked lamellae in a more concrete way as shown
in Figure 13. In this figure, the anhydrate part of lamella
changes to the crystalline (hydrate) and amorphous regions.
The original amorphous phase changes also to the similar
structure. As a_result, the alternating structure of 30 A
lamella and 27 A amorphous region is finally attained.

Conclusion

In the present study, the higher-order structural changes have
been investigated in relation with the molecular and crystal
structural changes during the water-induced phase transitions
of PEI by means of simultaneous WAXD/SAXS/Raman mea-
surements. When the phase transitions occurred from anhydrate
(0) to hemihydrate (0.5), sesquihydrate (1.5), and dihydrate (2),
the SAXS patterns changed dramatically. The long period of
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anhydrate (0) observed was 81 A. When the anhydrate (0) started
to transfer to the hemihydrate (0.5), the two long periods of 75
and 159 A appearred. In the transition from hemihydrate (0.5) to
sesquihydrate (1.5) the long period changed to 64 A. The
dihydrate (2) showed the long period 61 A. To interpret these
phenomena, the SAXS intensity profiles were calculated based on
the stacked lamellar structural model with the paracrystalline
disorder taken into account.

PEI is characteristic in such a sense that it shows the water-
induced crystalline phase transitions between the double helix and
planar-zigzag chains. In this transition process, at the same time,
the higher-order structure changes remarkably as described in the
present paper. For the various crystalline polymers, the stacked
lamellar structure is well-known to be affected more or less in the
thermally induced phase transitions due to the drastically en-
hanced thermal motion of molecular chains in the high-tempera-
ture region.” '’ In the present PEI case, the water molecules play a
role to induce such a drastic motion of molecular chains to cause
the change in lamellar stacking structure as well as the changes in
the molecular conformation and the packing structure of these
chains. For clarifying the details of location and movement of
water molecules in the PET samples, the usage of such techniques as
solid-state NMR and wide- and small-angle neutron scatterings
will be helpful, which are now trying to be performed.
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