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ABSTRACT: This study concerns with analysis of water inside a poly-p-phenyleneben-
zobisoxazole (PBO) fiber. It is important to analyze the state of water attached to
polymer, because it may affect properties of fibers as the increase of drying speed of
water from the fiber. To carry out such observation, differential scanning calorimetry
and nuclear magnetic resonance spectroscopy were applied. They reveal the large
freezing point depression and the state of water inside wet PBO fiber. It shows
extraordinary low crystallization temperature. The reason may be that the water is
packed into capillary voids whose diameter is around 2–3 nm. Proton NMR analysis
also suggests the above result. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80:
1030–1036, 2001
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INTRODUCTION

Interaction between water and polymer has been
an important concern in the polymer industry,
because it affects properties of plastic product.
One such example concerns analysis of drying
solvent from fiber. Many fibers such as acrylic and
regenerated cellulose fibers are spun with a wet
spinning method, in which fiber structure forma-
tion happens and is determined in the coagula-
tion and following drying processes. In the cases
of acrylic fibers, aqueous solution is used as a
coagulant and washing fluid, and the interaction
force between the water and the polymer deter-
mine fiber structure, especially capillary diame-
ter and shape, which result in fiber properties.1–3

Poly-p-phenylene terephthalamide (PPTA) is also
one such fiber made through a coagulation pro-

cess from strong acid polymer solution, and re-
cently poly-p-phenylenebenzobisoxazole (PBO) fi-
ber has been developed and commercialized as a
high-modulus and high-strength fiber.4 They are
made through a dry-jet wet spinning method with
a rigid-rod polymer, and the produced fiber struc-
ture also shows the presence of capillaries elon-
gated to the fiber axis. The presence of capillary
and its diameter were inspected with small-angle
X-ray scattering (SAXS) and transmission elec-
tron microscopic (TEM) techniques.5,6 The values
were reported as around 3 nm (PPTA)5 and 2–3
nm (PBO)6 which are far less than those of
acrylic1,2,7and cellulose8 fibers reported. Water
absorbed in as-spun fiber may be localized in the
capillary before drying in the production process.
But those SAXS and TEM techniques do not pro-
vide information on which kind of force is acting
on water inside the fiber.

In order to make the thermodynamic state of
water clear, 1H nuclear magnetic resonance
(NMR) spectroscopy9 and differential scanning
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calorimetry (DSC) have been effective methods.10

Bulk water freezes at 0°C under normal pressure
but it shows an extraordinarily large freezing
point depression if it is packed in very small cap-
illary, especially its diameter goes down below 10
nm. The effect is considered to be a reflection of
the surface tension of that small droplet. Todoki
and Ishikiriyama inspected such water in poly-
methyl methacrylate gel with DSC, and found a
relationship between capillary diameter and the
freezing point depression.10 The freezing–melting
behavior of capillary water can also be inspected
with 1H NMR spectroscopy by changing sample
temperature. This measurement is due to the fea-
ture that NMR peak can be observable if the
measured molecule is allowed for free movement.
The degree of freedom (ease of movement) is ex-
pressed as NMR peak sharpness or relaxation
times. There is a report9 that the water in
methacrylate hydrogel has freedom close to free
water than chemically bound water. Konomi et al.
characterizes the state of water absorbed in PPTA
fiber.11 Its molecule contains an OH— group (that
is different from PMMA) and can interact with
water molecule. The NMR result gives a broad
peak indicating that the movement of water is
limited by the interaction. Infrared radiation (IR)
spectroscopy also becomes a useful tool to analyze
the bound state between the water molecule and
polymer with the aid of the normal mode vibra-
tion calculation. Kusanagi et al. analyzed the in-
teraction between water and a polymer fiber such
as polyethyleneterephthalate.12

In this study, the acting force on water in a
capillary of PBO fiber is analyzed with DSC and
NMR methods. PBO has no particular functional
group in the molecule to interact with water as
cellulose and PPTA, but there is always a problem
of drying that water up in the fiber manufactur-
ing process without destroying fiber structure.13

To understand this difficulty and propose a solu-
tion to dry fiber easily it is inevitable to sum up
not only morphological information but also act-
ing forces on the water. But there was limited
knowledge about behavior of the PBO capillary
water. Therefore, this study is concerned with
these matters.

SAMPLE AND EXPERIMENT

Sample fiber containing water inside is taken up
from the point after the washing process is fin-
ished in the PBO fiber production process. Then

the fiber was stored in water before measurement
to keep structure wet. For DSC and thermal grav-
itation analysis (TGA) measurements, a Mac Sci-
ence MC-3100 analyzer was adopted. To measure
DSC curves a weight of 3–10 mg of chopped fibers
was sealed in an aluminum pan. An open plati-
num pan was used to weigh fiber in an oven in
TGA. Some fibers were predried at 200°C in an air
circulation oven to reduce water in the fiber be-
fore measurement in order to check moisture con-
tent dependence. A Varian XL-300 spectrometer
(the power of 300 MHz) is used to detect the NMR
spectrum. (Solid-state NMR mode is not applied
in this study.) Specimen fibers were inserted in a
NMR glass tube and the fiber axis was placed
parallel to the magnetic field of the spectrometer.
The NMR peak became wider in the case in which
the measured fiber axis has a right angle with the
magnetic field because of disturbance of the mag-
netic field due to oriented PBO polymer chains.
Relaxation times (spin–lattice relaxation; T1 and
spin–spin relaxation; T2) were also measured.

RESULT AND DISCUSSION

TGA Diagrams

Figure 1 shows weight loss of PBO wet fiber as a
function of temperature. Fiber contains both cap-
illary water inside and surface water outside
around fiber filaments just after washing process.
The wet fiber is heated at the rate of 20°C/min in
a TGA oven. The weight goes down rapidly up to
120°C, which comes from evaporation of surface
water. Over 120°C, it still shows some slope
(weight reduction), though it becomes less, and
levels off after 230°C, indicating that water inside
the fiber is so constrained by some force that there

Figure 1 TGA curve for wet PBO fiber.
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is some water that remains there up to 230°C. An
amount of the constrained water can be estimated
from the weight loss between 100 and 230°C, and
it is estimated about 30% in water (moisture)
content (MC) that is calculated from the follow-
ing:

MC5~Fiber Weight containing water/

Fiber weight after dry21!3100[%] (1)

DSC Measurement

The freezing point of capillary water can be mea-
sured by DSC and the result is shown in Figure 2.
From the room temperature, chopped PBO fiber
(containing 24% water) is cooled at the rate of
10°C/ min up to 2100°C and then heated back to
room temperature. In the figure we can under-
stand that the water freezes suddenly at 245°C in
the cooling process and melts again over the re-
gion from 240 to 210°C gradually in the thawing
process. Brun et al.14 and Todoki et al.10 reported
the freezing point depression relating to the di-
ameter of water that is packed into a small peace.
As the diameter of water droplet becomes smaller
(less than 10 nm, especially), the effect from sur-
face tension is not so negligible thermodynami-
cally that the large freezing point depression can
be observable. It is noteworthy that the PBO mol-
ecule does not contain a special group that can
bond water molecules such as poly-p-phenylene
terephthalamide (PPTA). These theories give us

the equations relating the freezing point depres-
sion to the radius of the diameter of capillary.
According to the theories, the water inside the
PBO fiber is packed into a small space whose size
is less than 3 nm. We have already reported that
PBO AS fiber contains a capillary void elongated
to the fiber axis, whose diameter is 2–3 nm by
SAXS.6 Combining the two facts we also see that
water in the PBO fiber should lie in capillary.
Large supercooling phenomena was also con-
firmed between cooling and thawing processes,
and peak shape (crystallization) in the cooling
process is sharper than that (fusion) of the thaw-
ing process. The reason is not understood well but
the fact that capillary water is compartmental-
ized into a small room may be one of the reasons.
The above result indicates that water in the PBO
fiber should be bound not chemically but physi-
cally (surface tension). This point is proved again
by NMR below.

In order to put further comprehension on the
bound state of capillary water to PBO fiber, the
freezing point depression dependence on the wa-
ter (moisture) content was measured [Fig. 3(a)].
The dependence is rather weak. It may be be-
cause the water is made into more localized-com-
pact droplets as water content is lowered. Heat of
fusion, which has linear correlation with freezing
peak integral intensity in DSC curve, is plotted
against moisture content [Fig. 3(b)]. The solid line
in the figure represents the state at which the
internal water behaves as bulk free water (the
heat of fusion ; 80 cal/g; Ref. 15) In general, the
state of water can be grouped into three types:
bulk (free), intermediate (freezable bound), and
bound (nonfreezing) waters. Nakamura et al. es-
timated the amount of nonfreezing water in poly-
hydroxystyrene derivatives from this plot.16 The
molecule contains hydrogen bonding, and such
water chemically connected to this group cannot
behave freely as free water and intermediate wa-
ter. The bound water cannot crystallize if the
sample is cooled below the freezing plot. In fact,
the plot reveals that the derivatives contain 2–8%
of nonfreezing water. Contrary to this general
nonfreezing water behavior, the data plots in Fig-
ure 3(b) converges into 0 at zero moisture content
while the measured data points deviate from the
solid line over 7% of moisture content. This indi-
cates that PBO fiber contains almost zero amount
of nonfreezing water at the region near zero mois-
ture content, but there may coexist some bound
water with intermediate water at high moisture
content regions. These observations also suggest

Figure 2 DSC curve for predried PBO fiber at the
moisture content of 20.8%.
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that water in PBO fiber is located in the capillary
(the diameter is 2.4 nm by SAXS), and the source
to the fiber is surface tension and not chemical
bond. It is noted that the question about the dry-
ing to reduce moisture content without destroying
the fiber structure remains unclear. The disagree-
ment of the heat of fusion of the internal water
against free water may be involved.

NMR Analysis

Figure 4 shows proton NMR peaks from PBO
fiber containing water inside before drying (at the
moisture content of 34.4%). The measurement
temperature was varied from 20 to 2100°C. We
can confirm sharp peaks from 20 to 240°C, but
below this temperature the peaks become diffuse
(at 250 to 260°C) and disappear (below 280°C).
This indicates that the water starts to crystallize
around 240°C, which is confirmed as the same
temperature as the DSC result in the previous
section. But the DSC curve in the cooling process
is not optimal, especially in stability of the base-
line, so that both the crystallization temperature
values estimated by DSC and NMR will not meet
exactly. As mentioned above, these peak widths
correspond to the degree of freedom on capillary
water motion. To analyze this change quantita-
tively, the half width of the peaks is calculated
and the results are plotted in Figure 5. We can
confirm clearly that the half width become wide

Figure 3 (a) The freezing point depression of the
capillary water dependence on the water (moisture)
content. The temperature is determined from the peak
top of crystallization peak in DSC curves. (b) Water
(moisture) content dependence on the heat of fusion of
the crystallization peak.

Figure 4 1H-NMR peak of water in PBO fiber.
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as the fiber is cooled. This indicates that the free-
dom of capillary water is abruptly constrained
after crystallization occurs. When the fiber is re-
heated, the peak width become sharp but the
trajectory in Figure 5 does not trace to the cooling
process from 220 to 250°C, which is the same
hysteresis behavior as the DSC curves (supercool-
ing effect). This extraordinary low crystallization
temperature is the same irrespective of moisture
content region (34–2%), though we do not show
the all data sets. Moisture content dependence on
half width is shown in Figure 6. It can be seen
that peak width become wider as moisture con-
tent decreases. This means that the degree of
freedom of capillary water becomes less. The rea-
son is that space occupied by capillary water is a
more limited narrow space as water content de-
creases. This tendency is the same over the tem-
perature range from 20 to 240°C more. We see

that peak width changes from 60 Hz (MC 5 34%)
to 500 Hz (MC 5 2%) at that temperature range.
This moisture content dependence has been con-
firmed in cellulose, whose half width of NMR
peak is wider than PBO capillary water.17 Ku-
sanagi et al. studied behavior of water attached to
fiber and reported that the half width of bulk free
water shows the value of 6 Hz, while that of
bound water is more than 1000 Hz.18 In this case
we can understand that PBO capillary water
shows the state between free water and bound
water while it still shows crystallization with ex-
tra low freezing point depression around 250
more. In order to inspect this movement of capil-
lary water further quantitatively, relaxation
times (T1 and T2) of wet PBO fiber were adopted
and measured. The 180°–t-90° pulse technique is
adopted for T1 measurement and the Carr–Pur-
cell–Meiboom–Gill method is used for T2 mea-
surement. Spin–spin relaxation time (T2) is more
directly concerned with the freedom of molecular
movement and width of NMR peak, as in the
following equations,

1/T*2 5 1/T2 1 1/D (2)

dn1/2 5 1/pT2 (3)

where dn1/2 is the width of NMR peak, 1/D the
broadening factor due to instrument adopted. The
result is summarized in Figure 7. It is useful to
estimate correlation time tc from T1, because the
time defines the length of time that the molecule
can be considered to be in a particular state of
motion. The estimated correlation time is on the
order of 10211 s, indicating that the water in PBO
capillary behaves closely as free water (tc
; 10211–10212 s).9,18,19 (If it is bound chemically

Figure 5 Half width of 1H-NMR peak of water in
PBO fiber.

Figure 6 Water (moisture) content dependence on
half width of 1H-NMR.

Figure 7 1H-NMR relaxation times of water in PBO
fiber
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to the polymer chain, the correlation time lies in
the range 1026–1029 s.) It is noteworthy that the
measured T2 decreases as the temperature goes
down, showing that the freedom of the water mol-
ecule becomes limited and crystallized in end.

Finally, connectivity of capillary water be-
tween independent capillaries over the radial di-
rection in the cross-section of the fiber is checked
by the following dipping method, because, for ex-
ample, ease of molecular migration from the cen-
ter of the PBO fiber to the surface is a important
factor for drying fiber moisture with limited time.
For such purpose the wet fiber was dipped and
kept in excessive acetone for a few seconds, and
then proton NMR measurement for the dipped
fiber was carried out. The resultant NMR spec-
trum is shown in Figure 8. The acetone peaks
could be observed together with a water peak of
impurity. It is noteworthy that most internal wa-
ter can be replaced with acetone in a few seconds
with just dipping. The acetone molecule has six
protons inside the chemical structure formula,
and they are equivalent in the liquid state be-
cause movement and exchange of proton is so
rapid in that state. But the figure shows split
proton peaks, suggesting that some factors that
inhibit such exchange may be emphasized. (The
small peak in the leftmost side from 0 to 260°C
most comes from impurity of water.) In fact, some
reports propose that even proton NMR peaks of
methanol (which shows one steep peak in bulk

liquid state) give a split pattern if the molecular
movement is constrained in a certain force.19,20

One explanation for this is as follows: If the mol-
ecule is cooled, the energetic potential peak for
the exchange of molecular conformation becomes
relatively high, which places two different pro-
tons in the molecule in the magnetic state as a
result. Therefore, they become observable as the
above-mentioned peak split.

As Martin et al. has already reported, fiber
made of rigid-rod polymer is an assembly of elon-
gated microfibrils.21 The structure becomes solid
as the production process goes from coagulation,
drying, to heat treatment. There is a space be-
tween the microfibrils to accommodate water mol-
ecules inside fiber. In the case of acetone in PBO
fiber, we may conclude that the surrounding ace-
tone replaces internal water in dipping within a
short period and then fills the capillary. Also,
exchange of proton (rotating of the methyl group
around the carboxyl axis and rotating the proton
in the methyl group) in the molecule is limited
due to a small space less than 3 nm. Acetone is so
symmetric a chemical structure that there is no
such inhomogeneity of magnetic field. The triplet
or quartet split may be due to spin–spin coupling
interaction of protons in the acetone molecule.
This idea should be denied in the normal bulk
state and further inspection is necessary to put a
complete explanation on this interesting capillary
acetone’s behavior.

Figure 8 1H-NMR peaks of acetone in PBO fiber.
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CONCLUSION

In this study the thermodynamic state of water
included in PBO fiber has been examined with DSC
and NMR methods. They prove that the water
shows an extraordinary large freezing point depres-
sion, indicating that it suffers from a certain force.
As the water is divided into a small part (capillary)
below 3 nm in diameter, the effect of surface tension
becomes hard to be negligible and the freezing point
depression can be observable. There is no special
chemical bond between the water and PBO mole-
cule. The water is categorized into freezable bound
water, which has the freedom of bulk water but
suffers large surface tension. Sharp proton NMR
peaks and measured relaxation times values also
suggest this conclusion.
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