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ABSTRACT: We report on the surface characterization of commercial poly(p-phenylene benzobisoxazole)
(PBO) fibers. Several solvents (hexane, acetone, and ethanol) were employed to remove the sizing present
on the fiber surfaces. The surface properties of the different samples were studied by means of inverse
gas chromatography (IGC) at infinite dilution using nonpolar n-alkanes and molecules with different
acid—base characteristics (benzene, pyridine, acetonitrile, nitromethane, tert-butyl alcohol). Complemen-
tary information was obtained by using thermogravimetric/differential thermal analysis (TG/DTA) and
atomic force microscopy (AFM). Results showed that, whereas the sizing of high-modulus (HM) fibers
can be gradually washed off as the polarity of the solvent increases, only ethanol washing allowed to
detect changes in the surface characteristics of PBO as-spun (AS) fibers, with hexane and acetone having
little or no effect. In fact, it is believed that the effect of any coating applied eventually to the PBO AS
fibers is masked by the presence of poly(phosphoric acid) (PPA) or partially coagulated PPA/PBO residuals
on their surfaces, which in turn determine their surface properties. In any case, both standard finishes
and contaminants strongly decrease the surface energy of the PBO fibers. According to the experimental
results, it was assumed that PBO pristine fiber surfaces could be obtained by ethanol washing. Further
differences were found between the cleaned AS and HM fibers. AFM measurements showed microfibrils
present in the HM fibers that are somewhat wider than their AS counterparts. The presence of voids at
the surface level of the cleaned PBO AS fibers brought about strong changes in adsorption energetics.
No such changes were detected in the case of cleaned HM fibers. The contaminants of the AS fibers
confer them a more acidic character than that of the rest of samples studied. Sizing/contaminants removal
on both fiber types leads to an increase in the number or strength of basic sites. However, the cleaned
fibers kept an amphoteric character based on the strong specific interactions existing between pyridine
and the fiber surfaces. Ab initio calculations carried out on an appropriate model confirmed the presence
of positively charged carbon atoms in the PBO monomers which should act as electron acceptors. Moreover,
PBO fibers are prone to exert important 7—a interactions as it was found both experimentally (relatively
high —AHiP values of benzene) and predicted from the charge distribution obtained from theoretical

calculations.

1. Introduction

More than 20 years ago, the US Air Force (USAF)
sponsored and participated in a specific polymer pro-
gram for the development of new structural materials
with outstanding mechanical properties.12 Various so-
called rigid-rod polymers were then investigated, par-
ticularly poly(p-phenylene benzobisoxazole) or PBO:
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Fibers obtained from this rigid-rod polymer exhibit
remarkable specific strength and modulus, cut and
abrasion resistance, and long-term retention of their
properties at relatively high temperatures.®*

Apart from their use as such, PBO fibers can be
employed as reinforcement in organic matrix compos-
ites.> Additionally, the excellent properties offered by
PBO make this polymer a suitable matrix in more
sophisticated systems, such as PBO/single-wall carbon
nanotubes composites.® It is well established that the
characteristics of the reinforcement/matrix interface are
a key factor for the performance of composites. For
example, a good level of adhesion is required to transfer
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external loads effectively from the matrix to the fibers.
Although composite design involves numerous factors,
it seems necessary to characterize the thermodynamic
and chemical properties of the fiber surface as well as
to determine the effect of these surface characteristics
on the final response of the material. Fiber producers
understand the relevance of such knowledge, devoting
substantial research to characterize and modify the
surface properties of these materials.”

The manufacturing process of most man-made fibers,
including PBO, involves a latter stage in which fibers
are coated with a thin layer of so-called sizing or finish.
The main function of these sizings is to prevent the
individual filaments of a fiber tow from contact damage
between themselves or from eyelets or guides during
weaving or prepregging. Additionally, many commercial
sizings are formulated to be multifunctional, i.e., to
promote adhesion between the fiber and a given matrix.
Sizings are thus critical in composite manufacturing and
may have or have not positive effects on the final
properties of the composite material 8 As just mentioned,
the process is fully implemented in PBO fiber production
lines, and it is fairly rare to obtain sizing- or finish-free
fibers commercially, i.e., fibers with no coating on their
surfaces. Thus, solvents of different polarity should be
used in order to obtain “clean” PBO surfaces. The effect
of such a solvent extraction on the final properties of
the fibers is also an important subject of investigation.®
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Table 1. Elemental Analyses (wt %) of As-Received PBO
Fibers (Dry Basis)

fiber C H N S (0]
PBO AS 70.91 2.85 12.00 0.0 14.91
PBO HM 71.42 2.54 12.20 0.0 14.46
theoretical 71.78 2.58 11.96 13.66

prediction

In this paper, adsorption of relevant probes on dif-
ferent PBO fiber surfaces was studied by means of
inverse gas chromatography (IGC). IGC constitutes an
ideally suited technique to study adsorption at very low
coverage (infinite dilution) and has demonstrated its
usefulness for the surface characterization of a wide
range of materials, especially polymers.10-15 Other
characterization techniques such as thermogravimetry/
differential thermal analysis (TG/DTA) and atomic force
microscopy (AFM) were also employed.

2. Experimental Section

2.1. Materials. The PBO fibers used in this study were in
the form of Zylon (Toyobo, Japan). The two starting samples
were as-spun PBO fiber Zylon AS 555 dtex (subsequently
referred to as sample AS in this work) as well as its high-
modulus version Zylon HM 545 dtex (referred to as sample
HM). The high-modulus PBO fiber is prepared after the heat
treatment (at approximately 800 K) under tension of the as-
spun fiber. This posttreatment is intended to improve the
mechanical properties of the PBO fiber. Thus, typical values
of the fibers tensile strength and modulus after the heat
treatment are correspondingly 5.8 and 270 GPa, whereas
values of 4.8 and 180 GPa are obtained for the AS fibers,
respectively. Manufacturer filament diameter values were
approximately 12 and 11 um for the AS and HM PBO fibers,
respectively. Elemental analyses of the as-received fibers were
carried out in a LECO CHNS-932 microanalysis apparatus
with a LECO VTF-900 accessory for oxygen. Results, which
are collected in Table 1, agree well with the theoretical
prediction for a pristine PBO material.

These two commercial PBO fibers were supplied coated with
a proprietary sizing or finish. Different solvents of increasing
polarity, namely n-hexane, acetone, and ethanol, were em-
ployed to remove that sizing from the PBO surfaces. Thus,
yarns of AS and HM fibers were thoroughly washed with each
solvent, and samples prepared in such a way were labeled as
-hex, -acet, -etOH. Yarns of the AS sample Soxhlet-extracted
in acetone for 60 cycles were also characterized for comparative
purposes (see Results and Discussion).

2.2. Methods. Adsorption measurements were carried out
by IGC at infinite dilution using a Hewlett-Packard 5890-11
gas chromatograph equipped with a high sensitivity (10-2 mol)
flame ionization detector. Continuous fiber yarns (0.7—1 g)
were packed into approximately 40 cm long passivated nickel
columns (2.31 mm i.d.). Helium (99.9995% pure) was used as
carrier gas. The gas flow rate F (15—20 mL min~!) was
measured at the column outlet (Fgo) by using a bubble
flowmeter. Corrections were made for temperature difference
between the column (T) and the flowmeter (T+,), water vapor
pressure of the bubble (Py), and pressure drop (j correction
factor, with Po,: and P, being the pressure at the outlet and
inlet, respectively):t6

. T [Pout = Pw
F=jFq=—|—— 1

1o Tflo[ Pout ] ( )
. § (Pin — Pout)2 -1 @)

J = —
2 (Pin - F)out)3 -1

Adsorption experiments were carried out at 10 K intervals
in the 303—343 + 0.05 K temperature interval. Small amounts
(0.1—1 wuL) of vapors of n-alkanes (C;—Ciz, >99% pure)
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measured with a 10 uL Hamilton syringe were eluted through
the columns. Changes in the surface chemistry were evaluated
by injecting several polar probes of different acid—base char-
acteristics (benzene, nitromethane, acetonitrile, pyridine, tert-
butyl alcohol, purity >99%). At least five injections of each
probe were carried out at each temperature. No variation was
detected in the retention volume of the probes when different
flow rates were used. This indicates that adsorption equilib-
rium was attained.’® Prior to the IGC experiments, the
chromatographic columns were conditioned by heating at 373
K under a constant helium flow (~20 mL min~!). Typical
conditioning times of 12 h were necessary to achieve reproduc-
ible results. The helium flow through the columns was not
interrupted anytime in the course of the experiments in order
to prevent further contamination of the fibers after column
conditioning.

A Stanton-Redcroft STA-1500 thermobalance provided with
Plus-V software was used for simultaneous thermogravimetry
(TG)/differential thermal analysis (DTA) measurements. In all
thermal treatments, as-received fibers were used without
previous drying. Samples (~25 mg) were placed in Pt crucibles
5 mm in diameter and 5 mm in height. Constant argon and
air (99.999% pure by volume) flows of 50 cm® min~! were
respectively used in pyrolysis and oxidation experiments.
Temperatures were measured with Pt/Rh thermocouples
placed at the bottom of the Pt crucibles, in contact with them.
a-Alumina was the reference material for DTA measurements.
For all the experiments, both in inert atmosphere and in air,
the sample was heated at a linear heating rate of 10 K min—*
to 703 K, the temperature at which it was kept for 30 min.

The PBO samples were also investigated by atomic force
microscopy (AFM) in the tapping mode of operation. The AFM
observations were carried out in air at room temperature with
a Nanoscope Multimode Illa (Digital Instruments) apparatus.
Rectangular silicon cantilevers with spring constants of about
40 N m~! and resonance frequencies around 250 kHz were
employed. Their nominal tip radius of curvature was 5—10 nm.
Bundles of fibers were attached to sample holders by means
of double-sided carbon adhesive tape, paying special attention
to avoid the presence of fibers sticking out of the sample
surface, which could prevent the attaining of a stable and valid
AFM signal. Imaging was accomplished in the intermittent
contact regime,’” with free and set point amplitudes of
cantilever oscillation of about 75 and 68 nm, respectively. To
detect the presence of possible contaminant layers on the PBO
fiber surface, phase contrast images were acquired concur-
rently with the regular, topographical ones. Likewise, to check
that the recorded images were reproducible and representative
of the investigated samples, several different and previously
unused probes were employed, many different fibers of every
PBO sample were inspected, and each fiber was imaged at
many different locations.

The XPS spectra were recorded with a triple channeltron
CLAM-2 analyzer using Al Ka radiation under an operating
vacuum better than 3 x 1078 mbar. Continuous yarns of the
different fibers were rolled on silver stubs and clamped using
a metallic clip. Wide scan spectra were taken at a constant
analyzer transmission energy of 100 eV. Surface atomic
compositions were calculated from the areas of relevant peaks
from survey scan spectra after fitting of a Shirley background.
Binding energy (BE) values were charge-corrected to the C 1s
signal, which was set at 284.6 eV. BE values have an accuracy
of 0.2 eV.

To characterize the molecular structure and charge distri-
bution of PBO monomer-like compounds, quantum chemical
calculations were carried out using the Gaussian98 suite of
programs.'® The level of theory used in this work combines a
density functional theory (DFT) method, the B3LYP hybrid
functional corresponding to Becke’s three-parameter exchange
functional with the Lee—Yang—Parr gradient-corrected cor-
relation functional,’® with the 6-31G* basis set which is
double-¢ augmented with one set of polarization functions on
heavy atoms.?® A full geometry optimization of a PBO mono-
mer model was performed using redundant internal coordi-
nates with no constraints. Atomic charges were computed
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Figure 1. Variation of (In Ks) with (1/T) for the adsorption
of n-nonane on PBO AS samples.

carrying out a natural population analysis (NPA) on the
corresponding B3LYP/6-31G* density matrix.?

3. Results and Discussion

Unlike conventional adsorption techniques, IGC al-
lows the measurement of adsorption data down to very
low vapor concentrations, where the surface coverage
approaches zero and adsorbate—adsorbate interactions
are negligible. The chromatographic peaks obtained for
the n-alkanes were mainly symmetrical for all samples
under study, with no dependence of the peak maximum
position on the amount of probe molecule injected.
Under these conditions the adsorption can be considered
to take place in the linear part of the isotherm (Henry’s
law), and the retention time of the different n-alkanes
could be measured at the peak maximum.® The Henry's
law constant, Ks, which characterizes the adsorption
equilibrium, is related directly to the retention volume

by
V, = KA (3)

where A is the total surface area of the stationary phase.
The previous equation is valid as long as the bulk
absorption of the probe in the stationary phase is
negligible.’® Thermodynamic functions of the adsorption
process at infinite dilution can thus be calculated from
Ks. Details for calculating the standard free energy of
adsorption, AG., standard entropy, AS?, and heat of
adsorption, qg, are given elsewhere.?2 Since CO; ad-
sorption isotherms performed on the as-received samples
at 273 K were found to be linear and with very low
adsorption capacity (results not shown), the specific
surface area of the PBO AS and PBO HM fibers was
assumed to be equal to the specific geometric area, as
calculated from fiber diameter values of 12.3 and 11.2
um, respectively.

Figure 1 illustrates the linear dependence of In Ks as
a function of (1/T) obtained for the adsorption of n-
nonane on the different PBO samples. This behavior,
which is extensive to the rest of the n-alkane—adsorbent
systems, implies that qg is constant within the studied
temperature range. The standard deviations in qg
values obtained in this way were never larger than 2%.
Values of the differential heats of adsorption at zero
coverage of n-alkanes on all PBO fibers under study are
given in Tables 2 and 3.

In agreement with the linearity in In Kg vs (1/T) plots
(Figure 1), the adsorption entropies Asg were inde-
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Table 2. Differential Heats of Adsorption of n-Alkanes on
the PBO AS Samples

a3 (kJ mol~?1)

_AHLiqa
n-alkane AS  AS-hex AS-acet AS-etOH (kJ mol™?)
Cr 225 221 55.6 35.0
Csg 25.7 26.7 26.9 61.0 39.8
Co 31.8 31.8 333 71.8 44.6
Cuo 37.6 37.7 40.1 72.0 49.4
Ci1 44.3 441 47.4 54.2
Ci2 47.6 455 58.9

a Heats of liquefaction (kJ mol~1).

Table 3. Differential Heats of Adsorption of n-Alkanes on
the PBO HM Samples

a3 (kJ mol?) —AHL®
HM-hex HM-acet HM-etOH (kJ mol-1)

n-alkane HM

(074 41.7 45.0 35.0
Cs 34.9 42.1 47.3 515 39.8
Co 38.0 47.1 54.3 58.1 44.6
Cio 42.0 52.5 61.3 65.3 49.4
Cu1 45.9 57.0 68.7 69.6 54.2
C2 49.5 61.7 58.9

a Heats of liquefaction (kJ mol~1).

Table 4. Standard Entropies of Adsorption of n-Alkanes
on the PBO AS Samples

—AS? (3 K1 mol-Y)

_Asga
n-alkane AS AS-hex AS-acet AS-etOH (J K~1mol™?)
Cy 14.8 13.8 109.4 52.4
Csg 18.0 19.8 20.7 114.1 53.0
Cy 29.1 27.8 32.4 137.7 53.5
Cio 39.0 38.1 46.0 129.2 53.9
Ci1 51.9 50.2 59.9 54.3
Ci2 52.0 47.2 60.0 54.7

a Standard entropy of adsorption (at 303 K) calculated according
to de Boer's model.26

Table 5. Standard Entropies of Adsorption of n-Alkanes
on the PBO HM Samples
—AS? (3 K1 mol-Y) _ASPe
n-alkane HM HM-hex HM-acet HM-etOH (J K1 mol™?)

Cs 67.8 77.4 524
Cs 47.9 70.2 75.4 87.1 53.0
Co 50.0 77.4 86.9 97.2 53.5
Cio 55.1 85.1 98.2 108.7 53.9
Cn 59.8 90.5 110.7 111.6 54.3
Ci 64.0 96.2 54.7

a Standard entropy of adsorption (at 303 K) calculated according
to de Boer’s model.26

pendent of temperature. Values of Asg given in Tables
4 and 5 are the average of data calculated at the
different temperatures, deviations being smaller than
1%.

Values of the dispersive component of the surface free
energy, y?, were calculated using the formula proposed
by Gray:%3

= 2(ycn ys ) (4)

where AGS™ is the difference in the free energy of
adsorption of two n-alkanes with succeeding values of
n, Na is Avogadro’'s number, acn, is the area of one
methylene group (0.06 nm?), and ycn, is the surface
tension of ideal liquid polyethylene. Figure 2 illustrates
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Figure 3. Dispersive component of the surface free energy
of PBO fibers at various temperatures: (a) AS samples; (b)
HM samples.

the linear variation of —AG) (at 323 K), for the PBO
HM samples, with the number of carbon atoms in the
series of n-alkanes used as probes. Similar correlations
were obtained for the rest of fibers under study. The
slope of the regression lines corresponds to —AG;:H2 for
the different samples, at a given temperature. Calcu-
lated yg’ values are plotted in Figure 3 for the various
PBO fibers within the range of temperatures studied.
As mentioned in the case of other thermodynamic
magnitudes, uncertainties in y? values are very small
(1—2%) due to the excellent data correlations obtained,
similar to those shown in Figure 2.

Hitherto in this work, the values of the thermo-
dynamic magnitudes reported for the two commercial
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Zylon fibers (AS and HM samples) are paradigmatic of
sized fibers. Similar y5 values have been obtained, for
example, for poly(p-phenylene terephthalamide) (PPTA)
fibers and carbon fibers commercially coated with
different substances.?224 The information provided by
IGC at infinite dilution mainly concerns the interaction
of the vapor probes with the low surface energy con-
stituents of the sizing. Thus, qg values of the AS and
HM are lower than the heats of liquefaction (—AH\iq)
of the n-alkanes at 323 K (also listed in Tables 2 and
3). The complete isotherm of adsorption of n-alkanes on
these two PBO fibers should be type 11l according to
the IUPAC classification.2526 This type of adsorption is
representative of weak dispersive adsorbate—adsorbent
interactions. A similar conclusion can be reached from
the analysis of the standard entropies of adsorption
(Tables 4 and 5). Also included in these tables are the
adsorption entropy values predicted by an ideal adsorp-
tion model where the adsorbate is assumed to behave
ideally as a bidimensional gas.? The experimental
adsorption entropies are lower (in absolute value) than
those predicted by the theoretical estimation for the AS
and HM samples (in the latter, only for the shortest
alkanes). This means that the adsorbed hydrocarbons
are more disordered than as predicted by a bidimen-
sional gas model. That positive contribution to the
entropy has been assigned to mixing between the
adsorbed molecules and surface contaminants.?? It must
be stressed here that the possibility of probe absorption
(i.e., diffusion into the bulk material) is negligible due
to the operational conditions of IGC at zero coverage.1®

Inspection of data collected in Tables 2—5 confirms
that there exist systematic differences between the
thermodynamic magnitudes of adsorption measured on
the AS and HM fibers, in particular for the shortest
alkanes (Cg—Cjg). In the case of the AS fiber, the
adsorption of these alkanes is less exothermic, with g
values of C1; and Ci, approaching to those observed in
the HM fibers. Entropies are systematically lower
(absolute values) when the adsorption of any of the
linear alkanes tested takes place onto the AS surfaces.
These trends indicate that the surface of the AS fibers
is less energetic than that of the HM fibers. However,
values of the dispersive component of the surface
tension yg (Figure 3) contradict the previous assertion,
since a significantly lower yé’ (30 mJ m—2) was ob-
tained for the HM fiber with respect to the AS fiber (40
mJ m~2) at 300 K. As mentioned in the Experimental
Section, these results were reproducible in all the
experiments performed with several chromatographic
columns filled with AS and HM fibers. In previous
work,??2 we also reported discrepancies between the
changes of thermodynamic magnitudes of adsorption
and yS values after a plasma treatment was carried
out on PPTA fibers. A possible explanation to these
observations stands on the fact that the model adopted
to calculate yg (eq 4) is rather simplistic. Jagiello et al.
have pointed out that the AG."? parameter, which
accounts for the differences in y5 of AS and HM fibers,
not only is affected by changes in surface microstructure
but is also sensitive to variations in surface chemistry.?’

Nevertheless, the relevant aspect from the point of
view of the fiber surface is that the PBO AS and HM
varieties behave differently. This fact should explain the
differences observed in the performance of the three
solvents used to clean the sizing off the fibers, as shown
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by IGC measurements. The tendency of all thermo-
dynamic magnitudes agrees now in demonstrating that
only ethanol has a significant influence in the surface
properties of the AS fibers, as depicted graphically in
Figure 3a. Fiber HM, on the other hand (Figure 3b), is
responsive to all solvents employed, which affect the
fiber surface gradually more as the solvent polarity
increases. A similar behavior has been previously
reported for PPTA fibers subjected to solvent extraction
by different solvents in order to remove their surface
contaminants (sizing).282° We have also demonstrated
recently that acetone washing is able to clean com-
mercial Kevlar 29 (DuPont de Nemours Intl. S.A.) fibers,
rendering fiber surfaces with properties quite similar
to those of pristine, unsized, PPTA fibers.22 Thus, we
found rather surprising that both hexane and, espe-
cially, acetone were ineffective at cleansing the PBO AS
fibers. Moreover, yarns of the AS sample Soxhlet-
extracted in acetone for 60 cycles were also analyzed
after questioning the efficiency of the on-column wash-
ing. The results obtained, however, were almost identi-
cal.

Two possible factors may be responsible for the
differences observed between the AS and HM fibers, i.e.,
(i) different sizing formulations and (ii) similar formula-
tions but different sizing amount or spreading ability
(due, for example, to different processing conditions of
the two fibers). The second hypothesis was considered
on the basis of previous studies concerning the effect
that different sizing amounts (but same formulation)
have on the surface properties of carbon fibers.?*

The sizing or finish content is defined as the percent
of the total strand weight made up by the external
coating, and it is usually determined either by dissolving
the organic sizing or by burning it off (also known as
loss on ignition).8 However, the use of an oxidizing
atmosphere at relatively high temperatures might
render misleading results when determining the sizing
content of polymeric fibers due to eventual degradation
of the raw material. To evaluate this possible effect on
the TG/DTA behavior of PBO AS and PBO HM in air
atmosphere, pyrolysis of the sized PBO samples was
also performed under argon at the same conditions (see
Experimental Section). Figures 4 and 5 show TG and
DTA curves, respectively, of PBO HM and PBO AS
samples treated under argon and air atmospheres.
Moisture release is observed for AS fibers in the two
corresponding curves. Whereas HM sample barely loses
weight in the temperature range from 350 to 450 K
(~0.5%), AS sample loses ~2% in the same temperature
interval. This weight loss in the AS sample is ac-
companied by an endothermal effect in the DTA curve
with a minimum at approximately 300 K. The moisture
remaining in this sample should be ascribed to the
processing conditions of the AS fibers, which are dry-
jet wet spun through air into an aqueous solution
(typically water).2 The heat posttreatment devoted to
improve the modulus of the fiber, i.e., to obtain the HM
sample used in the present study, should also reduce
significantly that residual moisture. Apart from their
moisture content, the two types of fibers are clearly
distinguished by the appearance of a weak exothermal
effect around 490 K in the DTA curve for HM sample,
accompanied by a small step of ~0.3 wt % in the TG
curve, for the treatment in air. This step is shifted to
higher temperatures (~600 K) in the case of the thermal
treatment carried out in an argon atmosphere. AS fibers
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Figure 4. TG curves for the pyrolysis of as-received PBO AS
and HM fibers in (a) argon and (b) air atmospheres. Also
included is the temperature—time profile (thick line).

also experience some weight loss after the end of the
moisture release in both types of treatment: in inert
atmosphere there is a slight continuous weight loss from
450 K, followed by a small step (~0.2%) at around 560
K; in air, no step is observed but a gradual weight loss
remains, without any clear DTA effect accompanying
it. From these results, it is apparent that AS and HM
fibers have different sizings. However, it might be
argued that the small weight loses observed in the TG
experiments carried out with the AS fiber, similar to
those observed for the HM fibers, could be due to the
existence of capillary water adsorbed into the as-spun
fibers. Indeed, the use of differential scanning calorim-
etry and solid-state NMR have demonstrated that
significant amounts of water are packed into capillary
voids whose diameter is around 2—3 nm.3° Whereas the
presence of such water would be minimized after the
heat treatment performed to obtain the HM fibers,
significant quantities could remain absorbed in the as-
spun fibers. Release of this capillary water during the
thermogravimetric analysis of the AS fibers at temper-
atures from 400 to 500 K could mask any exothermal
effect associated with the burning of the sizing constitu-
ents. Thus, the possibility that AS and HM fibers
possess the same type of sizing cannot be discarded
without further analysis.

PBO HM and AS samples were dried overnight under
vacuum at 383 K and then subjected to the heat
treatments under Ar and air atmospheres described
already. No endothermal effect was found in the DTA
curves for the AS fiber heated under inert atmosphere,
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Figure 5. DTA curves for the pyrolysis of as-received PBO
AS and HM fibers in (a) argon and (b) air atmospheres. Also
included is the temperature—time profile (thick line). The
small boxes correspond to the results obtained after drying
the fibers under vacuum at 383 K (see text).

neither in the range of ordinary moisture nor in a higher
temperature range (see Figure 5a). Thus, moisture and
capillary water (if present) must have been eliminated.
If some endothermal effect connected with capillary
water had been the cause for the disappearance of an
exothermal effect in treatments under air for the as-
received AS fiber, this exothermal effect should be
visible now that the capillary water has been elimi-
nated. This is not the case: no exothermal effect is
observed for air-treated AS fiber (see Figure 5b), and
the difference between the two varieties persists in the
DTA curves obtained after treatments in air. Therefore,
we may conclude that the coatings of the two com-
mercial fibers are different.

0.75
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As a subsequent stage in the present investigation,
AFM imaging was carried out to disclose the PBO fiber
nanostructure and provide visual information on the
possible presence of extraneous material on its surface.
First, several AFM images of the PBO AS fiber are
presented in Figure 6. The typical appearance of the
surface of this sample is evidenced in parts a and b of
Figure 6, where height (i.e., topography) and corre-
sponding phase contrast images are respectively shown.
According to its phase behavior (Figure 6b), the sample
surface consists mainly of two well-differentiated types
of regions or domains, which are observed as bright and
dark areas in the phase image. It is also noticed that
the bright domains of this image correspond invariably
to raised areas (~5 nm) in the height image (Figure 6a).
Furthermore, the bright (raised) domains in the phase
(height) image appear essentially structureless, whereas
the dark areas of the phase image, which correspond to
lower-lying areas in the height image, display a mi-
crofibrillar conformation. The microfibrils are arranged
parallel to the top—bottom direction in all the images,
i.e., along the fiber axis direction. The microfibrillar
structure can be best appreciated in Figure 6c, which
presents a more detailed height image. From this and
similar images, the microfibrils were measured to be
10—15 nm wide, stretching parallel to the fiber axis over
several tens of nanometers. Taking into account all
these observations, we conclude that the bright, struc-
tureless domains of the phase images result from a
contaminant layer on the PBO AS surface, while the
dark, microfibrillar regions correspond to the fiber
surface itself. This kind of microfibrillar structure is
quite typical of polymeric fibers and is thought to reflect
their molecular conformation, where the polymer chains
are more or less aligned parallel to the fiber axis.??
It should be also mentioned that, as roughly esti-
mated from the AFM images, about 50% of the PBO
AS fiber surface was covered by the contaminant
layer.

Figure 7 presents a set of images analogous to the
previous one [height (a) and matching phase contrast
(b) images and (c) detailed height image], but in this
case corresponding to the PBO HM fiber. It is noted that
some differences exist between this and the AS fiber.
As opposed to the latter, on the HM sample the bright
areas in the phase images (Figure 7b), which are also
interpreted as contaminants, do not form more or less
continuous layers, but rather appear as small patches
or spots (15—40 nm large). Although the patches/spots
are quite numerous, a significant fraction of surface is
free of them, and so the detailed HM structure can be
revealed (Figure 7c). Microfibrils are also seen on this

] e

Figure 6. (a) Typical tapping mode AFM height and (b) corresponding phase contrast images of the as-received PBO AS fiber
surface. (c) Higher resolution height image showing the fiber structure in detail.
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Figure 7. (a) Tapping mode AFM height and (b) corresponding phase contrast images of as-received PBO HM fibers. (c) Detailed

height image of the fiber.

) i g Py | o
] 0.25 0.50 0.75 1.00
.

Figure 8. (a) Tapping mode phase contrast images of the PBO AS fiber samples washed with acetone by the Soxhlet method, (b)
annealed at 380 K for 11 h, and (c) washed on-column with ethanol.

fiber, but they turn out to be somewhat wider (15—20
nm) than their AS counterparts.

Next, AFM was used to examine the efficiency of
different procedures that were implemented in order to
get rid of the contaminant layer on the PBO AS fiber
surface. Figure 8 shows phase images obtained from
samples (a) Soxhlet-washed with acetone and (c) on
column-washed with ethanol; additionally, yarns of AS
fibers annealed at 380 K for 12 h were also analyzed to
evaluate the effect of the chromatographic pretreatment
(see Experimental Section) on the fiber surfaces (Figure
8b). The phase images indicated that the first two
methods (Figure 8a,b) were ineffective in removing the
layer, since no essential changes relative to the as-
received AS sample (Figure 6b) were found in this
regard. By contrast, when ethanol was employed as
washing agent (Figure 8c), the layer was almost com-
pletely wiped out, and there only remained small
patches and spots of contaminant.

Revisiting the chromatographic results, conclusions
obtained from the use of AFM should help us now to
understand the differences observed during the elution
of the n-alkanes as well as those existing between the
thermodynamic magnitudes derived thereafter. The
brighter areas of Figure 6b seem to determine the
surface properties of the AS fibers measured by IGC.
Although it could be assumed, at a first glance, that
those areas consist of sizing substances, thus suggesting
that the coating applied to the AS and HM fibers would
be different, an alternative explanation is that the
surface contaminants of Figure 6b are residues derived
from the production of the PBO AS fibers. During the
full coagulation of the PBO/poly(phosphoric acid) (PPA)
dope in a water bath, all PPA contents are supposed to
wash away.? However, we reckon that significant
amounts of PPA or partially coagulated PBO/PPA dope
remain at the surface of the as-spun fibers; i.e., the

Table 6. Atomic Percentages of Primary Elements
(Excluding H) of Several PBO Samples

fiber C N (0] P
AS 77.2 4.4 17.0 1.4
HM 73.8 4.1 22.0
et-OH washed 73.7 7.4 17.4

washing process is not complete. XPS analysis per-
formed on PBO HM and AS fibers have detected
phosphorus only in the surface of the as-spun fibers
(Table 6). This would also explain that only ethanol is
able to wipe away the bright areas in the AFM images
(Figure 6b), which would correspond to the mentioned
residues, since PPA is only soluble in highly polar
solvents such as water and alcohols. Additionally, the
effect of the sizing (if existing any) on the surface
properties of the as-spun fibers cannot be determined
by IGC, since the elution of the probes is governed
mainly by their interaction with the PPA deposits.
Henceforth in the paper it is assumed that the on-
column washing with ethanol renders almost pristine
PBO fibers. XPS values of the atomic concentration at
a surface level were very similar for both HM and AS
fibers washed with ethanol, and they are also given in
Table 6. When compared to the bulk and theoretical
atomic concentrations (Table 1), the discrepancies are
noticeable (lower N concentration and higher O concen-
tration in the surface of the fibers). This may indicate
that still some contaminants remain after the washing
process. It has to be mentioned, however, that PPTA
fibers free of sizing/finish also showed a similar level of
discrepancies between both surface and bulk/theoretical
atomic concentrations.??2 Nevertheless, a final aspect
may be ultimately considered with regard to the IGC
characterization of the AS-etOH and HM-etOH fibers
using linear alkanes at zero surface coverage. Analysis
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of the heats of adsorption (Tables 2 and 3) reveals that
the process is more exothermic in the case of AS-etOH
when compared to HM-etOH, for all alkanes tested.
Entropies of adsorption (Tables 4 and 5) also corroborate
this difference between the two clean fibers. Moreover,
qg values of the HM-etOH sample agree with those
obtained for pristine PPTA surfaces.?? The highly
energetic adsorbate—adsorbent interaction measured on
the AS-etOH fibers must be related to the existence in
their surface of high-energy sites which can be consid-
ered as pores or voids. It is known that the curvature
of pore walls in microporous materials modifies the
surface energy in comparison with that of a flat surface,
resulting in a stronger, more exothermic, adsorbate—
adsorbent interaction.3132 A similar situation has been
recently reported in the case of plasma-treated PPTA
fibers, where an increase of surface roughness of the
plasma-treated fibers brought about an increase of the
heats of adsorption of linear alkanes.?? The porosity of
the AS-etOH fibers has to be understood as the exist-
ence of voids that would only affect the adsorption of
alkanes at a very low adsorbate concentration (close to
zero surface coverage). Previous morphological studies
on PBO fibers led to postulate a structural model for
the AS fiber where microfibrils composed of highly
aligned PBO molecules coexist with capillary-like mi-
crovoids.® Further drying (heat treatment) of the fibers
brings about the removal of such structural defects,
which agrees with our IGC measurements. Apart from
enhancing the exothermicity of the adsorption, the
existence of those voids would validate the size exclusion
phenomenon which is taking place on the AS-etOH
fiber. Indeed, the effect of the pore walls curvature in
both g and AS? drops substantially from Cg to Cio
(Tables 2 and 4). Hence, an estimation of the microvoids
size could be also made from our IGC results, assuming
that the length of the chain will be the limiting molec-
ular dimension for the alkanes entering into the pores.
This length is approximately 1.5 nm for n-decane,3*
which agrees reasonably well with the width of the
microvoids of PBO AS fibers. This was estimated to be
~2 nm by using Guinier's method for the equatorial
streak of small-angle X-ray scattering (SAXS) pat-
terns.33 However, it must be mentioned here that
although Kitagawa'’s structural model for PBO AS fiber
comprises the existence of an outer fiber skin (0.2 um
thick, as measured by transmission electron microscopy)
free of microvoids,3 IGC experiments would indicate
that pores persist in the very surface of the AS-etOH
fiber.

The final part of the present study deals with differ-
ences in surface chemistry between the PBO fibers
under examination. We have carried out IGC experi-
ments at infinite dilution with several polar probes
which were eluted through columns filled with the two
as-received fibers (samples AS and HM) and the two
clean fibers (samples AS-etOH and HM-etOH). The
adsorption of polar molecules on the stationary phase
is influenced not only by dispersive interactions as in
the case of linear alkanes but also by additional specific
contributions. These specific contributions include dipole—
dipole and acid—base interactions (or electron acceptor—
donor effects), the latter ones involving much higher
energies than the former ones.®> The ability of these
polar probes to donate or accept electrons has been
parametrized by means of the so-called donor number
(DN) and acceptor number (AN), respectively.3® Table
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Table 7. Donor Numbers (DN) and Acceptor Numbers
(AN) of the Polar Probes Used in This Work

probe AN (kJ mol~1) DN (kJ mol~1)
benzene 0.7 0.4
pyridine 0.6 138.5
acetonitrile 19.7 59
nitromethane 36 11.3
tert-butyl alcohol 38.1

Table 8. Differential Heats of Adsorption (kJ mol-1) of
Several Polar Probes on PBO Surfaces

AS HM AS-etOH HM-etOH
benzene 26.8 29.2 44.3 27.6
pyridine 40.2 39.7 63.3 58.6
acetonitrile 30.9 42.2 38.5
nitromethane 39.0 36.6 49.9 41.5
tert-butyl alcohol 44.3 35.8 67.8 49.0

7 contains the DN and AN parameters of the probes
used in this work.3536

Slight concentration-dependent effects were observed
for the elution of polar probes through all chromato-
graphic columns due to the so-called “slow Kinetic
processes”.16 To reduce the degree of the peaks asym-
metry, it was necessary to work at extremely low probe
concentrations, i.e., at low signal-to-noise ratio levels.
Retention times were estimated from the first momen-
tum of peaks obtained at such conditions. Therefore,
similar thermodynamic properties to those described for
the elution of linear alkanes could be obtained for the
polar probes injected. Plots of In Ks vs (1/T) similar to
those of Figure 1 were obtained for all polar probes. As
in the case of the alkanes, reasonably good data regres-
sions could be drawn. Values of standard enthalpies of
adsorption (or differential heats of adsorption) were
calculated and are given in Table 8. Standard errors are
once more relatively small, approximately 2% of values
collected in Table 8.

Two main components can be considered to contribute
to the standard enthalpy of adsorption of polar probes,
namely the specific contribution AH?P and the disper-
sive contribution AHY:37

AHY = AH” + AHD (5)

Several procedures have been developed in order to
evaluate AHS" from IGC measurements at zero surface
coverage. Among them, the method proposed by Donnet
et al.®8 seems to be more robust than the rest to account
for the specific (acid—base) interaction of polar probes
adsorbed on relatively high-energy surfaces. This method
entails the estimation of —AGS" from molecular polar-
izability data, as described elsewhere.37:38.22 Pertinent
—AG data, at 303 K, are plotted in Figure 9.

—AHSP can be now computed from the variation of
(=AGSFIT) vs (UT). Results obtained for the four vari-
eties under study are collected in Table 9. Occasionally,
regression of data was rather poor. Individual standard
errors are therefore included (in parentheses) in Table
9. Values of —AHS" will be used here to compare the
acid—base character of the different PBO surfaces under
study. These parameters can only account for semi-
quantitative changes in the surface chemistry of a given
fiber. Further empirical approaches suggested by other
authors would lead eventually to absolute parameters,
similar to the AN and DN numbers mentioned before,
describing the electron donor—acceptor properties of the
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Figure 9. —AG?P values calculated for the adsorption of
different polar probes on the PBO surfaces under study at 303
K.

Table 9. Specific (Acid—Base) Contributions to the

Standard Enthalpy of Adsorption — AHS® (kJ mol-?) of
Several Polar Probes on PBO Surfaces

AS HM AS-etOH HM-etOH
benzene 13.1 6.7 10.0 5.3
(3.0 (0.9) (1.0) (2.3)
pyridine 35.4 18.2 195 20.4
(3.7) (2.0) (0.5) (2.5)
acetonitrile 19.6 34.6 27.8
1.2) (1.8) 1.2)
nitromethane 15.4 17.9 28.6 22.0
1.7) (1.5) (0.5) (2.2)
tert-butyl alcohol 34.4 14.2 29.0 23.4
(6.5) (1.9 (4.0) (0.8)

solid surfaces in a quantitative manner. In the present
work, this procedure has been discarded on an opera-
tional basis.®

Regarding the as-received samples, it would be rather
speculative to interpret the results given that the exact
formulation of the sizing is unknown. It is worth
noticing, however, the strong specific interaction exist-
ing between the PBO-AS fibers and pyridine, which
suggests that these fibers would exhibit the most acidic
character of the four samples analyzed. This behavior
also sustains the presence of residual PPA on the fiber
surfaces. Washing the sizing off the PBO AS and HM
samples with ethanol renders fibers with similar acid—
base characteristics. Essentially, the basicity of both as-
received fibers is enhanced after the cleaning process.
This can be clearly observed in the case of the HM
samples: the specific interaction with acidic probes
(nitromethane and tert-butyl alcohol) increases, whereas
the specific interaction with pyridine remains un-
changed. For the PBO AS fibers, on the other hand,
there is a big drop in the interaction with pyridine after
washing the fiber, accompanied by a significant raise
in the —AH" value of nitromethane; the high uncer-
tainity of the results corresponding to the other acidic
probe (tert-butyl alcohol) in both AS and AS-etOH
samples can be misleading and should be thus taken
with care. Moreover, the high specific interaction of the
PBO AS sample with tert-butyl alcohol can be again
understood in terms of the high affinity of PPA for
alcohols, as mentioned before. It should be also noticed
that, although the acid—base character of the AS-etOH
and HM-etOH samples is quite similar, with —AH3"
values corresponding to the adsorption of pyridine being
essentially the same for both fibers, the AS-etOH fiber
shows a systematically higher interaction with the
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Figure 10. (a) B3YLP/6-31G* optimized structures for a
partially extended PBO monomer. Distances in A. NPA atomic
charges with hydrogens summed into heavy atoms are also
shown in bold characters. (b) Scheme depicting the most
probable configuration of a PBO/pyridine adduct.

acidic probes (tert-butyl alcohol and, especially, nitro-
methane), resulting also in a higher —AHS" value for
the amphoteric probe (acetonitrile). This suggests that
the surface of the AS-etOH fibers is slightly more basic
than that of the HM-etOH samples.

One interesting feature of the cleaned PBO fibers is
the relatively high values of —AH" obtained for the
basic probe pyridine (~20 kJ mol~1). The nitrogen and
oxygen atoms present in the oxazole rings are strong
electron donors that should impinge a strong basic
character to the PBO fibers. Obviously, the carbon
atoms bonded to those electron-withdrawing groups
must present an electron acceptor character that would
explain to a certain extent the interaction of the
macromolecules with bases. To better understand the
charge distribution of the PBO, we decided to analyze
the electronic and structural data of a selected model
obtained from ab initio calculations. Figure 10a shows
the fully B3YLP/6-31G* optimized geometry (see
Experimental Section) of a partially expanded PBO
monomer (two phenolic rings bonded at both ends of the
benzobisoxazole moiety). Optimization of the model
structure rendered a planar geometry with C,, sym-
metry. Bond distances compare reasonably well with
experimental results obtained from X-ray diffraction.23°
As expected, the natural population analysis (NPA)
atomic charges agrees with prediction in locating the
negative charges in the nitrogen, oxygen, and the carbon
atoms of the phenyl groups connected to the benzobisox-
azole rings. Moreover, an important positive charge
(+0.56 e) is located on the carbon atoms which are
bonded to those electron-withdrawing groups. Interest-
ingly, the carbon atom of the benzo group linked to the
oxygen atom of the oxazole ring also has a relatively
high positive charge (+0.29 e). Because of the planarity
of the highly conjugated system, it is expected that the
PBO backbones are prone to establish 7—x interactions
with appropriate molecules. Indeed, that type of inter-
action amounts to 5—10 kJ mol~! as measured from the
elution of benzene (Table 9). In the case of a highly
polarized molecule such as pyridine, the above-men-
tioned, more exoergic interaction of approximatley 20
kJ mol~1 is found due to additional charge transfer and
electrostatic interactions. The pyridine molecule should
be thus oriented to maximize both 7z—s and donor—
acceptor charge-transfer interactions with PBO. The
optimum conformation of a PBO/pyridine adduct would
be more likely as shown in Figure 10b, with 7—x
interactions being established in a parallel displaced
fashion.4°
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4. Conclusion

The use of IGC combined with other techniques such
as thermogravimetric analysis and AFM provided a
rather detailed insight into the surface properties of
PBO fibers. It was found that the sizing or finish
substances present on the PBO HM variety, which
strongly reduce its surface energy, can be successfully
removed using ethanol or acetone; hexane is able to wipe
only partially the coating off these fiber surfaces. In the
case of PBO AS fibers, only washing with ethanol affects
the surface properties of the fibers. Experimental results
seem to agree in detecting significant amounts of
contaminants that would have been originated during
the fiber processing of the as-spun fibers. According to
the fabrication route of PBO, these contaminants would
be ascribed to PPA or partially coagulated PPA/PBO
residuals. Thermal treatment at high temperatures (to
obtain the high modulus variety) or washing with highly
polar solvents (such as ethanol) is able to remove these
contaminants, which, on the other hand, determine the
surface properties of the PBO AS varieties. As a
consequence, the effect (or even the existence) of an
additional coating applied to the PBO AS fibers during
the latter stages of their fabrication could not be
unequivocally discerned. Comparison of “cleaned” fibers
after ethanol washing renders significant differences
between the AS and HM fibers. The former variety
shows a large enhancement of the adsorption energetics
of alkanes, typically related to the existence of porosity
or voids at the fiber surfaces. This is not the case of the
PBO HM samples. AFM measurements performed on
these clean surfaces revealed a fibrillar microstructure
typical of the studied rigid-rod polymer-based fibers,
with fibrils being wider in the case of the heat-treated
HM variety. Regarding the surface chemistry, IGC
studies of the elution of probes with different donor—
acceptor character confirmed the relatively high acidic
character of the PBO AS fibers, which agrees with the
existence of PPA residuals on their surface. Both as-
spun and high-modulus PBO fibers exhibit a predomi-
nantly basic character after the cleaning process carried
out with ethanol. The clean fibers, however, present also
an important interaction with basic probes such as
pyridine. Ab initio calculations confirmed the existence
of presence of positively charged carbon atoms in the
PBO monomers which should act as electron acceptors.
Finally, PBO fibers are prone to exert important 7—x
interactions as it was found both experimentally (rela-
tively high —AHiP values of benzene) and theoreti-
cally.
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