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ABSTRACT: The phase transitions in two liquid crystalline polyesters have been studied by diffraction
techniques employing synchrotron radiation. The two polyesters, derived from p,p'-bibenzoic acid and
3-methyl-1,6-hexanediol, only differ on the optical activity of the chiral spacer: both the active and racemic
polymers have been investigated. Time-resolved experiments at variable temperature were performed,
analyzing the cooling from the isotropic melt and the subsequent melting. The analysis of the different
diffraction profiles (covering WAXS, MAXS, and SAXS regions) shows important differences in the phase
behavior of the two polyesters, more important than those anticipated from the analysis of the DSC
curves. Nevertheless, a common feature is the obtention of Sc mesophases in both polymers, characterized
by a continuous increase of the tilting angle as the temperature is decreased (before the appearance of

high-order mesophases).

Introduction

The standard smectic chemical structure in thermo-
tropic main chain polymers consists of regular alternat-
ing sequences of polar aromatic and nonpolar aliphatic
building blocks, which promote an assembly of neigh-
boring polymer chains forming a layer structure in a
more or less perpendicular array relative to the polymer
chains. From this point of view, the smectic phase
formation may be interpreted as a phase separation on
the nanometer level of the aromatic cores from the
flexible spacers. The structures of the core and the
spacer may influence the phase separation, and the
resulting mesophase symmetry constitutes an interest-
ing feature to be analyzed.

Several works have been published concerning the
thermotropic liquid crystal character of main chain
polymers containing the biphenyl unit as mesogen and
different methylenic!™® or oxymethylenicl4> spacers
linked by ester or ether®’ groups. Depending on the
nature of the spacer and linkage group, different phase
behaviors of the resulting materials are found. All the
polymers show a remarkable odd—even effect of the
number of methylene units of the spacer on the transi-
tion temperatures and the associated enthalpy or en-
tropy changes. Moreover, in most cases linear spacers
with an even number of methylene units develop upon
cooling a mesophase of S type,® while for odd spacers
the Sca symmetry is usually found.® Sc mesophases
have been reported for some oxymethylene spacers1o1!
and hydrocarbonated spacers with methyl substitu-
ents.312 Similar systems including two different ali-
phatic spacers distributed in a regular alternate fashion
along the polymer backbone form different mesophases
depending on the difference in the lengths of the two
spacers.1314 All these effects have been explained as a
consequence of the conformation of the spacer in the
mesophase, which confines the arrangement of the
mesogenic groups in the smectic layers.

We have previously reported® a preliminary study of
the phase transitions of liquid crystalline polyesters
derived from p,p'-bibenzoic acid and racemic- and (R)-
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3-methyl-1,6-hexanediol. This asymmetric substituted
spacer seems to favor the appearance of tilted smectic
structures, which are specially interesting in cases
where the constituent molecules contain chiral atoms,
because of their intrinsic ferroelectric properties.1516

The high molecular weight of the polymers and the
high transition temperatures make difficult the iden-
tification of the mesophases because of the lack of
recognizable textures when observed between cross-
polarizers and of sufficient X-ray measurements at
elevated temperatures. For this reason, the thermal
transitions in these polymers were carefully studied by
performing time-resolved X-ray diffraction experiments
at variable temperature, using synchrotron radiation.
This method gives us the possibility of following the
evolution of the different mesophases with the temper-
ature by means of their diffraction pattern.’” The
influence of the optical activity of the diol and of the
asymmetry introduced by the lateral group, with respect
to the homologous polymer with a linear spacer, was
also analyzed.

Experimental Section

The synthesis of the spacers and the polymers has been
reported previously.® In summary, both the racemic- and (R)-
3-methyl-1,6-hexanediol were prepared from the corresponding
commercial 3-methyladipic acids. The polymers were synthe-
sized by melt transesterification of diethyl p,p’-bibenzoate and
the corresponding diol using isopropyl titanate as catalyst. The
polyesters were purified by dissolving in chloroform and
precipitating in excess methanol. The polymers obtained are
named poly((R)-3-methylhexamethylene p,p'-bibenzoate), (R)-
P6MeB, and poly((R,S)-3-methylhexamethylene p,p'-biben-
zoate), (R,S)-P6MeB. The structural formula of the polymers
is the following:
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The intrinsic viscosities, molecular weights, and rotatory
powers of the polymers are shown in Table 1.
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Table 1. Characterization of the Two Polybibenzoates

] [a]p?
polymer (dL/g) 10*Mn  Mu/M,  (rotatory power)
(R)-P6MeB 0.65 1.72 2.97 29.2
(R,S)-P6MeB 0.53 1.8 1.94 0

Differential scanning calorimetric measurements were car-
ried out with a Perkin-Elmer DSC7 calorimeter connected to
a cooling system. Samples of 8—10 mg were used.

X-ray scattering experiments were performed by employing
synchrotron radiation (4 = 0.150 nm) in the beamline A2 at
HASYLAB (Hamburg, Germany). Two linear position-sensitive
detectors were used simultaneously: one of them fixed and
covering the approximate 26 range from 10° to 30° and the
other being set at two different sample—detector positions (in
the direction of the beam), 43 and 225 cm, respectively. The
first position covers the approximate 260 range from 1.1° to 8.8°
(spacings from 8 to 1 nm), and the second, from about 0.18° to
1.6° (spacings from about 50 to 5.5 nm). Therefore, wide-
(WAXS), middle- (MAXS), and small-angle scattering (SAXS)
data are collected in the two experimental setups: simulta-
neous WAXS/MAXS profiles are acquired in the first case and
WAXS/SAXS in the second.

Film samples, of about 20 mg, were covered by aluminum
foil, to ensure homogeneous heating or cooling, and placed in
the temperature controller of the line, under vacuum. Heating
or cooling experiments were performed at rates of 2 or 4 °C/
min. The same temperature programs were reproduced in the
two setups, and the WAXS data were used to monitor the
reproducibility of the results. The reproducibility was found
to be well inside the inherent experimental resolution of the
system. Moreover, no damage seems to be produced in the
samples, since the phase transitions appear at exactly the
same temperatures even after 5 or 6 melting—cooling cycles.

The scattering patterns were collected in time frames of 30
and 60 s for the rates of 4 and 2 °C/min, respectively, so that
we have a temperature resolution of 2 °C between frames. The
calibration of the spacings for the different detectors and
positions was made as follows: the diffractions of a crystalline
PET sample were used for the WAXS detector, a sample of a
polyesterimide (giving a well-defined diffraction at a spacing
of 2.81 nm) and a grid with separations of 5 mm were used
for the MAXS detector, and the different orders of the long
spacing of rat-tail cornea (L = 65 nm) were used for the SAXS
detector.

Results and Discussion

Thermal Transitions. The thermal transitions of
the two polybibenzoates have been first analyzed by
DSC. The corresponding results are shown in Figure 1,
where the upper part represents the cooling from the
isotropic melt and the lower one the subsequent melting.
Three exotherms are observed in both polymers when
cooling from the isotropic melt. Their temperatures and
enthalpies are presented in Table 2. It can be seen that
the behavior on cooling is rather similar for the two
polyesters. Thus, the same phase sequence seems to be
anticipated from the DSC results, with the only impor-
tant difference of a considerably higher temperature for
the final transition in the optically active polymer.

The melting curves are, however, quite different, since
only one endotherm is found for (R)-P6MeB (T, = 155.7
°C, AH = 33.8 J/g), suggesting a monotropic behavior
for this polymer, similarly to the case of other poly-
bibenzoates.11819 On the contrary, a melting curve
composed of at least two peaks is observed for the
racemic polymer, although the total enthalpy of melting
(31.4 J/g) is only slightly lower than that for the optically
active polybibenzoate.

The glass transition can be also observed in the two
polymers. It appears at 26 and 32 °C respectively for
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Figure 1. DSC curves corresponding to (R)-P6MeB (continu-

ous lines) and (R,S)-P6MeB (dashed lines) in a cooling from
the isotropic melt (upper) and the subsequent melting (lower).

Table 2. Temperatures and Enthalpies for the Different
Transitions of the Two Polybibenzoates in a Cooling
Experiment (at 20 °C/min)

. AH T AH, Tz AHs
polymer (S W@ () g (C) (Jg)

(R)-P6MeB 1355 156 1238 3+3 894 10
(R,S)-P6MeB  137.3 163 1237 542 60.9 6.2

(R,S)-P6MeB and (R)-P6MeB (in the melting experi-
ments).

Therefore, some differences in the phase behavior of
the two polybibenzoates are deduced from the DSC
experiments. The exact nature of the phases involved
is studied below by using synchrotron radiation.

MAXS—WAXS Synchrotron Results. (a) (R)-
P6MeB. The diffraction profiles corresponding to sample
(R)-P6MeB in a cooling experiment from the melt are
presented in Figure 2, showing the data acquired
simultaneously in the two detectors. The profiles for the
subsequent melting of this sample are shown in Figure
3. A careful analysis of all these profiles allows one to
obtain a lot of quantitative information. Thus, it can be
observed that at high temperatures an isotropic melt
is obtained, characterized by the absence of peaks in
the MAXS region and by the typical amorphous halo in
the WAXS channels, centered at 0.49 nm. On lowering
the temperature, the MAXS detector shows the appear-
ance of a peak centered at around 1.9 nm, while the
corresponding WAXS diffractograms are very similar to
those of the isotropic melt. These features are charac-
teristic of a low-order smectic phase. The MAXS peak
appears at a temperature about 150 °C, showing a rapid
increase of its intensity, as shown in the middle part of
Figure 4. Regarding the WAXS diffractograms during
this transition, a careful analysis shows that the center
of the wide halo experiences, besides the expected
thermal expansion, a clear discontinuity at a temper-
ature of about 146 °C, as shown in the upper part of
Figure 4, changing from around 0.49 nm for the isotropic
phase to about 0.47 nm for the smectic one.
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Figure 2. Scattering profiles corresponding to (R)-P6MeB in
a cooling experiment from the isotropic melt. For clarity, only
one of every four frames is plotted. Noticeable noise signals
are pl)resent in the WAXS channels at around 2.25 and 2.50
nm-L.
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Figure 3. Scattering profiles corresponding to (R)-P6MeB in

a melting experiment. For clarity, only one of every four frames
is plotted.

After a few frames, the MAXS peak begins to shift to
lower spacings, from a maximum value of 1.88 nm to a
final value of 1.69 nm at a temperature of 105 °C (see
left-hand side of Figure 2 and lower part of Figure 4).
This shifting is accompanied by a slight increase of the
total MAXS area, as shown in the middle part of Figure
4. No change is observed, however, in the WAXS
diffractograms, with the exception, as usual, of a slight
linear decrease of the position of the wide peak (see
upper part of Figure 4), due to the thermal contrac-
tion. Therefore, we are dealing with a low-order me-
sophase. Previous WAXD results at room temperature
on stretched samples of (R)-P6MeB quenched from the
melt® indicated the presence of a Sc* structure in this
polymer. This is consistent with the results in the
present work; i.e., a smectic phase with the chain axis
normal to the smectic planes is formed first, and later
a tilting of the angle between the chain and the normal
to those planes is produced, leading to a Sc* mesophase,
which can be quenched at room temperature.

However, under the slow-cooling conditions of the
present experiments, the Sc* phase experiences a
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Figure 4. Variation of the position of the WAXS broad peak
and of the total area and position of the MAXS peak as a
function of temperature corresponding to (R)-P6MeB in the
cooling experiment of Figure 2.

transition into a more ordered phase. Thus, at a
temperature about 105 °C, the MAXS peak at around
1.7 nm diminishes in intensity, while a new one at
around 1.9 nm is formed, remaining approximately at
the same position until the end of the experiment. It is
important to notice that the peak at 1.7 nm does not
disappear completely, since a small shoulder is observed
in the last frames.

The appearance of the final MAXS peak at 1.9 nm is
accompanied by a small decrease of the total MAXS area
(see middle part of Figure 4) and by a very clear change
in the WAXS profiles, since two diffraction peaks,
corresponding to spacings of 0.469 and 0.400 nm, are
observed. Taking into account this feature and the fact
that the MAXS spacing is similar to that of the Sa
structure, that phase, which will be named Sx, may be
an upright mesophase with, probably, orthorhombic
symmetry and herringbone arrangement of the polymer
molecules (Sg).

The transition temperatures deduced from the syn-
chrotron results can be compared with the correspond-
ing DSC ones. Figure 1 (and Table 2) shows the DSC
transitions obtained at a cooling rate of 20 °C/min. (This
rate has been chosen in order to get a better determi-
nation of the enthalpies involved in the different transi-
tions, which are rather small, as seen in Table 2.)
Obviously, the transition temperatures will depend on
the cooling rate. Thus, Figure 5 shows the variation of
the three transitions with the cooling rate. The values
obtained at a cooling rate of 4 °C/min are practically
coincident with those from the synchrotron results,
deduced from Figure 4, if we consider that the exotherm
centered at 130 °C corresponds to the maximum slope
in the variation of the position of the MAXS peak during
the formation of the Sc* phase.

The subsequent melting of this sample is much less
complicated, as observed in Figure 3. The WAXS and



3026 Pérez et al.

150 ——F——— 11—

140 M

130 = -

120 - b
e
Al o I-S,
110 fo) SA'SC* |
A Sc*-Sy
100

90
L ol n 1 " 1 n 1
1.0 L5 2.0 2.5 3.0
In V (V, in °C/min)

Figure 5. Dependence of the DSC peak transition tempera-
tures with the cooling rate corresponding to (R)-P6MeB.
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Figure 6. Variation of the total area and position of the
MAXS peak as a function of temperature corresponding to (R)-
P6MeB in the melting experiment of Figure 3.

MAXS profiles remain approximately the same until a
temperature of about 160 °C, when the isotropization
of the sample is observed. The data analysis is shown
in Figure 6. These results indicate that the Sx phase
experiences a monotropic melting, i.e., it melts directly
into the isotropic phase, and the low-order smectic
phases (Sa and Sc*) are not obtained on melting.
There is, however, one aspect to be commented on. It
seems that a minor amount of Sc* phase remains
untransformed, judging from the small shoulder cen-
tered at around 1.68 nm which is present in the MAXS
profiles (see Figures 2 and 3). This shoulder may involve
as much as 20% of the total MAXS peaks area, but it is
not possible to analyze its behavior on melting with
enough accuracy to extract any useful information.
(R,S)-P6MeB. The phase behavior of the racemic
polymer presents more differences in relation to the
active polymer than those that can be anticipated from
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Figure 7. Scattering profiles corresponding to (R,S)-P6MeB
in a cooling experiment from the isotropic melt. For clarity,
only one of every four frames is plotted.
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Figure 8. Scattering profiles corresponding to (R,S)-P6MeB
in a melting experiment. For clarity, only one of every four
frames is plotted.

the DSC analysis. Thus, Figure 7 shows the MAXS—
WAXS profiles corresponding to the cooling of (R,S)-
P6MeB from the isotropic melt, while the profiles
corresponding to the subsequent melting are presented
in Figure 8.

It can be observed that the first part of the cooling
experiment is rather similar to that for the optically
active polymer. Thus, at high temperatures only the
isotropic phase is present: no MAXS peaks and a broad
amorphous-like halo in the WAXS region, centered at
0.49 nm. On lowering the temperature, a Sa phase is
formed at around 155 °C, characterized by a MAXS peak
at 1.91 nm and a wide profile in the WAXS region,
centered at 0.47 nm, clearly different from the value for
the isotropic phase (see upper part of Figure 9).

At lower temperatures, the transition from Sa to Sc
is also observed, but below 128 °C a minor amount of a
highly ordered crystalline phase is formed, characterized
by three distinct diffraction peaks in the WAXS region
and by a MAXS peak at 1.18 nm, well different from
the spacings of the smectic peaks. The fraction of this
crystalline phase is very small, as determined from the
area of those three diffraction peaks in relation to the
total WAXS area: of the order of 3%, as shown in the
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Figure 9. Variation of the position of the WAXS broad peak,
of the fraction of crystal phase deduced from WAXS, and of
the area and position of the MAXS peaks as a function of
temperature corresponding to (R,S)-P6MeB in the cooling
experiment of Figure 7.

second from the top part of Figure 9. The relative area
of the corresponding MAXS peak is also about 3% of the
total (see third from the top part of Figure 9).

Curiously, the proportion of this crystalline phase
remains approximately constant even when going
through the transformation of the Sc phase into the Sy
one, which occurs in this polymer around 92 °C, as
observed in the lower part of Figure 9. Here we find
another difference between the two polymers: the
MAXS peak of the Sx phase of (R,S)-P6MeB is centered
at 1.7 nm; i.e., the MAXS spacing of this phase is much
smaller than that for the corresponding phase of the
optically active polymer. The two WAXS diffractions
appear at 0.485 and 0.415 nm, i.e., slightly different
than those for the active polymer. Therefore, we are
dealing with a tilted mesophase of, probably, monoclinic
symmetry and herringbone arrangement of the mol-
ecules (Sy or Sg).

The analysis of the subsequent melting experiment
is shown in Figure 10. The situation now is quite
different from that for (R)-P6MeB (compare with Figure
8): first, the Sx phase does not melt directly into the
isotropic phase, since the Sa phase is observed in the
temperature range from about 145 to 160 °C; i.e., the
racemic polymer displays enantiotropic behavior on
melting. Moreover, and simultaneously with the isotro-
pization of the Sp phase, there is a very important
recrystallization process, in such a way that the propor-
tion of the crystalline phase increases from the initial
3% to a value of 15%, as shown in the upper part of
Figure 10. The crystalline MAXS peak also experiences
a parallel increase (see middle part of Figure 10).
Finally, the melting of the crystals is attained at a
temperature around 170 °C, leading to an isotropic
phase.
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Figure 10. Variation of the fraction of crystal phase deduced
from WAXS and of the area and position of the MAXS peaks
as a function of temperature corresponding to (R,S)-P6MeB
in the melting experiment of Figure 8.

In conclusion, and contrary to the case of (R)-P6MeB,
the racemic polybibenzoate presents a phase behavior
complicated by the fact of the appearance of a crystalline
phase, in competition with the smectic ones. The relative
proportion of them will depend very much on the
crystallization conditions. Moreover, the recrystalliza-
tion on melting will depend, as usual in this kind of
process, on the heating rate. We have not carried out
such analysis in the synchrotron source, but a rather
good idea can be deduced from the DSC experiments
displayed in Figure 11, where the melting curves at
different heating rates and after two crystallization
conditions are shown. Considering the synchrotron
results, the endotherm at about 160 °C is attributed to
the melting of the final crystals, and it is evident that
the crystal phase is obtained in higher proportions the
lower are the cooling and the heating rates. This phase,
which is expected to be the most stable one, may be,
therefore, the predominant one if very small rates are
used (smaller than the 2 °C/min employed, for practical
reasons, in the present experiments). Moreover, if the
experiment represented by the upper curve in Figure
11 is stopped at 153 °C (after the formation of the
crystalline phase and just before its melting) and cooled
slowly from that state, the subsequent melting shows
only the endotherm at about 160 °C; i.e., the crystalline
phase seems to be the only one present under those
conditions.

SAXS—WAXS Results. A parallel analysis has been
carried out, for both polymers, by acquiring the scat-
tering in the SAXS region (simultaneously with the
WAXS region, which has been used to test the repro-
ducibility of the phase transitions in relation to the
MAXS—WAXS experiments).

Figure 12 shows the Lorentz-corrected profiles cor-
responding to selected temperatures of (R)-P6MeB in a
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Figure 11. Dependence of the DSC melting pattern with the
cooling, ve, and melting, v;, rates corresponding to (R,S)-
P6MeB.
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Figure 12. Lorentz-corrected SAXS profiles corresponding to
selected temperatures of (R)-P6MeB in a cooling experiment.

cooling experiment. The scattering profiles for the
isotropic melt (frame at 165 °C) and the low-order
smectic phases, Sa (not shown) and Sc* (frame at 125
°C), are practically identical, but below 105 °C, and
coinciding with the formation of the Sx phase, a long
spacing is observed. Figure 13 shows the data derived
from this experiment, compared to the corresponding
one for the racemic polymer. The upper part of this
figure shows the change of the relative invariant (the
area under the SAXS curves?). For (R)-P6MeB a very
clear increment of the invariant can be observed at
about 105 °C, simultaneously with the appearance of a
long spacing of around 20 nm. From these results and
the WAXS characteristics, it can be deduced that the
Sx phase presents a quasicrystalline degree of order.
The behavior of (R,S)-P6MeB on cooling from the melt
shows also a clear increase on the invariant (see upper
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Figure 14, SAXS data (relative invariant and long spacing)
as a function of temperature for the two polymers on melting.

part of Figure 13) at a temperature around 85 °C, i.e.,
when the Sx phase of this polymer is formed (see Figure
9). However, the long spacing is already observed at
higher temperatures, due to the fact of the formation
of the small amount of crystalline phase.

The SAXS data derived from the subsequent melting
experiments for both polymers are presented in Figure
14. Regarding the optically active polymer, its behavior
is again quite simple: after a steady increase of the
invariant, there is a rapid decrease at about 158 °C, due
to the monotropic isotropization of the Sx phase. The
long spacing experiences a parallel increase (which
cannot be measured above 147 °C when it raises to more
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Figure 15. Variation of the tilt angle of the Sc phase of the
two polymers with temperature in a cooling experiment. The
dashed lines correspond to the fitting to eq 1, with the
parameters indicated in the text.

than 30 nm, since it goes out of the detection window)
before its final disappearance when the isotropization
of the sample occurs.

The data corresponding to the racemic polymer reflect
very clearly the recrystallization phenomena: there are
two maxima in the invariant. Moreover, the long spac-
ing, which disappears in a certain interval around 150
°C, shows up again when the sample experiences the
important recrystallization process at around 155 °C.
The isotropization of the sample is finally obtained
above 165 °C.

Comparison of the Structural Parameters of the
Two Polymers. As we have seen, the phase behavior
of the two polymers presents important differences,
although some of the structural parameters are similar.
This is the case of the most probable distance found for
the isotropic melt and for the low-order smectics in the
WAXS region: around 0.49 nm for the isotropic phase
and 0.47 nm for the low-order smectic phases, for both
polymers.

Regarding the length of the smectic layers, it is
around 1.9 nm for the Sa phase of the two polymers,
and the angle of inclination in the Sc phase is also
rather similar, as shown in Figure 15: it takes a value
close to 30° at about 100 °C for both polymers. The
difference is that the racemic polymer reaches a higher
value of the angle, mostly because of its lower temper-
ature for the formation of the Sx phase.

According to the Landau—de Gennes theory, the
second-order transition from Sp to Sc can be described
by the continuous increase of the tilt angle, 0 (taken as
the order parameter of the transition), in such a way
that the free energy can be expressed in terms of powers
of the tilt angle.?! In such case, and neglecting the
higher powers of 6, i.e., for temperatures not far away
from T¢ (the temperature at which the tilt appears), the
following equation is obtained:

0 =k(T,—T)*® 1)

where k is a constant. This relation has been checked??
for LMWLC as well as for polymeric liquid crystals. In
our case, as depicted in Figure 15, this parabolic
function describes rather well the temperature behavior
of our data, with k =4.8 and 5.0 and T¢ = 140 and 143
°C, for (R)-P6MeB and (R,S)-P6MeB, respectively. As
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expected, the range of validity of that equation is
restricted to temperatures not very much below Tc.

Finally, regarding the Sx phases, they are character-
ized by two WAXS diffractions at 0.469 and 0.400 nm
for (R)-P6MeB and at 0.485 and 0.415 nm for the
racemic polymer; i.e., they are also very close, although
the spacings for the optically active polymer are about
3% smaller than for the racemic polybibenzoate. The
difference lies, however, in the MAXS spacing, which
is around 1.9 nm for (R)-P6MeB and only 1.7 nm for
the racemic polymer. Comparing with the spacings of
the Sa phase, it seems that we have an upright phase
in the first case, and it is inclined for the second
polymer.

Anyway, the most important difference in the phase
behavior of the two polybibenzoates studied here is the
capability of the racemic polymer for forming a three-
dimensional crystalline structure, which is not present
(at least under the experimental conditions used) in the
optically active polymer, despite the fact of a greater
structural regularity in the latter polybibenzoate.

If we compare now the behavior of these polybiben-
zoates with that for the corresponding polymer with a
linear, nonsubstituted, spacer, i.e., with poly(hexam-
ethylene p,p’-bibenzoate), PB6, it can be deduced that
the presence of the methyl substituent has a very
important effect on the transition temperatures, since
the isotropization temperature of PB6 is of the order??
of 240 °C. Moreover, the phase behavior is also quite
different: PB6, on cooling from the melt, leads to a Sa
mesophase, which is transformed into a crystalline
structure on further cooling. However, the methyl
groups, as we have seen, favor the appearance of Sc
mesophases (where the accommodation of the methyls
into the mesophase structure is achieved by tilted
association of the polymer chains!?), and the formation
of crystalline structures is greatly inhibited.
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