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Introduction

Interest in polyimides has centered primarily on aromatic
polyimides with high thermal-transition temperatures and good
thermal stabilities. However, following early work by de Vissier
et al. on polyimides derived from pyromellitic dianhydride and
diamines with poly(ethylene oxide) sequentdsere has been
continuing interest in polyimides with aliphatic moieties, e.g.,
in polyimides of structurel in which either or bothX andY
incorporate aliphatic units and/or various linking groups.

Although there have been a few studies of segmented polyimides

containing other aliphatic sequence$the main emphasis has

been on those with sequences of methylene or ethylene oxide

(EO) units. Thus, Harris and co-workers described polyimides
in which X had various structures andincluded—(O—CH,—
CH;—)n—0O— sequences(= 1 to 3 or 4) with phenylene linking

units with different substitution patterns and, in some cases,

methyl substituent$:13 Several of these polymers exhibited
multiple endothermic (melting) transitions on heating. Within

at elevated temperaturés.The bulk of the polymers that
exhibited liquid crystallinity were poly(ester imide)s with
polymethylene spacers, and it was concluded that inclusion of
ester groups is important in enhancing formation of liquid-
crystalline phases. Very few other polyimides exhibited liquid
crystallinity, but they too had polymethylene sequences. No
polymers with imide groups and oxyethylene units were found
to exhibit liquid crystallinity. The evidence available in 1998,
therefore, led to a perception that polyimides and poly(ester
imide)s with oxyethylene spacers would not form liquid
crystalline phases. Indeed, Kricheldorf's review states the
following: “Hence, these results indicate that ether groups in
the aliphatic spacers of PEls [poly(ester imide)s] destabilise the
LC-phase.” “This result and the properties of the PEls [poly-
(ester imide)s] ... clearly confirm that ether groups in general
and oligo(ethylene oxide)s in particular are highly unfavorable
for the existence of LC-phases in the case of polyimides.” “Only
the ether groups may totally prevent the existence of layered
structures as illustrated by the PEls [poly(ester imide)s]...”. In
an earlier paper on poly(ester imide)s, Kricheldorf et al. state:
“Poly(ethylene oxide) spacers tend to suppress the crystallization
and prevent the formation of layer structurésChiellini and
Laus also remarked that poly(ethylene oxide) spacers have a
lower mesogenic propensity and are less conducive to the
formation of mesophases from weak mesogens than are poly-
methylene sequencé%.

However, an earlier paper by Noel etlalreported that
aromatic polyesters with oxyethylene spacers (1, 3, or 9 ethylene
oxide units) did exhibit liquid crystallinity at high temperatures.
These polyesters were based piterphenyl withp-carboxyl
units; both of these units have high mesogenic tendencies. Thus,

those studies, Cheng et al. reported that, of the polymersformation of segmented aromatic polymers with oxyethylene

prepared from oxidiphthalic anhydridX (= O in 1) but with
diamines withn = 1 to 3 and with one meta- and one para-
terminal phenylene, only that with= 3 exhibited two melting
transitions (50C apart) which were attributed to isomorphism.
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In 1999, Kricheldorf published a review of polyimides, and
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spacers that exhibit liquid crystallinity is not totally precluded.

Kricheldorf and co-workers examined a series of polyimides,
based on biphenyldianhydride (384-tetracarboxybiphenyl
dianhydride, BPDA), containing alkane sequences in the diamine
moiety18 They found that, in conjunction with BPDA, using
o,w-diaminoalkanesy,w-bis(3-aminophenoxy)alkanes, @jw-
bis(4-amino-3-methylphenoxy)alkanes, the resulting polyimides
did not form thermotropic liquid-crystalline phases. Only with
o,w-bis(4-aminophenoxy)alkanes were polymers formed that
exhibited liquid-crystalline behavior. Eichstadt et al. also report-
ed on poly(ether imide)s with methylene sequences but did not
observe liquid-crystalline behaviét.Thus, liquid-crystalline

related materials of various structures, and especially of poly- pehavior in polyimides is relatively unusual, and there is a
imides with aliphatic spacers, concentrating on whether or not ¢qnsiderable body of evidence indicating that spacers derived

the polymers exhibited thermotropic liquid-crystalline behavior
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from ethylene oxide prevent formation of liquid crystalline
mesophases in polyimides, and even poly(ester imide)s.

Since the publication of Kricheldorf's review little has
changed, except that we reported the formation of a family of
polyimides 1 with oxyethylene sequences and o,w-bis(4-
aminophenoxy)oxyethylene sequendes which the oxyeth-
ylene sequences had 0 to 6 ethylene oxide units in each s8acer.
In a study of the family of 49 such polymers only one, with
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one ethylene oxide unit iX and six units inY did preliminary
optical microscopy give evidence for thermotropic liquid crystal-
linity, indicating that ethylene oxide sequences do not totally bar
the formation of liquid crystalline mesophases in polyimigfes.

Here we report on polyimides based on BPDA an@-bis-

) o ! 215°C BEC e
(4-aminophenoxy)oxyethylene units, i.e., polymergwhich
have the same aromatic units as the polymers studied by

Kricheldorf et al'®), which provide incontrovertible evidence 2" heat

ayn=>5

endo >

for the formation of polyimides with oxyethylene spacers that b)n=6
exhibit liquid-crystalline behavior.

1™ cool
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Materials. BPDA was obtained from TCI, Japan The syntheses Figyre 1. DSC traces for polymers: (&c and (b)2d.
of the diamines8 with up to four ethylene oxide units and terminal
p-aminophenoxy units®and with five or six EO unit®¥ have been
described previously.

Synthesis of PolyimidesThe polyimides were prepared by a The two-stage, solutionpolymerization process between
conventional, two-stage solution polymerization and imidization BPDA and the bis(4-aminophenoxy) diamines with poly-
process, Scheme 1, as described in detail elsevifh@hais, 1 mmol (ethylene oxide) sequences,in NMP solution, Scheme 1, led
of diamine 3 was dissolved in 5 cfof N-methylpyrrolidinone to viscous solutions of poly(amic acid)s which, on imidization
(NMP) at room temperature and an exact stoichiometric equivalence with pyridine/acetic anhydride (50/50 v/v) mixture, yielded high-
of BPDA was added with stirring. After standing overnight, the molecular-weight polyimides that were isolated by precipitation
mixtures formed highly viscous solutions of poly(amic acid)s  into methanol. Polymers were prepared from diamiBesith
which were Chemica”y imidized by the addition of 2 &mwf an n= 3, 4, 5, or 6. Of the resu'tlng po'ymers On|y those from
equivolume mixture of acetic anhydride and pyridine at room giamines where = 5 or 6 were soluble in the eluant used for
temperature. After leaving for several hours the resulting polyimides GPC. Molecular weights of the soluble polymers were deter-
2 were isolated by precipitation into methanol. The high-molecular- mined by GPC and values at the peaks of the chromatograms
weight polyimides were washed with boiling precipitant to remove f :
residual solvent. or 2cand2d were 73 and 66 kg mot, respecnvgly. Althqugh

Techniques.Polymer molecular weights were determined by gel these experimental values of molecular weight (which ap-
permeation chromatography (GPC) using DMF/LICI(0.1 M) as the gggi(lnrgfl fol;c;t)\;\;glr?: ts?;ﬁézggs,n;?:ee;lﬂ:)agagslge?géé gaetiséu[;d a

mobile phase with a flow rate of 1 cmmin™*, columns packed factor of 2 or 32° the values determined indicate degrees of
with 5u-PL gel polystyrene (Polymer Laboratories), a refractive polymerization of about 100n(= 6) to 120 (1 = 5). These

index detector, and the instrument was calibrated with polystyrene X e
values might translate to more realistic values of about 40 or

standards (Polymer Laboratories).
(Poly ) 50, which are still very high for step polymerizations and

Thermal-transition temperatures were determined by differential indicate high conversions to high-molecular-weight polvmers
scanning calorimetry (DSC) using a Mettler 8Zhlorimeter (scan 9 9 gnt poly ’

rate 10°C min~1, under nitrogen) and by optical microscopy using ~ 1he several polymers prepared were examined by thermo-
a Leica Wild MPS 32 polarizing microscope equipped with a gravimetric analysis and their decomposition temperatdigls (
Linkam THMS 600 hot stage; textures were observed on cooling identified as temperatures for 2% weight loss under nitrogen at
slowly (typically 2°C min~1) from about 30°C above the clearing a heating rate of 206C min~1, are recorded in Table 1. On the
point. Samples were also examined by dynamic mechanical thermalbasis of this conventional criterion, the results indicate that all
analysis (DMTA) using a Polymer Labs MKIIl analyzer with tensile  samples were thermally stable to well over 400 The observed

Experimental Section

Results and Discussion

geometry, operating at 1 Hz and a heating rate ¢C2min~". values of Tp are much higher than those of other thermal
Thermal stabilities were determined using a Perkin-Elmer TGA7 decomposition temperatures of 32364 °C and 280°C that
analyzer with a heating rate of 2C min~! under nitrogen. have been reported for poly(ethylene oxi@&3s but they are

Small-angle and wide-angle X-ray scattering, SAXS and WAXS ' in accord with those for other segmented polyimides with poly-
resp.ec.tlvely, were carried out on Station 8.2 of the Syn_chrotron (ethylene oxide) sequences flanked Nyphenylphthalimide
Radiation Source at the Daresbury Laboratory, U.K. Details of the \jjts7.10.20 Thys, poly(ethylene oxide) sequences with

beamline can _be founq elsgwhé?_‘e'[he samples were placed_in a  phenylphthalimide end groups clearly have enhanced thermal
DSC pan equipped with mica windows to allow the transmission stability.

of X-rays, for further details see ref 22. The background scattering . . . .
from an empty pan and windows was subtracted and the data were To identify their thermal-transition temperatures, all samples

corrected for nonlinearity in the detector. The SA¥Sixis was ~ Were examined by DSC and were repeatedly cycled at a scan
calibrated against wet rat-tail tendon, the WAXS against HDPE. rate of 10°C min™* for both heating and cooling. Each sample
The sample was heated at 20 min~1 from 100 to 350°C, held exhibited two endotherms on heating and two exotherms on
for 1 min cooled back to 108C at the same rate and heated again cooling. After thermal treatment, all polymers were highly
at 20°C min! to 350°C. crystalline and, while it was not possible to determine their glass-
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Scheme 1.

Table 1. Thermal Transitions Determined by DSC, TGA and DMTA

o
O + |-|2N4<j>—o-(m-|z—c|-|2—o>—<j>—m-|2
o] n
3

Table 2. Transition Temperatures Observed by Optical Microscopy

sample transition
transition 2a 2b 2c 2d sample Ter1c/°C Tie-il°C Ti—i/°C Tic-/°C

DSC2first cooling Ti—i/°C 381 355 309 278 2c 230-275 324 312 220

AHi_J/Jg! nd. 115 104 938 2d 235 300 288 n.d.

Tie-ed°C 306 245 215 219

AHie—/Jgl 335 22.7 20.9 20.9 : :
DSC, second heating Ter1/°C 352 301 256 243 2d, on both heating and cooling, are much sharper than those

AHeoidgl 306 226 230 233 for 2c. _ N o )

Te—il°C 389 363 320 291 The decrease in transition temperatures with increasing

AHcildgt  ~9 121 106 100 oxyethylene sequence length reflects the reduction in mesogen
TGA To/°Ce 462 461 427 433 content which implies an increased flexibility of the macromo-
DMTA tan Omax n.d. n.d. 118 105 P ty

aSamples were heated to the following temperatuizg: 400 °C; 2b,
385°C; 2¢, 360°C; 2d, 360°C. » Complex peak; the temperature recorded
corresponds to the highest pe&HR.emperature corresponding to ap-
proximately 2% weight loss under nitrogen.

lecular chain and parallels that observed for other segmented
polyimides and polyesters with oxyethylene sequefdés.
Optical microscopy was undertaken on equivalent samples
to parallel the DSC studies. Although most solvent-cast films
of the two polymers were initially amorphous, a minority of

transition temperatures by DSC, values of the temperatures forSamples exhibited partial anisotropy. When examined by polar-

tan omax an indicator forTy obtained by DMTA, for samples
2c and2d are recorded in Table 1.

For sample2c and 2d cycling between 0 and 36TC gave

reproducible thermal-transition temperatures for both the en-
dotherms and exotherms, as recorded in Table 1; for sample

izing optical microscopy up to 400C, all polymers2a—2d
were found to exhibit evidence for thermotropic liquid crystal-
linity between the upper and lower transition temperatures
recorded in Table 1. In all cases, it was confirmed, from the
appearance of the characteristiCtdimets, that the liquid-
crystalline phase was smectic A. Solvent-cast samples that were

2c, the lower-temperature endotherm was a complex peak. jnitially amorphous developed anisotropy on heating and liquid

However, for sample2a, 2b it was necessary to scan to higher

crystallinity above the temperatures of the lower endotherms.

temperatures in .ord.er to observe the upper transitions on bothTpys the transition temperatures and their associated transition
heating and cooling; peaks for the lower endotherms were againenthalpies identified in Table 1 are indicated by the subscripts
complex. The transition temperatures recorded in Table 1 for where cr refers to crystalline, Ic to smectic A liquid-crystalline,

sample2b were obtained by cycling to 38%C and for sample
2ato 400°C. Even so, the upper endotherm & was not
observed on first heating to 40C; the transition temperature
recorded in Table 1 foRa was recorded on second heating.
For both2a and2b repeated thermal cycling to 40C caused

and i to isotropic phases, respectively. However, slow thermal
decomposition of sampleZza and2b, at the high temperatures
used to identify the clearing temperatures and formation of
isotropic liquid states, caused instability in the field of view
and compromised definitive characterization of their transition

the transition temperatures for both endotherms and exothermsemperatures. No such problems were encountered with samples

to decrease by about 15 and ZDper cycle, respectively. These

2c and 2d when repeatedly cycled between room temperature

results demonstrate that, although the decomposition temperaand the isotropic liquid state, and the reproducible temperatures

tures for2a and 2b determined by TGA for 2% weight loss
(Tp in Table 1) are significantly higher than the maximum

of the transitions between crystalline, liquid-crystalline, and
isotropic liquid states are given in Table 2. It is with the further

temperatures reached in DSC scans, there is sufficient slowcharacterization of these two polymers that this communication

degradation below 400C, on the time scales used, to affect

the transition temperatures determined by DSC. The tempera-

tures and enthalpies for the transitions in sampesnd 2d,
heated to a maximum of 36TC, were reproducible and are
considered reliable. DSC traces for these polyn2erand 2d

is primarily concerned.

On first heating, in the DSC instrument, neither amorphous
sample showed cold crystallization at temperatures above their
estimatedlgs, but did show endothermic transitions at the higher
temperatures recorded in Table 2. Correlation with optical

are shown in Figure 1 where it is seen that the transitions for microscopy (see below) identified this transition as liquid crystal
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Figure 2. Optical micrographs of polymers (2c and (b)2d.

to isotropic liquid [Tc—i). Since the initial samples were the scattering patterns froBt and2d, respectively, for similar
amorphous, the order responsible for these transitions developedequences of heating and cooling. Figure 3a shows a double
too slowly to give identifiable signals by DSC. A sample2of peak from partial crystallinity and frozen liquid crystallinity in
that exhibited some initial anisotropy gave a small transition an initial solvent-cast sample @€ that is transformed gradually
corresponding to the lower transition recorded in Table 2 and into the liquid-crystalline phase. This is indicated by the
subsequently attributed to the crystal to liquid crystal transition transformation of the double peak into the single sharp peak
(Ter—1c)- on heating at 20C min~1. Sample2d showed no initial order

For both2c and2d, the development of the liquid-crystalline  (Figure 3b) and very little development of order until just before
state from the isotropic liquid on cooling was slow. For sample crystal melting. The initially broad peak gradually grows and
2¢, the transition from isotropic liquid to liquid crystal started sharpens into a narrow peak indicative of the liquid-crystalline
to occur at 286C. On continuous cooling from above 300, phase. The gradual development of the sharp peaks of the liquid-
2cexhibited very small features arising from a liquid-crystalline crystalline phases, on cooling from the isotropic liquid, is
phase at 290C. To develop and identify the liquid-crystalline  consistent with the gradual development of the liquid-crystalline
phases, samples of each polymer were cooled from abovemorphology observed by optical microscopy. Figure 3 clearly
300°C in stages. Thus, polym&c, on third cooling, exhibited shows the lack of order in the isotropic liquid phases above the
some birefringence at 288C and after 10 min at that clearing temperatures for both polymers. On cooling, also at
temperature Hannets were recognizable. Decreasing the tem- 20 °C min™?, it is seen that both samples gradually develop
perature by intervals of 8C the same texture persisted and liquid crystallinity as the relevant peaks grow. In both cases
improved over a period of 2.5 h, Figure 2a. Similarljtdrmets there are sharp transitions, with a small degree of coexistence
were seen to develop at 289G in a sample o2d and developed ~ of both phases on cooling. Figure 3 further demonstrates the
further during stepwise cooling to 27C, Figure 2b. Further  stability of the samples and reproducibility of the transition
cooling of the partially liquid-crystalline samples to temperatures behavior on repeated heating and cooling cycles. Repeat
below the lower exotherm caused the samples to developdistances d for both liquid-crystallinel{/A) and crystalline
crystalline phases around the frozen liquid-crystalline phase. phasesd./A) were calculated and are presented in Table 3.
Thus, both samples exhibited enantiotropic smectic behavior The sharp peaks of the liquid-crystalline phases indicate that
over a wide temperature range, over ¥Din each case. all repeat units within each sample adopt identical lengths. The

Additional information on the natures dfc and 2d was broad SAXS peaks at lower temperatures show that there is
obtained by SAXS measurements made during repeated heatingonsiderable strain within the lamellar stacks; this is cor-
and cooling cycles. Thus, parts a and b of Figure 3 illustrate roborated by the small sizes of crystals observed by optical
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'

Intensity /arb units

(b)

Intensity /arbitrary units

0.05 0.15 0.25 0.35
g/A’

Figure 3. SAXS patterns for samples (8¢ and (b)2d during heating and cooling cycles.

Table 3.d-Spacings Determined by Small-angle X-ray Scattering

sample di/A derdA
2c 34 26.3
2d 35 29.8

microscopy and located between th&dmmets of the frozen
liquid-crystalline phases. No discernible peaks were observed
in the WAXS signals, but it must be stated that the detector
then available was not ideal for this experiment.

The d-spacings measured (Table 3) are consistent with the
formation of layered structures for both samples. However, it
is necessary to consider how to accommodate the repeat units
within these dimensions. The observed dimensions are too short
for fully extended structures. The bisphenylphthalimide) unit
itself has a length of 22 A and the EO sequences have very
similar dimensions of approximately 22 A. There is also a large
disparity between the cross-sectional areas of the phthalimide
units and EO chains in the all-trans conformations that would
make packing of extended units inefficient. Therefore, EO
sequences must be coiled to some extent. This conclusion is
consistent with the difference thspacing betweeBc and2d,
whih s less than thal ofan EO uriln th alrans conforma: 01 . S e o o e
tion. Therefore, th_e EQ sequences must have a high Conte_nt 0fi)x[i)de sequences as continuous Iirpldatspacings are indﬁ:ated by thg
gauche conformations. Flory calculated that poly(ethylene oxide) yertical distances between broken lines.
chains will adopt a high proportion of gauche conformati#hs,
and Chiellini and Laus attributed their reduced tendency to A structures for the liquid-crystalline phases, the directors of
support the formation of liquid crystalline phases, compared the aromatic units, parallel to the long-axis of the Nis(
with polymethylene sequences, to their higher tendency to adoptphenylphthalimide) units, must be perpendicular to the planes
gauche conformation$.Even when highly coiled, space-filling  of those units, i.e., parallel to theaxis, Figure 4. Thus, to be
molecular models show that the sums of the lengths of the accommodated within the observed repeat distances the EO
aromatic and aliphatic units, in a linear arrangement, as depictedsequences must be tilted out of the planes of the aromatic units.
in Figure 4A, are greater than the repeat distances observed foiTherefore, it is concluded that the poly(ethylene oxide) blocks
each sample. To be consistent with the observation of smecticmust be at an angle to the direction of the aromatic units and
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the c-axis, as depicted in Figure 4B. Even in this arrangement, on cooling, while solvent-cast samples of polyr@dmvere either

the EO sequences must be highly coiled to be accommodatedamorphous initially or showed some initial anisotropy. In the
within the observedl-spacings and to fill space. The temper- former case anisotropy developed on heating to’2and was
atures corresponding to stable liquid-crystalline phases hereretained on cooling. As mentioned previously, it was not possible
(200-300 °C) are well above the crystal melting temperature to observe glass-transition temperatures for either polymer by
of poly(ethylene oxide) (about 5C), below which the chains  DSC but these were estimated to be 118 and 205
adopt a 7/2 helical conformation. Thus, the chains in the liquid- respectively, for2c and 2d from DMTA measurements (tan
crystalline phases observed here must adopt some other irreguladmay); increasing the length of the aliphatic unit reduced the
combination of trans and gauche conformations. Kricheldorf also observed value ofg, as would be expected.

concluded that aliphatic units in segmented polyimides with  Dielectric relaxation studies on the polymers, undertaken at
alkane sequences were primarily in gauche conformations inlow temperatures, showed the existence of two distinct relaxation
the liquid-crystalline phas¥. processes that could be consistent withelaxations in the

On cooling from the liquid-crystalline to crystalline phases, aromatic and aliphatic sequences, separdtefjiese, and other
there are further reductions dhspacings. From models, it seems Measurements of physical properties at ambient temperatures
impossible to accommodate this reduction by further coiling Will be discussed in conjunction with data on a number of other
and shortening of the ethylene oxide sequences. We thereforgPolymers with related structures in a subsequent publication.
suggest that this transition is associated with tilting of the
aromatic units to some angle with respect to their plane, as
depicted in Figure 4C; models suggest that actual repeat units Polyimides with EO sequences in the diamine moiety are
can then be accommodated within the obseksgacings. This readily prepared from biphenyl dianhydride and diamines with
transition thus removes the aromatic units from an arrangementterminal aminophenoxy units. Such polymers with three to six
consistent with a smectic A structure into one akin to smectic ethylene oxide units exhibit liquid crystallinity at elevated
C, although the polymer here is in a rigid crystalline phase. temperatures and rigid crystalline behavior at lower tempera-
There are no data available to us which precludes the transitionaltures. However, the temperature regimes for liquid crystalline
change from smectic A to smectic C liquid-crystalline phases behavior for the polymers with sequences of three and four
during the rapid transition from mobile liquid crystalline to rigid  ethylene oxide units are close to the thermal decomposition
crystalline phases, or vice versa. Demus and Richter reportedtemperatures. In contrast, the polymers with five or six ethylene
an example of a transition from smectic A to smectic C on oxide units exhibit liquid-crystalline phases stable over tem-
cooling din-dodecyl-4,4 azoxycinnamaté’ However, the en- perature ranges of 50C or more. The liquid crystalline
thlapies associated with the transition from smectic A to smectic morphology was smectic A in all cases. Enthalpies of transition
C are normally lower than 1 kJ mdi28 and the transient  between the crystalline and liquid-crystalline phases and liquid
formation of a smectic C phase may have been undetectablecrystalline and isotropic liquid phases were determined. The
The “crystalline” state here refers to rigid anisotropic phases. former were on the order of 20 Jyand the latter were 10 J
It is unlikely that the short ethylene oxide sequences can gL
crystallize into 7/2 helices and they probably retain a series of SAXS experiments established that the polymers with five
largely gauche conformations. Thus, the “crystalline” phase may or six EO units adopt layered morphologies and tbespacings
be more like a frozen smectic C liquid-crystalline phase with were determined. It was concluded that in order to accommodate
some irregular stacking within the layers. Consistent with this the polymer repeat units within the obsendedpacings the EO
view is the lack of any crystalline reflections observable by sequences must be in a coiled conformation. It was further
WAXS. The tilted arrangement of aromatic units, as depicted concluded that in order to achieve the decreaskspacing on
in Figure 4C, allows the terminal phenylene rings of the bis- cooling from the liquid crystalline to the crystalline phase the
(N-phenylphthalimide) units to overlap with the phthalimide aromatic bisf-phenylphthalimide) units must tilt from their
groups and hence develop the charge-transfer interactionsorientation perpendicular to their layers, possibly and rapidly
considered responsible for the strong yellow color of many passing through an intermediate smectic C structure.
polyimides to develog? these polymers have strong yellow The several observations establish that it is possible to prepare
colors in their crystalline states despite the low content of segmented polyimides containing oxyethylene sequences that
phthalimide units. exhibit liquid crystalline phases at elevated temperatures of about

A further potential arrangement of aromatic and aliphatic units 300°C and which are stable over a temperature range of about
that should be considered is one in which the sequences of EO70 °C.
units, again in largely gauche conformations, are chain-folded, ]
as in Figure 4D. Reasonable space-filling can be achieved if Acknowledgment. The authors wish to thank EPSRC for
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