
Preparation and crystallinity of a large unsubstituted crown ether, 
cyclic heptacosa(oxyethy1ene) (cyc2o=E2, 81-crown-27), studied by 
Raman spectroscopy, X-ray scattering and differential scanning 
calorimetry 
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Cyclic heptacosa(oxyethye1ene) (cyclo-E,, , 8  1-crown-27) was prepared from linear a-hydro, o-hydroxy-heptacosa(oxyethy1ene) by 
reaction with tosyl chloride under alkaline conditions, purified by preparative-scale gel permeation chromatography, and studied 
by laser-Raman spectroscopy, wide-angle and small-angle X-ray scattering, and differential scanning calorimetry. Comparison 
was made with the properties of linear oligo(oxyethy1ene) dimethyl ethers (including C1E2,C1). The sub-cell of the crystalline 
cyclic oligomer was the same as that of its linear counterparts, i.e. the same as that of high-molar-mass poly(oxyethy1ene). 
However, the cyclic oligomer crystallised as a twice-folded ring, as confirmed by its long spacing and the frequency of its 
single-node longitudinal acoustic mode (LAM- 1). Enthalpies of fusion and melting temperatures were analysed to provide esti- 
mates of the enthalpy and entropy of formation of a fold in an oligo(oxyethy1ene) layer crystal. 

1. Introduction 
Many linear and cyclic oligomers have been prepared, as sum- 
marked in the extensive tables in the Polymer Handbook.' 
Here we use the term oligomer in the same sense as Rothe and 
Rothe' to mean a uniform sample with all molecules the same 
length. Nevertheless there are few reports of comparative 
studies of the crystallinity of cyclic and linear oligomers of 
similar chain length: examples are studies by Wegner and 
 coworker^^-^ of large linear and cyclic alkanes, and by 
Hocker and coworkers5 of large linear and cyclic oligoure- 
thanes. There has been recent interesP8 in the preparation of 
large unsu bs ti tu ted cyclic oligo( ox ye t h ylene)s, i.e. large crown 
ethers but so far as we are aware this detailed report of the 
purification and crystallinity of a large crown ether (cyclo-E,, , 
81-crown-27) is the first of its kind. Here and elsewhere E 
denotes an oxyethylene unit (OCH,CH,). 

Lengthy uniform dihydroxy-ended oligo(oxyethy1ene)s with 
chain lengths up to E60 have been prepared9-I4 and studied 
with respect to crystallinity by a number of techniques, includ- 
ing differential scanning calorimetry (DSC), wide- and small- 
angle X-ray scattering (WAXS and SAXS), and high- and 
low-frequency Raman spectr~scopy.'~-' Chain folding on 
crystallisation at or about room temperature was identified,' 
in oligo(oxyethy1ene) dialkyl ethers of chain length approx- 
imately 170 chain atoms, i.e. much the same chain length as 
found for the lengthy n-alkanes under similar conditions.2.2 ' 
Our present interest in large cyclic oligo(oxyethy1ene)s can be 
judged against this background, since rings above a certain 
size must crystallise with parallel stems connected by folds. 

Comparative studies of the crystallinity of non-uniform 
cyclic and linear poly(oxyethy1ene)s have been reported recent- 
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ly.22-24 These cyclic polymers were prepared from polyethyl- 
ene glycols by reaction at extreme dilution under alkaline 
conditions, with either dichloromethane or tosyl chlo- 

ring closure being effected by formation of either an 
acetal or an ether link: 

I n 

The cyclic polymers had number-average molar 
masses (M,)  in the range 1000-3000 g mol-' (i.e number- 
average rn = 23-68) and narrow molar mass distributions 
(M, /M,  < 1.1). It was confirmed by WAXS and high- 
frequency Raman spectroscopy that they crystallised in the 
usual way,27 i.e. as alternate right- and left-handed helices 
forming a monoclinic sub-cell, and by SAXS and low- 
frequency Raman spectroscopy that they adopted the 
expected twice-folded conformation. as indicated below 

Since the use of non-uniform chains necessarily introduces 
uncertainty into the interpretation of the experimental results, 
particularly through the possibility of fractionation during 
crystallisation, it was decided to carry out similar studies with 
uniform samples of linear and cyclic oligo(oxyethy1ene). The 
work reported below forms a part of that scheme. Since the 
aim was to compare linear and cyclic oligo(oxyethylene)s, the 
method used was to prepare linear hydroxy-ended 
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oligo(oxyethy1ene) with 27 oxyethylene units, samples of 
which were either cyclised by ether closure or methylated. The 
following notation is used for the three compounds: 

E27 linear chain, dihydroxy ended 
C1E2,Cl linear chain, dimethyl ether 
cyclo-E,, cyclic ether (81-crown-27). 

Other oligomers obtained during the work as precursors or 
by-products are denoted in a similar way. 

2. Preparation of linear and cyclic oligomers 
The syntheses started from triethylene glycol [a-hydro, a- 
hydroxytri(oxyethy1ene)l and proceeded via a chain extension 
reaction (much as described by Bomer et aL9) first to the 
nonamer (E,) and then (in a second extension) to the heptaco- 
samer (E27). The general method of chain extension was reac- 
tion of p-tolylsulfonyl chloride (tosyl chloride) with the glycol 
to form the ditosylate, and subsequent reaction with the 
monopotassium salt of the same glycol to obtain a product of 
three times the original chain length. A number of methods 
have been proposed for efficient tosylation of a glycol. Pre- 
viously we carried out the esterification reaction either in dry 
pyridine ''-I2 or in dichloromethane plus triethylamine,,' the 
latter method being a modification of that of De Vos and 
Goethals.,, Yields were generally satisfactory: e.g. 88%.28 In 
the present work the method advocated by Ouchi et aL3' was 
used. 

2.1 Analytical gel permeation chromatography 

GPC was used extensively to monitor the preparation and 
purification of the samples and to confirm the purity of the 
samples actually studied by DSC, WAXS/SAXS and Raman 
spectroscopy. The eluent was tetrahydrofuran at 25°C at a 
flow rate of 1 cm3 min- '. Detection was by differential refrac- 
tometry. Samples (concentration 1-2 g dm- ,) were injected 
uia a 100 mm3 loop. System A, which had one 60 cm PL-gel 
column of nominal porosity 50 A, was used to monitor the 
preparation of oligomer E27. System B, which had three 30 
cm columns packed with Styragel (HR1, HR2, HR3) and so 
improved resolution in the higher size range, was used to 
check the cyclic and linear samples as they were finally puri- 
fied. Both systems were calibrated using the linear and cyclic 
oligo(oxyethy1ene)s prepared the present work. A sample of 
cyclo-El, prepared in Prof. Gibson's laboratory was also 
included. The calibrations was also checked against those 
obtained for the same systems using linear and cyclic 
poly(oxyethy1ene)s with narrow chain length distributions and 
number-average molar masses lo00 to 3000 g mol-', as 
described p r e v i ~ u s l y . ~ ~  Calibration curves obtained for GPC 
System B are shown in Fig. 1. The difference in elution 

0.8 
22 24 26 28 30 32 

v/cm3 
Fig. 1 Calibration curves for GPC System B. Logarithm of chain 
length in E units, i.e. n for (0) cyclic oligomers and n + 1 for (u) 
linear oligomers, us. elution volume ( V ) .  (0) Denotes a sample of 
cyclo-El prepared in Prof. Gibson's laboratory. 

volume between linear and cyclic samples of the same chain 
length is much as e ~ p e c t e d . ~ ~ . ~ '  

2.2 Materials 

Triethylene glycol (Fluka, 99%) was dried over anhydrous 
MgS04 for several days before collecting a fraction distilled at 
reduced pressure (b.p. 94-100°C at 0.1 mm Hg). When 
needed, tetrahydrofuran (BDH, THF) was dried over CaH, 
(reflux) and then distilled onto type 4A molecular sieves for 
storage. Other reagents and solvents were used as received. 
The KOH contained 15 mass% water. 

2.2 a-Hydro, o-hydroxynona(oxyethy1ene) (E,) 

Sodium hydroxide (40.0 g, 1.0 mol) was dissolved in water 
(200 cm3) and a solution of triethylene glycol (52.6 g, 0.35 mol) 
in tetrahydrofuran (THF, 150 cm3) was added. This mixture 
was cooled to 0 "C and a solution of tosyl chloride (133.5 g, 
0.70 mol) was added with stirring over a period of 2 h. After 
stirring for an additional 2 h at O"C, the mixture was poured 
into ice-water (2 dm3). The resulting precipitate was removed 
by filtration, and the filtrate washed with water (2 x 500 cm3) 
and finally dried under vacuum (20°C, 0.01 mm Hg, 16 h). 
Recrystallisation from methanol was used to ensure high 
purity. The yield was 80%, the m.p. was 81.0-81.5"C. The 
absence of absorption at 3600-3200 cm- in the infrared spec- 
trum of the product indicated complete conversion to 
product, and bands at 1175 and 1190 cm-' were consistent 
with formation of the ditosylate. The 'H NMR spectrum (200 
MHz, CDCl,) showed the expected resonances and integrals. 

A mixture of triethylene glycol (210 g, 1.4 mol) and KOH 
(85%, 31.7 g, 0.48 mol) was stirred and heated under vacuum 
(50°C, 0.1 mm Hg, 5 h) to remove water and to form (mainly) 
the monopotassium salt as a viscous yellow liquid. A solution 
of triethylene glycol ditosylate (110.1 g, 0.24 mol) in dry THF 
(800 cm3) was added, and the resulting solution was stirred in 
the dark at room temperature for 10 days. The white precipi- 
tate of potassium tosylate was removed by filtration, and the 
solvent by rotary evaporation. Distilled water (300 cm3) was 
added to the residue and the cloudy mixture was gently 
refluxed (3 h) before removing additional potassium tosylate 
by filtration. The resulting clear solution was brought to 
pH = 6 (HCl) and extracted with dichloromethane (12 x 200 
cm3). Evaporation of the solvent yielded a yellow oil, shown 
by analytical GPC to contain a mixture of oligomeric glycols, 
principally E, (ca. 50 mass%) and unreacted starting material 
(E,) plus smaller quantities of E, and El,. GPC results 
typical of those obtained in the present work have been 
published previously. The required oligomer E, was iso- 
lated from the crude product by short-path fractional distilla- 
tion of batches of 30-40 g, as described previously." 
Typically the final yield of pure E, was 20 mass%. 

2.3 a-Hydro, o-hydroxyheptacosa(oxyethy1ene) (E2,) 
The preparation of heptacosaethylene glycol (E27) from E, 
was parallel to that described above up to the separation 
stage. The GPC curve of the crude product (see Fig. 2) indi- 
cated a conversion of E, to E27 of approximately 50% based 
on peak area. The principal oligomeric impurities in the crude 
product were El', E,, and E45, as indicated in Fig. 2. 
Because of the low volatility of these oligomers, separation 
was carried out by preparative GPC using the system 
described previously,' ' , 1 2  i.e. one based on two columns, each 
80 cm long and 2.5 cm i.d., packed with Sephadex LH-20 gel. 
Separation into four fractions gave samples which were 
judged pure enough to be used in the preparation of the cyclic 
oligomer and the dimethyl ether. As described below, the 
small fractions of higher oligomers were not resolved by GPC 
System A, but were resolved by System B and were removed 
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Accordingly cyclo-E,,-1 was re-fractionated by preparative 
GPC to obtain a fraction, denoted cyclo-E,, , the GPC curve 
of which is shown as curve (b) in Fig. 3. 

I 1 I 1 

10 12 14 
v/crn3 

Fig. 2 GPC curve obtained using System A of the crude product 
from the preparation of linear oligomer E,, . The elution volumes of 
the main constituents (E,, and starting material E,) are marked, 
together with the elution volumes of oligomeric impurities. 

by preparative GPC at a later stage. About half of the E,, 
was lost in the purification, and a second preparation was 
carried out under identical conditions in order to obtain SUE- 
cient material for subsequent work. 

2.4 Cycfo-heptacosa(oxyethy1ene) (cycZo-E,,) 

E27 (0.50 g) and an approximately equimolar amount of tosyl 
chloride was dissolved in THF (50 cm3) and slowly added 
(over 48 h by syringe pump) to a dispersion of powdered 
KOH (2.5 g) in a mixture of THF and heptane (75/25 vol.%). 
The purpose of the poor solvent (heptane) was to optimise 
ring closure by reducing the average end-to-end distance of 
the oligomer coil. After stirring for a further 24 h in order to 
ensure essentially complete reaction of all end groups, the 
mixture was filtered and the solvent evaporated from the solu- 
tion (initially by rotary evaporation, finally under vacuum, 

mm Hg) to obtain a crude sample of cyclo-E,,, i.e. a 
mixture of the required product with cyclic and chain- 
extended linear oligomers. 

Preparative GPC was used to obtain a first fraction 
denoted cyclo-E,,-1. GPC analysis (system B) of this sample 
revealed the presence of a higher oligomer with elution 
volume consistent with cyclo-E,,: see curve (a) in Fig. 3. 

20 22 24 26 28 30 

v/crn3 
Fig. 3 GPC curves obtained using System B during the preparation 
of cyclic oligomer cyclo-E,, . (a) After the first fractionation by pre- 
parative GPC to obtain cyclo-E,,-1. (b) After a second fractionation 
by preparative GPC to obtain cyclo-E,,. The constituents of cyclo- 
E2,-1 are indicated in (a). 

2.5 a-Methyl, w-methoxyheptacosa(oxyethy1ene) (C 1E27C1) 

Methylation of E27 was by reaction with iodomethane under 
Williamson conditions as described p r e v i ~ u s l y . ~ ~ . ~ ~  Powdered 
KOH (0.62 g) was stirred with chlorobenzene (20 cm3) and 
iodomethane (0.82 g, 5.8 x mol) before addition (over 15 
min) of a solution of E27 (0.50 g, 4.1 x mol) in warm 
chlorobenzene (10 cm3), followed by further stirring for 8 h at 
room temperature. After filtration, the solution was rotary 
evaporated to a small volume. Dichloromethane (30 cm3) was 
added and the solution washed with distilled water (10 x 10 
cm3) to remove all residual iodide (tested by acidification and 
addition of AgNO,). After concentration of the organic phase, 
the product was melt evaporated (24 h, l op3  mm Hg). The IR 
spectrum showed no significant absorption at 3600-3200 
cm- : quantitative assessment3' indicated > 99% conversion 
to dimethyl ether. 

Preparative GPC was used to obtain a first fraction, 
denoted C1E2,C1-1. Analytical GPC using System B showed 
the presence of higher oligomers characterised as C, E36C1 
and C,E,,C,: see curve (a) in Fig. 4. Accordingly C1E2,C1-f 
was re-fractionated by preparative GPC to obtain a fraction 
denoted C1E2,C1 : see curve (b) in Fig. 4. 

2.6 Sample purity by NMR 

Samples dissolved in CDC1, were examined by 13C NMR 
spectroscopy using a Bruker AC300E spectrometer operating 
at 75.5 MHz. Spectra of purified samples of cyclo-E,,, 
C,E,,C, and purified precursor E 2 7  are illustrated in Fig. 5. 
Assignments, taken from Heatley et al.,34 are 6 = 70.3 
(internal -OCH,CH,O-), 6 = 72.0 (-OCH,CH20CH3), 
6 = 58.8 (-OCH,CH,OCH,), 6 = 72.5 (-CH,CH,OH) and 
6 = 61.5 (-OCH,CH,OH). In the case of cyclo-E,,, a single 
resonance at 6 = 70.3 confirmed the absence of end groups. 
The integrated resonances from end groups and chain groups 
obtained from the spectrum of C,E,,C, were consistent with 
expectation. The characteristics of the four samples that were 
studied further are summarised in Table 1. 

I I I I 

20 22 24 26 28 30 
V/crn3 

Fig. 4 GPC curves obtained using System B during the preparation 
of the dimethyl ether of oligomer E27. (a) After the first purification 
by preparative GPC to obtain ClE2,Cl-1. (b) After a second fraction- 
ation by preparative GPC to obtain C,E,,Cl. The constituents of 
C,E2,Cl-l are indicated in (a). 
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Table 1 Molecular characteristics of the samples 

chain length purity 
sample (NMR) ( O/O 1 impurities 

- - CYC~O-EZ 7 > 99 
C 1 E Z 7 C 1  EZ6.9 >98 ClE36C1 
c ~ c ~ o - E , ~ -  1 - Ca. 90 CyC10-E36 
C1E27C1-1 E30.0 CQ. 80 C,E3,C1, C,E,,C, 

3. Experimental methods 
3.1 Simultaneous WAXS/SAXS/DSC 

Measurements were made on beamline 8.2 of the SRS at the 
CCLRC Daresbury Laboratory, Warrington, UK. Details of 
the storage ring, radiation (A = 1.5 A) and camera geometry 
and data collection electronics have been given el~ewhere.~' 
The camera was equipped with a multiwire quadrant detector 
(SAXS) located 3.5 m from the sample position and a curved 
knife-edge detector (WAXS) which covered 120" of meridional 
arc at a radius of 0.3 m. A vacuum chamber placed between 
the sample and detectors reduced air scattering and absorp- 
tion. The scattering pattern from an oriented specimen of wet 
collagen (rat-tail tendon) was used to calibrate the SAXS 
detector, and high-density polyethylene, aluminium and an 
NBS silicon standard were used to calibrate the WAXS detec- 
tor. The experimental data were corrected for background 
scattering (subtraction of the scattering from the camera, hot 
stage and an empty cell), sample thickness and transmission, 
and for any departure from positional linearity of the detec- 
tors. 

The specimens for SAXS/WAXS were placed in a TA 
Instruments DSC pan containing a 0.75 mm brass spacer ring 
and fitted with windows (ca. 7 mm diameter) made from 25 
pm thick mica. The loaded pans were placed in the cell of a 
Linkam DSC of single-pan design, which enabled samples to 
be melted and recrystallised in situ. More complete descrip- 
tions of this aspect of the apparatus can be found else- 
 here.^^.^^ In the present experiments, the samples taken 
from storage were cooled to 5"C, melted by heating to 50- 
60°C at either 5 or 10 K min-', and recrystallised by cooling 
at 5 or 10 K min- ' back to 5 "C. The beam-line data acquisi- 
tion system had a time-frame generator programmed to 

iii 1 

I . l _ l . , . I . I . I I I ' I . I . I ' I . I  

78 76 74 72 70 68 66 64 62 60 58 56 
s 

Fig. 5 ,  13C NMR spectra of purified samples of (a) cyclo-E,,, (b) 
C1EZ7C1 and (c) E27. The triplet centred on 6 77 is from the solvent. 
The expansion of spectrum (a) shows no evidence of end groups, and 
that of spectrum (b) shows no evidence of hydroxy end groups. 

collect the SAXS/WAXS data in 6 s frames separated by a 
wait-time of 10 ps. 

Results were presented as intensity us. scattering angle 28 
(WAXS, normalised to Cu-Ka radiation) or intensity vs. scat- 
tering vector q = (4n/A)sin 8 (SAXS). Long spacings were cal- 
culated from the position (4*) of the first-order maximum in 
the Lorentz-corrected intensity (Zq2)  us. q (i.e. d = 2n/q*) and 
checked against the positions of higher-order maxima. 

The essentially one-dimensional geometry of the SAXS 
system made it ideal for samples which were isotropic with 
respect to X-ray scattering. This was readily achieved in pre- 
vious experiments on polydisperse samples which crystallised 
in grains of small size relative to the  ample.^^.^^ However the 
present samples formed relatively large layer crystals which 
orientated with respect to the mica windows of the specimen 
pans. This meant that WAXS reflections could lie off the 
meridian and out of range of the knife-edge detector, making 
collection of a representative pattern impossible. Accordingly, 
the WAXS results were supplemented by use of a flat-plate 
camera (see Section 3.2). The simpler diffraction patterns from 
the long spacings were reasonably well sampled by the SAXS 
quadrant detector, although overall scattering intensities were 
found to vary between replicate experiments and on rec- 
rystallisation of a given sample. 

3.2 WAXS (flat-plate camera) 

X-ray diffraction patterns were recorded photographically 
(Kodak KP79846-B) by means of a flat-plate camera and 
nickel-filtered Cu-Ka radiation (A = 1.54 A) from a Philips 
PW1130/00 fine-focus tube operated at 40 kV and 20 mA. Dry 
samples were sealed into thin-walled capillaries (0.3 mm i.d.) 
and crystallised at room temperature. The sample-to-film dis- 
tance was 6 cm, and the exposure time was 4 h. Calibration 
was with powdered NaCl. 

3.3 Raman spectroscopy 

Raman scattering at 90" to the incident beam was recorded by 
means of a Spex Ramalog spectrometer fitted with a 1403 
double monochromator, and with a third (1442U) monochro- 
mator operated in scanning mode. The light source was a 
Coherent Innova 90 argon-ion laser operated at 514.5 nm and 
400 mW. Typical operating conditions for the low-frequency 
range were bandwidth 1.5 cm-', scanning increment 0.05 
cm-', integration time 4 s, and for the high-frequency range 
were bandwidth 2.5 cm- ', scanning increment 1 cm- ', inte- 
gration time 3 s. The low-frequency scale was calibrated by 
reference to the 9.6 and 14.9 cm-' bands in the low frequency 
spectrum of L-cystine. High frequency spectra were generally 
recorded for each sample before and after recording the low- 
frequency spectra, and so served to confirm the stability of the 
samples under the conditions of the experiments, as well as 
giving valuable structural information. 

Samples were enclosed in capillary tubes, melted, and then 
cooled rapidly to room temperature to crystallise. Spectra 
were recorded with the samples at - 10 f 1 "C (achieved by 
means of a Harney-Miller cell, Spex Industries Inc.). The 
exact temperature of the Raman experiment was unimportant 
as the temperature derivative of frequency is known to be 
small for the LAM bands of low-molar-mass poly(oxy- 
ethy1ene)s. l8 

3.4 Differential scanning calorimetry 

A Perkin-Elmer DSC-4 was used. Known weights (5-10 mg) 
of the samples, which had been stored either at room tem- 
perature or in a freezer at - 10 "C, were sealed into aluminium 
pans. All samples were cooled to 0 "C in the calorimeter before 
heating at 5 K min-' through the melting point to 70-80°C. 
The sample was then cooled to a temperature well below the 
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melting point and, after a period for equilibration, the heating 
process was repeated. The experiment was repeated with other 
heating rates. Values of the enthalpy of fusion were obtained 
from peak areas, and apparent melting temperatures were 
obtained from the temperature at the maximum of the peak. 
The power and temperature scales of the calorimeter were 
calibrated against the enthalpies of fusion and melting tem- 
peratures of pure indium and of organic standards melting in 
the appropriate range. 

4. Results and Discussion 
Samples of cycEo-E,, and C,E,,C, were thoroughly investi- 
gated by X-ray scattering, Raman spectroscopy and DSC. 
Corresponding measurements made on less pure samples 
(cyclo-E,,-1 and C,E,,C-1) are described in Section 4.5. 

4.1 WAXS 

The WAXS patterns obtained for crystalline cyclo-E,, and 
C1E2,C1 at the CCLRC Daresbury Laboratory were similar 
to one another and to the pattern expected27 for crystalline 
poly(oxyethylene), i.e. for oxyethylene chains packed as alter- 
nate right- and left-handed helices. WAXS from linear 
uniform oligo(oxyethy1ene)s has been described pre- 
viously.'5,'6 A WAXS pattern obtained for cyclo-E,, is shown 
in Fig. 6, where the major reflections at 6 = 9.6 and 11.7" are 
clearly seen. Within the error of determination all reflections 
detected could be indexed by the usual monoclinic ~ u b - c e l l . ~ ~  
Similar patterns (not illustrated) were obtained with the flat- 
plat camera. 

4.2 High-frequency Raman spectroscopy 

High frequency spectra recorded for crystalline cyclo-E, , and 
C,E,,C, are shown in Fig. 7. These spectra are similar to 
one another and to those published previously for 
poly(oxyethy1ene) and related o l i g o m e r ~ . ~ ~ - ~ ~  Observation of 
the indicator bands at 281 (cyclo-E,,), 278 (C,E,,C,), 363, 
392 and 1232 cm-' provided evidence of the helical structure 
of the oligo(oxyethy1ene) chain in the crystalline cyclic and 
linear oligomers. The difference in frequency between 281 and 
278 cm-' was observed (within an uncertainty of 1 cm-') for 
all spectra recorded, and is consistent with different lengths of 
helical sequences in the two oligomers. A previous study4' has 
shown that this vibration is associated with a transverse 
breathing mode of the uniform helix, and that its frequency 
should decrease with an increase in helix length. The observed 
frequencies show that crystalline cyclo-E,, contained shorter 
uniform helical sequences than crystalline C1E27C1. 

The spectrum of cyclo-E,, showed ill-defined weak bands 
on the lower-frequency side of 842 and 1063 cm-' which are 
missing in the spectrum of C,E,,C, : see Fig. 7. These bands 

5 10 15 20 25 
Bldegrees (Cu- Ka) 

Fig. 6 WAXS pattern from crystalline cyclo-E,, (T = 20°C). The 
intense reflection at Bragg angle 8 = 9.66" [indexed (120)] and the 
composite reflection at 8 = 11.66" [indexed (112) and (032) among 
others] are characteristic of crystalline poIy(o~yethylene).~~ 

5b0 15b0 

Raman shift/cm-' 

Fig. 7 High-frequency Raman spectra of crystalline oligomers cyclo- 
E,, and C,E,,C, (T = - 10°C). For clarity of presentation the inten- 
sity scales of the two spectra are displaced relative to one another. 

are ascribed to vibrations of parts of the chain which are not 
in uniform helical conformation, and are possibly associated 
with the chain folds of crystalline cyclo-E,, . 

4.3 Small-angle X-ray scattering 

SAXS patterns obtained for crystalline cyclo-E,, and 
C,E,,C, at 20°C are shown in Fig. 8. Two reflections are 
apparent in each pattern, the spacings of which are consistent 
with reflections from the long spacings of layer crystals. The 
derived long spacings (d,  listed in Table 2) are 39 and 81 A 
respectively. The estimated error is & 2%. Calculated molecu- 
lar lengths assuming a long spacing of 2.85 8, per E unit4, are 
78 A (cyclo-E,,) and 80 (C,E,,C,), the difference being the 
two methyl groups of the latter oligomer. An interlayer gap of 
ca. 1 A might be expected.43 Accordingly, the calculated 
spacing for oligomer C,E,,C, matches that observed. Simi- 
larly, the spacing of d = 39 A obtained for cyclo-E,, is essen- 
tially that predicted for a helical oxyethylene chain of half the 
molecular length, consistent with the folded-chain conforma- 
tion illustrated in Section l.  

4.4 Low-frequency Raman spectroscopy 

Low-frequency Raman spectra of crystalline cyclo-E,, and 
C1E2,C1 are shown in Fig. 9. The broad peak at 80 cm-' is 
characteristic of crystalline helical oligo(oxyethy1ene) 
chains.' 7-19.44 The prominent peaks at low frequency are 
assigned to LAM-1, and their frequencies are so listed in 

cydo -E 2, 

I I ~ , l / l l l j l l . . I l . I l ~  I ,  

0.1 0.2 0.3 0.4 0.5 

q/A - 1 

Fig. 8 SAXS patterns from crystalline oligomers cyclo-E,, and 
C,E,,C, (T = 20°C). The q values at the first-order reflections from 
the long spacings are marked. For clarity of presentation the Lorentz- 
corrected intensity scales of the two patterns are displaced relative to 
one another. 

J .  Chem. SOC., Faraday Trans., 1996, Vol. 92 3177 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
96

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

N
or

th
 C

ar
ol

in
a 

at
 C

ha
pe

l H
ill

 o
n 

30
/1

0/
20

14
 0

1:
17

:2
1.

 
View Article Online

http://dx.doi.org/10.1039/ft9969203173


I I 
50 1 00 

Raman shift/cm-' 

Fig. 9 Low-frequency Raman spectra (5-140 an-') of crystalline 
cycfo-E,, and linear C,E,,C, (as indicated). For clarity of presen- 
tation the intensity scales of the two spectra are displaced relative to 
one another. 

Table 2. In Fig. 10, the LAM-1 frequencies found for the 
present samples and those reported" for other linear 
oligo(oxyethy1ene)s are plotted against reciprocal stem length 
in E units or equivalent (z), taking this to be the chain length 
of a linear oligomer and half the chain length of a cyclic oligo- 
mer: i.e. z = n + 1 for C,E,C, and n/2  for cyclo-En. Results" 
for oligomers C,E,C, and CIE,C1 are not included in Fig. 10 
since the layer spacing from SAXS and the LAM-1 from 
Raman spectroscopy are anomalous for these oligomers, con- 
sistent with helices tilted with respect to the end-group plane. 

The good agreement between previous and present results 
seen in Fig. 10 confirms that the present linear oligomer 
(C1E2,C1) crystallised in a unfolded helical conformation, and 
the cyclic oligomer (cyclo-E, ,) in a twice-folded helical confor- 
mation. In other words, the results from low-frequency 
Raman spectroscopy confirm the conclusion drawn from the 
SAXS patterns. 

4.5 Effect of oligomeric impurities 

The effect of oligomeric impurities on the SAXS and Raman 
results was of interest to us. Accordingly, additional measure- 
ments of long spacing and LAM-1 frequency were made for 
the less-pure samples cyclo-E,,-1 and C,E,,C,-l. These 
results are listed in Table 3, and can be compared with those 
obtained for the pure oligomers listed in Table 2. The LAM-1 
frequency was little affected by the presence of a small fraction 
of other oligomers, presumably reflecting the fact that the 
position of the peak of the signal in the spectrum correspond- 
ed to the vibrational frequency of the major component. By 
contrast the long spacing from SAXS was sensitive to oligo- 
meric impurities, as might be expected since the SAXS experi- 
ment yields a number average over the long spacings of the 
crystals in the sample. 

Table 2 
DSC : purified oligomers" 

Results of SAXS, low-frequency Raman spectroscopy and 

d / A  v,/cm-' T,/"C ArusH(Tm)/J g-' 
sample (SAXS) (Raman) (DSC) (DSC) 

Cyclo-E, 39 26 41 131 
C1E27C1 81 12.1 42 182 

SAXS at 20 "C, Raman at - 10 "C. 

0 5 10 15 20 
1 oo/z 

Fig. 10 LAM-1 frequencies us. l/z for cyclic and linear 
oligo(oxyethy1ene)s (z = n + 1 for linear oligomers C,E,C, and n/2 
for cyclo-En). (0) C,E,C, from ref. 19; (u) C,EZ7C, and ( 0 ) ~ y c f o -  
E,, from present work. 

4.6 Thermal analysis by the temperature dependence of SAXS 

Long spacing. In Fig. 11 the long spacings (d )  for 
cyclo-E,, and C,E,,C, are plotted against frame count (1 
frame = 6 s) during the heating-cooling cycle 15 "C -+ 45 "C 
(hold for 1 min) -+ - 5 "C at a ramp rate of 5 K min- '. As 
can be seen, for cyclo-E,, d was constant (39 & 1 A) for the 
heated crystalline oligomer to melting and returned to the 
same constant value upon recrystallisation. For C,E,,C, d 
increased as temperature was increased above 30°C (from 81 
to 86 A) and correspondingly decreased on cooling the rec- 
rystallised sample (from 90 to 84 A). The variation of d found 
for the linear oligomer is attributed to end melting as the tem- 
perature approaches the melting point. This effect, suggested 
by Mandelkern and considered for n-alkanes by Flory and 
Vrij45 was well illustrated in a study of the melting behaviour 
of C44HgO and C94H190 by Kim and Mandelkern,46 which 
showed that end melting occurred for the longer oligomer but 
not for the shorter. In the present case, end melting could 
result in a proportion of the oligomer being transformed from 
the helical to the trans-planar conformation, with a corre- 
sponding small increase in long spacing. 

Judged by the behaviour of d illustrated in Fig. 11, melting 
of the two oligomers occurred at a similar time in the heating 
cycle (frame 53-54) corresponding to T, w 42"C, while the 
crystallisation temperatures of the samples were some 10-13 
K lower than their melting points, the linear oligomer having 
the smaller undercooling for crystallisation. Thermal lag was 
known to be small in the WAXS/SAXS/DSC experi- 
m e n t ~ . ~ ~ . ~  

4.6.1 

100 

80 
4 ' 60 

40 

0 50 100 150 
frames 

Fig. 11 SAXS from crystalline oligomers cyclo-E,, and C,E,,C, (as 
indicated). The data are long spacing (6) us. frame count (1 frame = 6 
s, heating/cooling rate = 5 K min- '). The temperature program was: 
heat from 15 to 45 "C (frames 0-60), maintain at 45 "C (frames 60-70), 
cool from 45 to - 5 "C (frames 70-170). 
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Table 3 Results of SAXS and low-frequency Raman spectroscopy 
impure oligomers" 

sample 
d l A  

(SAXS) 
v,/cm-' 
(Raman) 

c ~ c ~ o - E ,  ,- 1 
C1E,,C,-1 

39 
90 

26 
11.6 

SAXS at 20 "C, Raman at - 10 "C. 

4.6.2 Relative invariant. A SAXS invariant (Q', arbitrary 
units) was calculated throughout each heating/cooling experi- 
ment as the area under the Lorentz-corrected intensity us. q 
curve between the first reliable data point, q = 0.03 ', and 
the limit of the SAXS experiments, q M 0.50 kl. It has been 
shown4, that the major contributions to the absolute invari- 
ant are well represented in Q'. 

In Fig. 12, values of Q' obtained for cyclo-E,, and C1E2,Cl 
are plotted against frame count through the heating-cooling 
cycle. For a two-phase system the invariant can be discussed 
via the equation 

(1) Q = $A1 - $, )<Av~)  
which is quadratic in the volume fraction of crystalline 
material ($c) and linear in the electron density difference term 
((A$)) from which the SAXS pattern originates. For a com- 
pletely crystallisable oligomer, eqn. (1) does not apply, and Q' 
reflects the electron density deficiency at the interlayer gap 
and has a linear temperature dependence. The straight lines 
drawn on Fig. 12 draw attention to those parts of the Q'-T 
curves which fulfil that condition. If the layers are incom- 
pletely crystalline, i.e. end melted, then the additional contri- 
bution resulting from the difference in electron density 
between the crystal stem and the liquid-crystal ends follows 
the form of eqn. (1) with $c progressively decreasing as tem- 
perature is increased. 

The linear increase in Q' with T found on initially heating 
cyclo-E,, is consistent with high crystallinity ($c  x 1) and Q' 
varying linearly with temperature because of the difference in 
thermal expansion across the crystalline layer (helix) and the 
van der Waals gap. Melting started slowly at ca. 35°C and 
finished abruptly at 42°C (where $c = 0). Crystallisation, 
started at ca. 30°C, seen in Fig. 12 as a steep sigmoidal curve 
rising to a relatively high value consistent with initial forma- 
tion on rapid cooling of a lamella crystal with disordered 

I I I * . , , * . . , o'oc 
20 "C 40°C 40°C 20 o c  

0 50 100 150 
frames 

Fig. 12 SAXS from crystalline oligomers cyclo-E,, and C,E2,C, (as 
indicated). Integrated intensity of scattering (Q') us. frame count. 1 
frame = 6 s, heatingjcooling rate = 5 K min-'. Temperature 
program: heat from 15 to 45°C (frames 0-60), maintain at 45°C 
(frames 60-70), cool from 45 to - 5 "C (frames 70-170). The ordinate 
scales of the plots are arbitrarily scaled and are displaced relative to 
one another. See text for explanation of the straight lines drawn 
through the points. 

surface layers. The value of Q' characteristic of a well-ordered 
layer crystal (e .g .  frame 0 in Fig. 12) was regained after ca. 30 
min at low temperature. 

As seen in Fig. 12, the Q'-T behaviour of ClE2,Cl differed 
significantly from that of cyclo-E,,. At the lowest tem- 
peratures the change in Q' was similar to that found for cyclo- 
E2,, and the layers can be characterised as completely crys- 
talline. On heating above 25°C the value of Q' increased 
sharply above that expected if $c z 1, consistent with end 
melting, before falling away to $c = 0 at the melting point (ca. 
43°C). The crystallisation curve was similar to that found for 
cyclo-E,, , but the process started earlier in the cooling cycle, 
and the linear fall in Q' with T below 25°C indicated rapid 
formation of well-ordered crystals in the primary process. 

4.7 Thermal analysis by DSC 

DSC curves obtained for cyclo-E,, and C1EZ7C1 at a heating 
rate of 5 K min-' are shown in Fig. 13. Stored samples and 
those freshly crystallised gave similar results, as did experi- 
ments at different heating rates. In particular, a small peak at 
30°C in the DSC curve of the linear oligomer (ca. 4% of the 
total area) was not eradicated by slow heating. It is likely that 
the events observed in the melting of ClE2,Cl (i.e. the small 
melting peak in DSC and the variation of d and Q' in SAXS/ 
DSC) have a common origin in the onset of end melting. The 
general features of the melting behaviour described in Section 
4.6 are well reproduced by the onset and peak temperatures 
obtained by DSC. On cooling in the DSC at 5 K min- ' crys- 
tallisation of the two oligomers was detected at undercoolings 
of ca. 10-14 K, also in good agreement with the results from 
SAXS us. T .  

The width of the melting peaks in DSC (see Fig. 13) resulted 
in large part from thermal lag. This was verified by plotting 
the width at half height (ATl,2) against the square root of the 
heating rate4* and extrapolating to zero heating rate: see, for 
example, Fig. 14(a). Within an uncertainty of kO.3 K, the data 
extrapolate to 0 K, as indicated by the line drawn through the 
origin. This result confirms the high purity of the sample. In a 
similar way, values of T, were corrected for thermal lag by 
plotting temperature at the peak of the endotherm against the 
square root of the heating rate and extrapolating to zero 
heating rate: see, for example, Fig. 14(b). 

Values of T, (extrapolated as described above) and of Afus H 
(averaged over several determinations, and including the 
minor peak for sample C1E2,C1) are listed in Table 4. 

4.8 Thermodynamics of formation of end and fold planes 

In considering values of AfusH it is important to allow for the 
difference in specific heat capacity between crystal and melt, 

1 I I I I 

20 30 40 50 60 
T /  "C 

Fig. 13 DSC curves for oligomers cyclo-E,, and C1E2,C1 (as 
indicated) 
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Table 4 Enthalpies of fusion of linear oligo(oxyethy1ene)s 

oligomer Tm/"C Afus H(Tm)/J g- ' Afus H(40 "C)/J g -  ' ref. 
~~ 

151 171 53 
C,E9C, 16 168 180 50 

172, 175 177, 180 51, 53 
52 C.E,,C. 28 172 178 

ClE8CI 3 

C1E15C1 29 

C;E;iC; 32 187 191 52 

C,E,,C, 42 182 181 
183, 188 182, 187 53 

this work 
'lE25'1 43 

C;E,;C; 51 185 179 20 

ACp. As reported p r e v i o ~ s l y , ~ ~  values of ACp for uniform 
oligo(oxyethy1ene) dimethyl ethers measured at a given tem- 
perature are essentially independent of chain length, and are 
well represented by 

ACp = 0.650 - 5.06 x lOP3T (2) 
where ACp is in J K-' g-'  and T is in "C. Consequently, the 
specific enthalpy of fusion of a given oligomer at a given tem- 
perature ( T )  is given by 

Afus H( T )  = Afus H( T,) + 0.650(Tm - T )  

- 2.53 x 10-3 (~ ;  - 7-21 (3) 

where AfusH(T', is the measured specific enthalpy of fusion. 
Values of Afus H(T,) reported here and e l ~ e w h e r e ~ ~ . ~ ' - ~ ~  fo r 
several uniform linear oligo(oxyethy1ene) dimethyl ethers are 
listed in Table 4, together with the values corrected to 40°C. 
A standard temperature of 40 "C was chosen since this was the 
approximate melting temperature of cyclo-E,, , and was also 
well within the range of the melting points of all the oligomers 
under consideration (see Table 4). This procedure minimised 
the possibility of serious error in making the corrections. 

6 -  

F 
2 4 -  
d 

n * 

Values of Afu,H(40"C) from Table 4 and a similarly- 
corrected value for cyclo-E,, were multiplied by the molar 
mass of an E unit (44 g mol-') and plotted against the 
reciprocal stem length in E units (l/z): see Fig. 15. It was 
assumed that ACp for the cyclic oligomer was equal to that 
found for the linear oligomers. Stem length z is defined in 
Section 4.4. 

For layer crystals the enthalpy of fusion per chain unit 
should conform to the equation 

Afus H = &us H o  - (2qe/z) (4) 
where AfusHo is the thermodynamic enthalpy of fusion in J 
(mol of chain units)-', q,  is the enthalpy of formation of the 
chain end or fold plane from perfect crystal, measured in J 
(mol of crystal stems)- '. The least-squares straight line 
through the points for the linear oligomers is shown in Fig. 
15. In constructing this line the data points for C,E,,C, and 
C,E,C, were omitted. The former is known to be end melted 
well below its crystal melting t e m p e r a t ~ r e , ~ ~  and the latter to 
crystallise with helices tilted with respect to the end-group 
plane (see Section 4.4). The intercept of the line gives 
Afus H0(40 "C) = 8.4 f 0.2 kJ mol- ', which corresponds to 
191 f 5 J g-'  at 40°C or, via eqn (3), to 208 & 5 J g- '  at 
70°C. The slope of the line gives qe = 3.9 & 1.6 kJ mol-'. A 
positive value of q ,  correctly accords with a low intermolecu- 
lar energy in the end plane compared with the bulk of the 
crystal. 

The obtained value of Afus H o  = 208 & 5 J g- at 70 "C is in 
good agreement with a previous determination of 209 J g-' 
by a diluent method applied to high molar mass 
poly(oxyethy1ene) in a manner which avoided use of polymer 
solution theory, i.e. by determining solute activity from 
solvent activity viu the Gibbs-Duhem relati~nship.~, Others 
have used polydisperse samples and DSC to determine 
Afus H0(70 "C), which method introduces additional uncer- 
tainty but nevertheless yields comparable values: e.g. 197 J 
g-' by Buckley and K o v ~ c s , ~ '  218 J g-'  by Romankevich 
and Frenkel.56 

The point of interest here is the large difference in the enth- 
alpies of fusion obtained for cyclo-E,, and a linear 
oligo(oxyethy1ene) of equivalent stem length. To illustrate this 
difference the data point obtained for cyclo-E,, is shown in 
Fig. 15. Given the stem length involved, the reduction in 
AfusH compared with AfUsHo leads to qe z 18 kJ mol-', 
implying (since each fold involves two crystal stems) an enth- 
alpy of formation of a fold from perfect crystal of ca. 36 kJ 
(mol of folds)-' at 40°C. The uncertainty in these values is 
estimated to be &20%. These results are discussed further 
below. 

- 0  2 4 6 
(heating rate/min)"* 

I I 

I I 

0 2 4 6 
(heating ratelmin)"* 

Fig. 14 DSC of oligomer cyclo-E,,. (a) Width of DSC peak at half 
height us. square root of heating rate. (b) Temperature at the peak us. 
square root of heating rate. 

5 

a 

I I 

0 5 10 
1 oo/z 

Fig. 15 AfUsH corrected to 40°C us. l/z for (B) linear oligomers 
C,E,C, and (a) cyclo-E,, (z = n + 1 for linear oligomers C,E,C, 
and n/2 for cyclo-En). The points for C,E,5C, and C,E,C, were 
ignored in deriving the least-squares straight line through the points 
for the linear oligomers (see text). 
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Analysis of the melting temperatures is more complicated. 
For the linear oligomers we assume end pairing, in the sense 
described by Flory and V ~ i j , ~ ~  and write (in a form used 
previously5' but with present notation) 

- (2Ye/Afus Hoz)I T, = 
1 - [RT: 1n(l/z)/Af,,Hoz] (5) 

where T: is the thermodynamic melting temperature, Afus H o  
is the thermodynamic enthalpy of fusion, and y e  is the Gibbs 
energy of formation of the chain end or fold planes of the 
layer crystal from perfect (bulk) crystal, measured in J (mol of 
crystal stems)-'. The denominator in the RHS of eqn. ( 5 )  
modifies the term often used in polymer physics to account for 
the effect of layer thickness on melting temperature in the 
absence of end pairing. Rearrangement of eqn. ( 5 )  gives a 
more convenient form 

Substituting 

Y e  = YIe - Tmoe (7) 
where o, is the molar entropy of formation of the chain end or 
fold planes of the layer crystal from perfect crystal, and 
rearranging gives 

+2 2rl 1 =- ' Z e  (8) 1 Afus Ho( T, - T:) R T, In( l/z) 
- -[ Tm T: Z 

which suggests a plot of the LHS against l/z to obtain a value 
for cr,: see Fig. 16. To do this the thermodynamic enthalpy of 
fusion was assumed to be correctly given by4' 

AfuSHo/J g-' = 175 + 0.650T - 0.00253T2 (T in "C) 

(9) 

(which is consistent with Fig. 14), and that the thermodynamic 
melting temperature is T: = 70 "C. The literature55.56*58-60 
gives values of T: in the range 69-78 "C, with a value towards 
the low end of that range being favoured.61 The slope of the 
line drawn through the points for the linear oligomers in Fig. 
16 (ignoring the points for oligomers C,E,,C, and C1E9C1, 
as discussed above) leads to a small negative value of oe z 
-2.7 J K-' mol-'. 

In the analysis above, it was assumed that an E unit (or its 
equivalent) was equivalent to a segment as defined by Flory 
and Vrij.45 If this is not the case, and if there are x segments 
in a chain of z units, then the probability that a segment 
chosen at random is an end segment is decreased by a factor 

I l 

a 

L 

0 5 10 
1 oo/ 2 

Fig. 16 Flory-Vrij plot [see eqn. (8)] for (u) linear oligomers 
C,EnCl and (0) cyclo-E,,. z = n + 1 for linear oligomers CIEnC, 
and n/2 for cyclo-En. The points for C,E,$, and C,E,C, were 
ignored in deriving the least-squares straight line through the points 
for the linear oligomers (see text). 

z/x and, as a consequence, a term R ln(x/z) must be added to 
generate a true value of 6,. If a chain atom represents a 
segment, then there are three chain atoms per unit in the 
present case, and the term to be added to oe is 

(10) 

sufficient to explain the negative value and to generate a small 
positive value of o, x 6 J K - '  mol-'. This value is similar to 
that obtained by Flory and Vrij45 in their analysis of the 
melting temperatures of the n-alkanes with z put equal to the 
number of chain atoms, i.e. oe z + 10 J K - '  mol- '. 

Considering the melting of the cyclic oligomer, end pairing 
is not involved. In eqn. (5) the denominator was introduced to 
allow for end pairing arising from the need to choose one unit 
from z to place at the layer end plane.45 If all units are avail- 
able, then this term is unity and eqn. (8) reduces to 

R ln(3) z 9 J K- '  mol-' 

Solving eqn. (11) gives oe z 39 J K - '  mol-'. To illustrate the 
difference between the cyclic and linear oligomers the data 
point obtained for cyclo-E,, is shown in Fig. 16. Taking eqn. 
(10) into account, the value of oe should be adjusted upwards 
to oe x 48 J K - '  mol-'. Considering that there are two 
crystal stems per fold, the entropy increase on formation of 
chain folds from perfect crystal is oe x 96 J K- '  mol-'. A 
realistic estimate of the uncertainty in oe is f 20%. 

The results for the linear and cyclic oligomers show that the 
enthalpy and entropy increases associated with formation of 
chain folds from perfect crystal are very much larger than 
those associated with the formation of chain ends from perfect 
crystal. In Table 5 these quantities are compared with the 
thermodynamic enthalpy and entropy of fusion of 
poly(oxyethy1ene) per mole of E units. In these terms, it is seen 
that the formation of one chain fold is equivalent to the fusion 
of three or four crystalline E units, while the formation of two 
chain ends is equivalent to the fusion of one chain unit or less. 
This comparison should not be taken to mean that the folds 
in the cyclic oligomers are non-crystalline. The evidence from 
the temperature dependence of SAXS (presented in Section 
4.6) shows that the layers are completely crystalline, i.e. that 
the folds have a fixed conformation. 

It is likely that the chain folds in large crystalline cyclo- 
oligo(oxyethy1ene)s differ from those in large crystalline cyclo- 
alkanes, in which compact folds contain just four chain 
atoms4 A possible fold conformation for adjacent re-entry of 
an oxyethylene chain has been published previously.62. This 
involved three E units in a conformation of minimum energy, 
for which an intrachain fold energy of ca. 13 kJ mol-' was 
calculated. No estimate was made of the decrease in interchain 
cohesive energy, but a significant contribution to the overall 
fold energy must be expected from that source. In this respect, 
it must be borne in mind that the oligo(oxyethy1ene) crystal 
structure is relatively complex and involves interpenetrating 
alternate right- and left-handed helices. 

Table 5 Thermodynamic quantities (T = 40°C) for fusion of 
poly(oxyethy1ene) and for formation of chain ends (linear oligomers) 
and chain folds (cyclic oligomers) from perfect crystal 

enthalpy increase/ entropy increase/ 
process kJ mol-' J K - '  mol-' 

fusion 8 

chain ends 8 

chain folds 36 

(1 mol of E units) 

(2 mol of ends) 

(1 mol of folds) 

27 

12" 

96" 

" Assuming one segment = one chain atom: see text. 
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4.9 Comparison with results for other large crown ethers 

Melting points have been reported for cyclo-E,, (60-crown-20), 
i.e. 46-50.5"C by Chenevert and D'Astoq6 and 57-58°C by 
Gibson et al., These temperatures are higher than T, z 41 "C 
found in this work for cyclo-E,, (81-crown-27), but similar to 
those obtained for low-molar-mass cyclic poly(oxyethy1ene)s 
of number-average molar mass 1500-3000 g mol-', i.e. 
number-average cyclo-E,, to cyclo-E,, . It is noted that the 
samples prepared in other laboratories were not subject to the 
same rigorous purification and characterisation (particularly 
GPC, SAXS and Raman spectroscopy) procedures as was the 
present sample. The earlier preparations may have contained 
a significant proportion of higher oligomers. 

Prof. H. W. Gibson kindly supplied the sample of cyclo-El, .  
Mr. K. Nixon and Mr. P. Kobryn helped with the experimen- 
tal work. The Engineering and Physical Research Council 
provided beamtime at CCLRC, where Dr. B. U. Komanschek 
helped with the WAXS/SAXS/DSC experiments. EPSRC, the 
British Council, the Japanese Ministry of Education, Science 
and Culture, and ICI Paints Plc provided financial assistance. 

Note added in proof. Jointly with Prof. Gibson, we have now 
shown by both GPC and HPLC that the larger crown ethers 
prepared in Blacksburg were indeed mixtures including very 
large rings and catenanes. 
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