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Crystalline cyclic poly(oxyethylene)s of number-average molar mass 1000, 1500, 2000 and 3000 g mol i were 
studied by high-frequency and low-frequency laser-Raman spectroscopy, wide-angle (WAXS) and small- 
angle (SAXS) X-ray scattering, and differential scanning calorimetry (d.s.c.). Comparison was made with 
the properties of corresponding linear poly(oxyethylene) dimethyl ethers. The crystal structures of the linear 
and cyclic polymers were essentially the same as that of high-molar-mass poly(oxyethylene). The cyclic 
polymers crystallized in the twice-folded conformation and the linear polymers in the extended 
conformation, as confirmed by their lamellar spacings (SAXS) and the frequencies of their single-node 
longitudinal acoustic modes (LAM-1). Compared at identical lamellar spacing, the cyclic polymers had 
identical enthalpies of fusion (per mol of chain units) as the linear polymers but higher melting temperatures, 
consistent with lower entropies of fusion (per mol of chain units) for the cyclic polymers. Copyright © 1996 
Elsevier Science Ltd. 
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I N T R O D U C T I O N  

Comparative studies of the structures of crystalline linear 
and cyclic polymers are not common. Attention has been 
directed mainly towards cyclic oligomers: examples are 

1 3 h studies by Wegner and coworkers - of linear and cyc 'c 
alkanes, and by H6cker and coworkers 4 of linear and 
cyclic oligourethanes. In spite of recent interest 5 7 in the 
preparation of cyclic oligo(oxyethylene)s, i.e. large 
crown ethers, no systematic study of their crystallinity 
has been reported. 

The crystallinity of  low-molar-mass linear poly- 
(oxyethylene)s is well documented:  e.g. studies by 

1 0 1 [  X-ray scattering 8'9, differential scanning calorimetry ' , 
and Raman spectroscopy 12-14. This activity has owed 
much to the ready availability, from a number of 
manufacturers, of  polyethylene glycols [c~-hydro, w- 
hydroxy-poly(oxyethylene)s] with narrow molar mass 
distributions (often Mw/Mn < 1.1) and number-average 
molar masses (Mn) up to 20 0-00 g mol 1. Specific effects 
of chain length on crystallinity, particularly on chain 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d  

folding, are well understood. The present interest in 
cyclic poly(oxyethylene)s can be judged against this 
background. 

A comparative study of crystalline cyclic and linear 
15 poly(oxyethylene)s was reported recently . The cyclic 

polymers were prepared 16 from polyethylene glycols by 
reaction with dichloromethane, ring closure being 
affected by the formation of an acetal link: 

L O C ] t 2 ( O C H 2 C H 2 )  J 

The precursor polymers had narrow molar mass 
distributions and number-average molar masses (Mn) 
in the range of 1000-3000gmol 1 (i.e. number-average 
m ~ 23-68, equivalent to 69-204 chain atoms). These 
characteristics carried through to the cyclic polymers. 
Low-frequency Raman spectroscopy was used to deter- 
mine single-node longitudinal acoustic mode (LAM-1) 
frequencies. High-frequency Raman spectroscopy served 
to define chain conformation and packing . It was 
confirmed that the cyclic polymers crystallized in the 
usual way 17, i.e. as alternate right- and left-handed 
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helices forming a monoclinic sub-cell. However, they are 
necessarily crystallized in a twice-folded conformation, 
as indicated schematically below. 

11111011 
11111111 

The work reported in this paper adds to the previous 
study 15 in a number of ways. 

(i) The range of cyclic poly(oxyethylene)s used was 
extended to include rings closed by ether linkage 

3 
As described below, this additional work showed 
that the crystallinity of the cyclic poly(oxyethylene)s 
was not significantly affected by the presence of one 
non-crystallizable acetal linkage. 

(ii) X-ray scattering (wide-angle, WAXS, and small- 
angle, SAXS) patterns were obtained for all 
samples. This was in addition to high- and low- 
frequency Raman spectra and differential scanning 
calorimetry (d.s.c.) curves, as obtained pre- 
viouslyl~ These new observations confirmed 
beyond doubt the crystal structure and morphology 
of the cyclic polymers. 

(iii) Poly(oxyethylene) dimethyl ethers, [c~-methyl, cJ- 
methoxy-poly(oxyethylene)s] prepared from the 
same precursor glycols as the cyclic polymers were 
investigated by the same techniques. Previously 15 
only the precursor glycols had been studied. The 
effect of hydroxy end groups (compared to methyl 
end groups) on the LAM-1 of a short poly(oxy- 
ethylene) chain can be significant (e.g. a difference 
of 10% for M n 2000gmol- l )  r3. The new 
measurements proved a better basis for comparing 
the LAM-1 frequencies of the cyclic and linear 
polymers. 

E X P E R I M E N T A L  

Preparation and characterization 
Cyclic and methyl-ended poly(oxyethylene)s were 

prepared (from commercial polyethylene glycol precur- 
I6 18 2O} sors) and purified as described previously ; . All 

methods involved a Williamson ether synthesis carried 
out in the presence of powdered KOH. Reaction at 
extreme dilution of a polyethylene glycol with either 

dichloromethane or tosyl chloride resulted in high 
conversion (ca 90%) to a cyclic poly(oxyethylene) 
closed by either an acetal or an ether group 16"18. Cyclic 
polymer was efficiently separated from chain-extended 
byproducts through difference in solubility. Reaction of 
a polyethylene glycol with iodomethane gave practically 
complete conversion (>  99%) to the dimethyl ether 19'2~. 

N.m.r. spectra were recorded by means of a Varian 
Unity 500 spectrometer operated at 500 MHz for I H or 
125 MHz for 13C spectra, using solutions of ca 5 wt% in 
CDC13. The number-average molar masses (M,) of the 
linear dimethyl ethers and the cyclics with acetal closure 
were checked and found to be essentially identical 
(within an experimental uncertainty of +5%) with 
those of the precursor glycols. Since the values obtained 
closely corresponded to the manufacturer's specifica- 
tions, their rounded values (i.e. M n - 1000, 1500, 2000 
and 3000gmo1-1) were adopted. Because of their 
uniformity of composition, the cyclic polymers with 
ether closure could not be characterized in this way, 
apart from checking that their n.m.r, spectra contained 
single peaks at 3.6 ppm (1 H) or 70.3 ppm (13C). However, 
as discussed previously la and shown again below, 
characterization of the solid state by SAXS and low- 
frequency Raman spectroscopy yielded results which 
were entirely consistent with all cyclics having the same 
number-average chains lengths as their precursors. 

The g.p.c, system generally used to investigate the 
polymers comprised three jz-Styragel columns with 
porosities 500, 103 and 10 4 A. The eluent was T H F  at 
20°C and l cm 3 rain I flow rate. A differential refract- 
ometer (Waters R410) was used to detect elution of 
sample. Elution volumes were referenced to dodecane as 
internal standard. A calibration curve has been pub- 
lished is, as have examples of g.p.c, curves 16'~8. All 
samples were found to have predominantly narrow size 
distributions, with ratios of mass-average to number- 
average molar mass, M~./Mn ~ 1.05 (without correction 
for instrumental spreading). Compared at the same 
molar mass, the cyclic polymers eluted at higher volumes 
than the linear polymers, consistent with a smaller coil 
size for the cyclic polymers 2j. Small signals on the low- 
elution-volume side of the main peak in the g.p.c, curves 
of the cyclized samples indicated the presence of chain- 
extended polymer (linear or cyclic) not separated by the 
fractionation process employed 16 in their purification, 
but the areas of these signals (relative to those of the 
main peak) were invariably small, consistent with the 
samples being 95 99% 'pure'. 

In what follows, a given sample is denoted by its 
number-average molar mass and either L to signify a 
linear chain (followed by M for a linear dimethyl ether) 
or R to denote cyclic (ring), (followed by A or E to 
signify acetal or ether closure). Thus samples 2000L, 
2000LM, 2000RA and 2000RE are, respectively, the 
polyethylene glycol precursor (PEG2000), its dimethyl 
ether, the cyclic polymer formed by acetal closure, and 
the cyclic polymer formed by ether closure. For 
convenience, the four sets of samples are referred to as 
series L, LM, RA and RE. 

Simultaneous WA XS/SA XS  
Measurements were made on beamline 8.2 of the SRS 

at the C C L R C  Daresbury Laboratory, Warrington, UK. 
Details of the storage ring, radiation (A = 1.5 A) and 
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camera geometry and data collection electronics have 
been given elsewhere 22. 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 arc at a radius of 0.3 m. 
A vacuum chamber placed between the sample and 
detectors reduced air scattering and absorption. 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 detector. 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 detectors. 

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 #m 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 recrystallized in situ. 
The d.s.c, curve obtained from this system was compar- 
able to that from a conventional, two-pan, heat-flux 
DSC (e.g. a Du Pont 990). A more complete description 
of  this aspect of  the apparatus can be found else- 
where 23'24. In the present experiments, the samples taken 
from storage were cooled to 5 °C, melted by heating to 

o 1 50 60 C at either 5 or 1 0 K m i n -  , and recrystallized by 
cooling at 5 or 10Kmin  -1 back to 5°C. The beam-line 
data acquisition system had a time-frame generator 
programmed to collect the SAXS/WAXS data in 6s 
frames separated by a wait-time of 10 #s. 

For  purposes of analysis, it was assumed that the 
samples had small domains relative to the sample size 
and, therefore, were isotropic with respect to the X-ray 
pattern: i.e. all orientations were adequately sampled in 
the one-dimensional experiments. Results were presented 
as intensity vs scattering angle 20 (WAXS, normalized to 
CuKc~ radiation) or intensity vs scattering vector 
q =  (47r/A) sin0 (SAXS). Lamellar spacings (Bragg 
spacings) were calculated from the position (q*) of  the 
first-order maximum in I vs q, (i.e. d = 27r/q*) and 
checked against the positions of well-defined higher- 
order maxima. 

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) monochromator  operated in scanning 
mode. The light source was a Coherent Innova 90 argon- 
ion laser operated at 514.5mm and 400mW. Typical 
operating conditions for the low-frequency range under 
investigation were: bandwidth 1.5 cm -1, scanning incre- 
ment 0.05 cm 1, integration time 4 s. The low-frequency 1 
scale was calibrated by reference to the 9.6 and 14.9 cm 
bands in the low frequency spectrum of  c-cystine. High 
frequency spectra were also recorded for each sample. 
These spectra were taken before and after recording the 
low-frequency spectra, and served to confirm the 
stability of  the samples under the conditions of experi- 
ments, as well as giving useful structural information. 

Samples were either enclosed in capillary tubes or were 
held in the hollowed end of a stainless steel rod. In either 

case, they were melted and cooled rapidly to room 
temperature to crystallize. Spectra were recorded with 
the samples either at a constant temperature of 15 4- I°C 
(achieved by means of a Harney-Miller cell, Spex 
Industries Inc.) or at room temperature (20 4-I°C). 
Temperature corrections between 15 and 20°C were not 
required, as the temperature derivative of frequency is 
known 13 to be small for the LAM bands of poly(oxy- 
ethylene. 

Differential scanning calorimetry 
A Perkin-Elmer DSC-4 was used. Known weights 

( < 10 mg) of the samples, which had been stored either at 
room temperature or in a freezer at -10°C,  were sealed 
into aluminium pans. Samples with low melting points 
were cooled to 0°C in the calorimeter before heating. All 
samples were heated at 2 K m i n  1 through the melting 
point to 70-80°C, the sample rapidly cooled to a 
temperature well below the melting point, and the 
heating process repeated. 

Values of  the enthalpy of fusion were obtained from 
peak areas, and melting points 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 temperatures 
of  indium, n-docosane, and polyethylene glycol 2000L 
itself, the latter being used to ensure approximate 
correspondence with the results reported previously 15. 

RESULTS AND DISCUSSION 

Samples of  series L (linear hydroxy-ended) and RA 
(cyclic with acetal closure) have been investigated 
previously ~5. For  this investigation, certain RA samples 
were resynthesized from the same (or closely related) 
polyethylene glycol precursors (series L), and all samples 
were investigated by X-ray scattering. The Raman 
spectroscopy of series L and RA was not repeated, and 
the results described and discussed below are taken from 
ref. 15. To ensure comparability of results, all L and RA 
polymers were re-examined by d.s.c., and were found to 
be identical within experimental error. The samples of 
series LM and RE, and all the results pertaining thereto 
are new. 

Crystal structure 
Both high-frequency Raman spectroscopy and WAXS 

showed that all samples had the same underlying crystal 
structure characteristic of crystalline poly- 
(oxyethylene) 17, i.e. alternate right and left-handed 
helices forming a monoclinic sub-cell. The high fre- 
quency spectra recorded were similar to those published 
previously_ for poly(oxyethylene) and related 

2 5  2 7  oligomers - , particularly in the bands at 291, 936 
and 1231cm -1, which are the indicators of chain 
conformation and packing 2627. The WAXS patterns 
from the cyclic polymers showed similar reflections to 
their linear counterparts (see Figure 1, samples 2000RA 
and 2000LM) and, within the error of determination, all 
could be indexed by the monoclinic sub-cell 17. 

Small-angle X-ray scattering 
Figure 2 shows SAXS patterns for samples 3000RE 

and 1500LM. Pairing the SAXS results in this way 
provides a clear illustration of the near identity of 
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Figure 1 WAXS patterns from crystalline cyclic poly(oxyethylene) 
2000RA and linear poly(oxyethylene) dimethyl ether 2000LM. The 
intense reflection at Bragg angle 0 -  9 .66  [indexed (120)] and the 
composite reflection at 0 -  11.66 [indexed (112) and (032) among 
others] are characteristic of  crystalline polyoxyethylene) 17. The less 
intense reflections can all be indexed (to ±0.1 ~ in 0) by the established 
structure with the monoclinic sub-cell 1:. Because of operating condi- 
tions at the time, the scattering from sample 2000RA was less than one- 
tenth the intensity of  that from sample 2000LM. with consequent loss 
of  definition of weak reflections 
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Figure 2 SAXS patterns from crystalline cyclic (3000RE) and linear 
(1500LM) poly(oxyethylene)s. The reflections from the lamellar 
spacings are at identical values of  q. For clarity of  presentation, the 
intensity scales of  the two patterns are displaced relative to one another 

the scattering angles of  reflections from the lamellar 
spacings of  a cyclic poly(oxyethylene) and a linear 
poly(oxyethylene) of  half its chain length. SAXS 
patterns obtained for other samples were similar. The 
derived lamellar spacings (d) are listed in Table 1: the 
values given in parentheses are possibly affected by 
fractionation: see the d.s.c, results described below. 
The plot of  d vs z shown in Figure 3 [where z = number- 
average chain length (linear) or half-length (cyclic) in 
chain atoms, with allowance made for methyl and 
acetal groups] confirms the unfolded-chain conforma- 
tion of  the linear polymers and the twice-folded chain 
conformat ion of the cyclics, as shown schematically in 
the Introduction.  The line shown in Figure 3 is the least 
squares fit through the origin to all the data points, and 

I I 

~<._='~-'~0 200 / ~  

100 ~" 

0 t i 

0 100 200 

z (chain atoms) 

Figure 3 Lamellar spacing from SAXS vs z ,  where z -  number- 
average chain length (linear) or halMength (cyclic) in chain atoms: (11) 
linear glycols (series L); (E]) linear methyl ethers (series LM); (O) cyclics 
with acetal closure (series RA); (©) cyclies with ether closure (series RE) 

corresponds to a spacing per chain atom of  0.99 ± 0.02 
A, i.e. very similar to values reported previously for the 
increment per chain atom along the helix axis in 
crystalline poly(oxyethylene) 17 (0.93 ~)  and related 

• • 28 umform ohgo(oxyethylene)s (0.95 A). This broad 
agreement between experiment and expectation is 
taken as confirmation that the cyclization and purifica- 
tion procedures were carried through with little or no 
fractionation by chain length. One reason for the 
slightly higher value found for the polydisperse 
poly(oxyethylene)s (compared to the wholly crystalline 
uniform ohgomers ~ ) could be a higher proport ion of  
trans states in the emerging chain ends compared with 
the trans trans gauche conformation of the helical 
chains in the lamellar core. A second reason may be 
segregation of non-crystallized low-molar-mass poly- 
mer to the interlamellar region. 

Thermal analysis 

D.s.c. curves of the majority of samples, whether stored 
or recrystallized prior to heating in the DSC-4, contained 
single melting peaks covering a temperature range of 10 
degrees or so. The d.s.c, curves of rapidly crystallized 
samples of 3000L and 3000LM showed evidence of 
chain folding, which could be removed by annealing 
or by crystallization at a high temperature. D.s.c. curves 
of rapidly-crystallized sample 3000RA showed evidence 
of incorporation of the acetal group, but could be 
annealed in the same way. These effects have been 
illustrated and discussed previously iS. All samples with 
m n ~ 1000 g mol I had low melting points (T m < 3T"C ) 
and were incompletely crystalline at room temperature. 
Consequently, cooling these samples in the DSC prior to 
an experiment resulted in further crystallization, and the 
resulting d.s.c, curves covered a wide temperature range 
and contained two peaks. 

Melting points and enthalpies of lesion measured for 
samples taken from storage are listed in Table 1. Because 
of their low melting points and wide melting ranges, 
satisfactory baselines were not established in the d.s.c. 
curves of samples with 1000RA and 1000RE, and their 
values of Tm and Af-usH (in parentheses in Table 1 ) are 
particularly uncertain. Both Tm and Aru, H were lower 
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Table 1 Lamellar spacing (d), LAM-1 frequencies (ul), melting points 
(Tin) and enthalpies of fusion at the metling point (A lusH ) of linear and 
cyclic poly(oxyethylene)s a 

Sample d(A) u 1 (cm -1) T m (°C) Afus H (jg 1) 

1000L 70 16.5 37 149 
1500L 97 12.4 47 165 
2000L 123 9.3 52 186 
3000L 200 5.7 58 191 

1000LM 75 15.4 36 150 
1500LM 100 11.2 47 181 
2000LM 132 9.2 51 183 
3000LM 222 5.4 57 185 

1000RA (37) (27.7) (33) (96) 
1500RA 52 20.6 46 150 
2000RA 67 16.1 51 158 
3000RA 107 9.5 56 161 

1000RE (37) (31.1) (30) (73) 
1500RE 50 2.1 47 140 
2000RE 60 18.6 52 142 
3000RE 98 11.1 57 152 

a Values ofdand v I for recrystallized samples; Trn and AfusH for stored 
samples. Samples 3000L and 3000LM recrystallized at high tempera- 
ture (or annealed) to eliminate chain folding. Reproducibilities 
(replicate crystallizations): d, 4-5%; ul, 4-0.2 to 1 cm 1 (see Figures 6 
and 7); Tm,±2°C; AfusH,:i:-10Jg 

Table 2 Effect of thermal history on the melting points (Tin) and 
enthalpies of fustion (AfusH) of cyclic poly(oxyethylene)s a 

Recrystallized Stored 

Sample Tm(OC)  AfusH( J g 1) Tm(OC)  AfusH( J g 1) 

1500RA 41 128 46 150 
2000RA 47 141 51 158 
3000RA 54 146 56 161 

a Recrystallized samples cooled from the melt to 0°C in the DSC 
immediately before heating. Re_~roducibilities (replicate crystalliza- 
tions): Tin, +2°C; AfusH, 4-10J g 

for samples  which had  been recrys ta l l ized immedia te ly  
before  hea t ing  in the DSC.  The  effect could  be large, as 
i l lus t ra ted  in Table 2. The values o f  Tm and  AfusH 
repor t ed  prev ious ly  15 for  samples  o f  series L and  R A  
were for recrys ta l l ized samples ,  and  so had  lower values 
than  those  r epo r t ed  for  them in Table 1. 

A plo t  o f  mel t ing po in t  aga ins t  rec iprocal  l amel la r  
spacing is shown in Figure 4a. With in  the exper imenta l  
e r ror  (the e r ror  bars  shown are ± 2  degrees),  and  ignor ing  
the da t a  po in ts  for  samples  1000RA and  1000RE, the 
mel t ing po in ts  fall on to  s t ra ight  lines in te rcept ing  the 
o rd ina te  at  T ° ~ 69°C. This  ex t r apo l a t ed  value is much  
as expected:  values o f  T ° in the range o f  69 78°C have 
been repor ted  prev ious ly  1°,29 32, the values at  the b o t t o m  
end o f  the range being ob ta ined  using l inear  po ly(oxy-  
ethylene)s  re la ted  to those  used in the present  work.  The 
e x t r a po l a t i on  in Figure 4a fol lows the s imple equa t ion  

23` 
Tm = 7-O ( 1 A f u ~ 0 d )  

where  3' = excess surface G ibbs  energy ( Jm-Z) ,  
AfusH° = t h e r m o d y n a m i c  en tha lpy  o f  fusion ( Jm-3 ) ,  
and  d = lamel la r  th ickness  (m). 

Because o f  the finite value o f  ACp  for po ly (oxye thy-  
lene), a cor responding  ex t rapo la t ion  o f  AfusH agains t  1/d 
should  be carr ied  out  for the en tha lpy  changes  cor rec ted  
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Figure 4 (a) Melting temperature and (b) enthalpy of fusion corrected 
to 70°C plotted against reciprocal lamellar spacing: (11) linear glycols 
(series L); ([Z) linear methyl ethers (series LM); (0) cyclics with acetal 
closure (series RA); (©) cyclics with ether closure (series RE). The lines 
are least-squares fits to the data points, the points for samples 1000RA 
and 1000RE being omitted 

for  the effect o f  mel t ing  tempera ture .  The  cor rec t ion  
is 34 

AfusH(T1) = AfusH(T2)+ 

0.650 (T2 - T,)  - 0.00253 (T22 - V 2) 

where t empera tu res  are in °C. Values  o f  AfusH correc ted  
to 70°C are p lo t t ed  aga ins t  1/d in Figure 4b. With in  a 
generous  a l lowance  for exper imenta l  e r ror  (the er ror  
bars  shown are -t-10 J g - I  ), and  ignor ing  the da t a  poin ts  
for  samples  1000RA and 1000RE, the values for the 
remain ing  samples  fall on to  a single s t ra ight  line, 
consis tent  with an equa t ion  o f  the fo rm 

Arus H = AfusHO 2q 
d 

where rl is the excess surface entha lpy  ( J m - : ) .  The 
s t raight  line intercepts the ord ina te  at  AfusH ° ~ 208 J g-~. 
This value is within the range o f  ArusH ° values 
repor ted  1°'29 for samples o f  this type, i.e. 197-218 J g-1. 

The  l imited range  and precis ion o f  d a t a  ob ta ined  in the 
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present work does not encourage a more quantitative 
analysis, e.g. of  the melting points based on the analysis 
of  Flory and Vrij 33, as applied to low-molecular-mass 
polyethylene glycols by Buckley and Kovacs t°. A major  
concern is the chain length distributions in the samples. 
The coincidence of the plots of  AfusH vs lid (Figure 4b) 
for the various samples indicates a similar value of the 
excess surface enthalpy (i.e. the enthalpy of formation of 
surface from perfect crystal) for both linear and cyclic 
polymers, which is consistent with a similarly disordered 
lamellar surface layer in each case. This result is 
consistent with the extent of  crystallinity of  the linear 
and cyclic polymers depending only on lamellar thick- 
ness, i.e. with the disordered surface layers constituting a 
constant fraction of the lamellar thickness. This is as 
expected, since the disorder originates primarily from the 

• : 1 , ~  

chain length distribution m the samples~-, and the 
thickness of  the disordered layer is related directly to 
the standard deviation of the number-fraction distribu- 
tion of chain length (for a linear sample) or half-chain 
length (for a cyclic sample). This being the case, 
extrapolations of the type illustrated in Figure 4 can 
give only average values o f ?  and q, since these quantities 
will vary with chain length. 

Given similar enthalpies of fusion, the higher melting 
points found for the cyclics (compared at constant 
lamellar spacing, see Figure 4a) can be attributed to 
lower entropies of fusion, since 

Ar~,, H 
T ~  - -  

Ai-us S 

This is as expected, since the linear and cyclic polymers 
are similarly conformationally restricted in the crystal- 
line state but the stem of a cyclic polymer is more 
restricted (compared with a linear polymer of  the same 
length) in the melt state. The common intercept for both 
lines in Figure 4a is consistent with the effect of  
cyclization on the entropy of fusion being negligible for 
extended chain crystals of  very long chains. 

Low-fi'equenc O, Raman sT)eetroseopy 
Examples of  low-frequency Raman spectra of cyclic 

poly(oxyethylene)s with ether closure are shown in 
Figures 5 and 6. Corresponding spectra for rin~s with 
acetal closure have been published previously 5. The 
broad bands at 80 c m  1 are characteristic of crystalline 
poly(oxyethylene) and has been identified as a combina- 
tion of a torsional mode of the helix 36 and a lattice 
mode 1~. The prominent bands at low frequencies (10 
30 cm- l  ), which vary with chain length, are assigned to 
LAM-1. The comparison of results for 3000RE and 
1500ML made in Figure 6 (which mirrors that made in 
Figure 2) illustrates the near identity of  the LAM-1 
frequencies of  a cyclic poly(oxyethylene) and a linear 
poly(oxyethylene) of  half its chain length. This result is 
confirmed for all the samples by the LAM-1 frequencies 
(lJl) listed in Table 1 and shown in Figure 7. The plot 
departs slightly from linearity, and a quadratic curve 
passing through the origin is fitted to the data. A 
nonlinear dependence of ul on chain length has been 
noted previously for oligo(oxyethylene)s and explained 
as a result of  end forces 37. 

A more sensitive comparison of the LAM-1 frequen- 
cies can be made using values of  uld. In the absence of 

2% 

I I [ I 1 / I 
a o  4 0  6 0  8 0  l o o  l a O  1 4 o  

Raman Shift (cm-1) 

F i g u r e  5 Low-frequency Raman spectra of cyclic poly(oxyethylene)s 
of  series RE (as indicated). The peaks in the frequency range 18 
31 cm 1 are assigned to LAM-1 

0 

I I I 
10 20 30 

Raman Shift (cm-1) 

F i g u r e  6 Low-frequency Raman spectra of  cyclic poly(oxyethylene)s 
3000RE and linear poly(oxyethylene) 1500LM (as indicated). The 
peaks at 11 12cm I are assigned to LAM-I  

other effects (e.g. for chains acting as uniform rods with 
free ends 3s) the value of this product should be constant. 
Individual values of  u 1 d are rather scattered, so average 
values of  t J ld  a r e  listed in Table, 3 for each series of  
polymers. The least certain values for samples 1000RA 
and 1000RE are omitted. Values of ulz are included for 
comparison. Consideration of values of  uld removes 
possible errors introduced by fractionation during the 
preparation of the cyclic polymers, while comparison 
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Figure "7 LAM-1 frequency (ul) vs reciprocol lamellar spacing. (11) 
Linear glycols (series L); (13) linear methyl ethers (series LM); (O) 
cyclics with acetal closure (series RA); (©) cyclics with ether closure 
(series RE). The curve is a least-squares-quadratic fit to all the data 
points 

Table 3 LAM-1 frequency (u l ) and lamellar spacing (d) for linear and 
cyclic poly(oxyethylene)s 

Series W l d  (cm 1 /~ )  //1 z (cm 1 ) 

L 1160 + 30 1200 =t- 80 
LM 1160 4- 50 1160 4- 80 

RA 1060 4- 30 1040 4- 60 
RE 1100 4- 20 1180 4- 80 

with linear methyl ethers removes possible effects of end 
association (H-bonding). Hence some of  the uncertain- 

15 ties in our previous report of the Raman spectroscopy 
of cyclic (series RA) and linear (series L) are not 
important in the present work, and the finding that the 
average value Uld for the samples of series LM 
( l l 6 0 c m  -1 A) is higher than that for the combined 
series of cyclic polymers (1180cm -l  A) is satisfactorily 
established. It is known 37 that end forces have a 
significant effect on the LAM-1 frequencies of poly- 
(oxyethylene) chains. In particular, the fractional 
increase in LAM-1 frequency caused by a given end 
force is larger the longer is the crystal stem length 37. The 
effect has been demonstrated for lengthy linear and cyclic 
n-alkanes by Strobl e t  al.  39'40 and confirmed by Lee and 
Wegner 1 . Since the crystal stems of the linear poly(oxy- 
ethylene)s presently under discussion are systematically 
longer than those of the cyclic polymers, the effect of  end 
forces will be to increase the average value of Ul d for the 
linear polymers more than for the cyclic polymers. Thus 
the difference (illustrated in Table 3) between the uld 
values of the linear and cyclic polymers is seen to have a 
straightforward explanation. 

The accuracy of the present data does not allow 
extrapolation for comparison of  LAM-I frequency at 
identical lamellar thickness. The results of Lee and 
Wegner I indicate that the LAM-1 frequency is higher for 
a cyclic alkane compared to a linear alkane of the same 
chain length. A parallel investigation for linear and cyclic 
oxyethylene chains will require closer definition of stem 
length than was possible with the present non-uniform 
samples. 
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