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[57] ABSTRACT 

Poly(ethylene oxide) (PEG) and poly[oxymethylene-oligo 
(oxyethylene)](PEl\'i) disks are cross-linked by exposure to 
UV radiation. The rate of formation of cross-links is greatly 
enhanced by the presence of benzophenone, and an average 
cross-link density of up to 6 mol% of ethoxy units can be 
obtained after irradiation. The highly cross-linked polymers 
are insoluble in water or organic solvents and show 
improved physical properties for handling and the formation 
of free-standing ?lms. Dynamic modulus measurements and 
polymer swelling are employed to characterize the poly 
mers. Dynamic modulus measurements show that, upon 
irradiation, PEG and PEM become cross-linked elastomeric 
solids. 

16 Claims, No Drawings 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or adver 
tisement or the like may use the term patent, or any term 
suggestive of a patent, when referring to a statutory 
invention registration. For more speci?c information on 
the rights associated with a statutory invention registra 
tion see 35 U.S.C. 157. 
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METHOD OF CROSS-LINKING POLY 
(ETHYLENE OXIDE) AND POLY 
[OXYMETHYLENE-OLIGO 

(OXYETHYLENE)] WITH ULTRAVIOLET 
RADIATION 

FIELD OF INVENTION 

The present invention generally relates to a method of 
cross-linking polyether by exposure to UV radiation. The 
invention speci?cally relates to cross-linking poly(ethylene 
oxide) and poly[oxymethylene-oligo(oxyethylene)] ?lms by 
UV radiation and to greatly enhancing the rate of formation 
of cross-links by the addition of a photoinitiator. 

BACKGROUND OF THE INVENTION 

Salt complexes of oligo- and polyethers have been studied 
for use as solid polymer electrolytes in high-energy-density 
batteries and electrochromic devices. The highest ionic 
conductivities were found in completely amorphous mate 
rials that were soft and sticky, however, these materials do 
not readily form free-standing ?lms. 
A variety of chemical methods and gamma radiation have 

been utilized to form cross-links of polyethers. However, 
these methods were often di?icult and relatively unsafe to 
carry out and were also costly. 
A method of cross-linking poly(ethylene oxide) and poly 

[oxymethyleneoligo(oxyethylene)] by Ultraviolet (UV) 
radiation is not presently available. This method would 
allow cross-linking of these polymers in arelatively safe and 
e?icient manner. 

SUMMARY OF THE INVENTION 

The present invention concerns a method of cross-linking 
poly(ethylene oxide) and poly[oxymethylene-oligo 
(oxyethylene)] with the use of UV radiation. The highly 
cross-linked polymers can be used in preparing sodium salt 
complexes which can be in turn used in high- energy-density 
batteries and electrochromic devices. The addition of a 
photoinitiator, such as: benzophenone; 1,2 dibenzoylben 
zene; 1,3 dibenzoylbenzene; 1,4 dibenzoylbenzene; or trans, 
trans dibenzylidene acetone, prior to irradiation, greatly 
enhanced the rate of cross-linking. 

Other possible applications for cross-linked poly(ethylene 
oxide) and poly[oxymethyleneoligo(oxyethylene) include 
surgical dressings, controlled drug delivery, and semiper 
meable membranes. 

Accordingly, it is an object of the present invention to 
provide a method of cross-linking poly[oxymethylene-oligo 
(oxyethylene)] and poly(ethylene oxide) that is both safe and 
e?icient. 

Another object of the invention is to provide a method of 
cross-linking poly[oxymethylene-oligo(oxyethylene)] and 
poly(ethylene oxide) that improves their dimensional stabil 
ity for ease in handling and for formation of free-standing 
?lms. 

Still another object of the invention is to provide a method 
of cross-linking poly[oxymethylene-oligo(oxyethylene)] 
and poly(ethylene oxide) so that they are insoluble in water 
or organic solvents. 
These and other objects, features and advantages will 

become apparent from a thorough consideration of the 
detailed description which follows. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Poly(ethylene oxide) (PEO), molecular weight 5x106, 
was dissolved in a polar organic solvent, such as acetone, 
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acetonitrile, chloroform, or dirnethyl sulfoxide. A lower 
molecular weight PEO could also be used, but should be at 
least 5x102. The viscous solution was cast onto Dupont’s 
TEFLON and dried in air. PEO was cut into the desired 
shape of a disk, about 0.4 mm thick, and dried at 60° C. in 
vacuo for 12 hours. PEO can be cut into other desired 
shapes, which will not effect the outcome of the cross 
linking. The thickness of the disks can vary but should be no 
more than 5mm. The thickness of the PEO or PEM disks was 
dictated by the requirements for theology measurements. 
Disks thicker than about 0.5 mm will extend the time needed 
for irradiation. 

Poly[oxymethylene-oligo(oxyethylene)] (PEM) can be 
prepared by polyetheri?cation. A disclosed method of pre 
paring PEM is in the article by Lemmon and Lerner in 
Macromolecules 25, 2907 (1992). A PEM of molecular 
weight 7.5 104 was used. A lower molecular weight PEM 
could also be used, but should be at least 5x102. PEM disks 
were then formed and dried at 60° C. in vacuo for 12 hours. 
PEM also can be cut into other desired shapes, which will 
not eifect the outcome of the cross-linking. Again, disks 
about 0.4 mm thick were used. The thickness of the disks 
can vary but should be no more than 5mm. Disks thicker 
than about 0.5 mm will extend the time needed for irradia 
tion. PEM and cross-linked PEM are completely amorphous 
at room temperature, unlike PEG and cross~linked PEO 
which is partially crystalline. It was unexpected that PEM 
should have these properties since generally polymers get 
stiffer with increased cross-linking. 
While PEO or PEM is dissolving in the polar organic 

solvent a photoinitiator such as: benzophenone; 1,2 diben 
zoylbenzene; 1,3 dibenzoylbenzene; 1,4 dibenzoylbenzene; 
or trans, trans dibenzylidene acetone can be added. The 
concentration of the photoinitiator benzophenone used 
ranged from 0.25 mol %—0.50 mol % and was reagent grade. 
The concentration of photoinitiator was not critical since the 
concentration can vary yet still achieve signi?cant cross 
linkage. The concentration was dependent on the irradiation 
time and the ?lm thickness of PEO or PEM used. 

Since the transmittance of the UV radiation is an expo 
nential function of the sample thickness, the middle of the 
sample ?lm receives a lower radiation dose than the faces. 
However, homogenous sample ?lms can be obtained by 
cross-linking thin sample ?lms with low photoinitiator con 
centrations. Sublimation ofbenzophenone from the ?lm 
samples did not prove signi?cant. The dissolved PEO ?lm, 
with the added photoinitiator, benzophenone should be 
handled under protection from light to avoid polymer scis 
sion. The dissolved PEO solution with the added photoini 
tiator was handled under red light. The PEO disks were also 
stored in the dark. The dissolved PEM ?lm containing the 
photoinitiator benzophenone was not noticeably degraded 
under ambient light and did not need to be handled under 
protection from light. The UV absorptivity by PEO and 
PEM disks, not containing a photoinitiator, is relatively low 
when the frequency range of the UV source is 250-300 nm. 

Disks were sealed in 1 inch diameter quartz tubes under 
an inert atmosphere and placed into a rotating UV reactor 
?tted with Hg vapor tubes. The UV wavelength can vary 
from 190 nm-350 nm. For example, a 0.4 mm thick disk 
containing 0.5% benzophenone had a preferred wavelength 
of about 254 nm. The intensity of the UV radiation needed 
was dependent on whether: a photoinitiator was used; the 
concentration of the photoinitiator; and the thickness of the 
PEO or PEM ?lm used. The irradiation time also varies but 
should be for at least 15 seconds, however, the PEO and 
PEM disks were generally irradiated for a time of about 5 
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minutes to about 70 hours. Sample PEO or PEM ?lm were 
be ?ipped midway through the irradiation to promote even 
exposure. The degree of cross-linking and therefore, the 
mechanical properties of the ?lms, may be controlled by 
adjusting the ?lm thickness, irradiation time, and photoini 
tiator concentration. 

Following irradiation, the photoinitiator and the low 
molecular weight by-products were removed by washing the 
sample in a polar organic solvent, for example: acetone; 
chloroform; acetonitrile; or dirnethyl sulfoxide. 
The mole percent crosslinkage of ethoxy units in PEO or 

PEM ?lms was determined by swelling tests. The irradiated 
PEO or PEM ?lms are placed in deionized water and swell 
isotropically relative to the extent of cross-linkage. The 
Flory-Rehner relation was employed to derive the cross-link 
density. The interaction parameter for linear PEO with water 
of 0.45 was also employed in the calculations. Cross-link 
densities were reported in moles/liter and mole percent. 
Mole percent refers to the percentage of ethoxy units cross 
linked in the PEO or PEM ?lm samples. ‘The swelling tests 
indicated that the cross-link density was greatest near the 
disk surface and was signi?cantly less at the disk center. 
Therefore, the cross-link density was a sample average and 
was referred to as the mean cross-link density. Table 1 is a 
chart of the sample compositions, irradiation times, volume 
increase by water swelling, and their corresponding mean 
cross-link densities. 

TABLE 1 

Sample Compositions, Irradiation Times, Volume Increase 
by Water Swelling, and Mean Cross-link Densities 
Determined Using the Flo_ry-Reh.ner Relation12 

Sam- Irradiation Mean 
ple Com- Tme Volmne Cr0ss~link Densig 

No. position (h) Increase (Mol/L) (Mol %) 

1 PEO 1.0 Soluble — — 

2 PEG 1.7 79 0.0006 0.006 
3 PEG 30 35 0.0091 0.033 
4 PRO 66 5.1 0.57 2.1 
5 PEM 24 40 0.007 0.03 
6 PEM 48 35 0.009 0.04 
7 PEG + 0.08 3.8 1.2 4.5 

0.5% BzPh 
8 PEG + 0.75 3.5 1.5 5.5 

0.5% BzPh 
PEO + 5 3.3 1.8 6.6 
0.5% BzPh 

10 PEG + 0.08 6.3 0.33 1.2 
0.5% BzPh 

11 PEG + 1.0 49 0.62 2.2 
0.5% BzPh 

12 PEO + 6 4.5 0.77 2.8 
0.5% BzPh 

13 PEG + 31 6.8 0.28 1.0 
0.5% BzPh 

l4 PEM + 0.75 Soluble — — 

0.5% BzPh 
15 PEM + 3 16 0.045 0.31 

0.5% BzPh 
16 PEM + 6 12 0.074 0.39 

0.5% BzPh 
17 PEM + 13 9.4 0.13 0.52 

0.5% BzPh 

The thermal transitions of irradiated ?lm samples were 
essentially unchanged from those of the uncross-linked 
polymers. Glass transition temperatures for all PEO and 
PEM ?lm samples were between —60° C. and —62° C., and 
melting endotherms were observed between 53° and 57° C. 
for PEO sample ?lms. A small low temperature shoulder on 
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the melting endotherm was visible for some cross-linked 
PEO sample ?lms. 

Variable temperature impedance measurements were per 
formed using a computer-controlled impedance analyzer and 
an enviromnental chamber. Sample ?lms of PEO and PEM 
were prepared as pressed disks, placed between two 
stainless-steel electrodes in an air-tight Kel-F cell and 
annealed at 70° C. 
DSC measurements were obtained at a heating rate of 

10K/min. Sample ?lms of PEO and PEM were loaded in an 
inert atmosphere into hermetically sealed pans. All sample 
?lms were quenched from above the melting point prior to 
measurement. Thermal transitions were recorded at the 
onset points. 1H and 13C- NMR spectra of uncross-linked 
and cross-linked polymers were obtained using a Bruker 300 
MHz instrument. IR spectra of PEG and PEM ?hns were 
obtained by FI'IR. 
The frequency dependence of the dynamic modulus was 

consistent with the swelling test. The dynamic modulus was 
measured in oscillatory shear between parallel plates in a 
rheometer. Disks were cut of the irradiated PEG and PEM 
?lms, then pressed to the diameter of the plates. Sample PEO 
and PEM ?lms were held in the plates with a light, between 
100—1000 g, compressive force to ensure good contact and 
to prevent slipping of the sample on the plates. Measure 
ments were made at strain amplitudes of 0.03 or less. The 
temperature of the sample ?hns was controlled using a 
convection oven. Nitrogen was used in the oven to prevent 
oxidation. 
The dynamic modulus data for each ?lm sample were 

plotted as master curves, according to the time-temperature 
superposition principle. The dynamic modulus varied 
through the thickness, and the reciprocal of the apparent or 
measured modulus was the reciprocal of the actual modulus 
integrated through the thickness of the ?lm. liquid behavior 
was readily distinguished from solid behavior. 

Contrary to the degree of cross-linking as measured by 
swelling, the dynamic modulus data indicated that upon 

40 irradiation the PEO ?lm initially underwent softening, then 
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cross-links into a network with a monotonic increase in 
cross-linking with increasing irradiation time. With su?i 
cient cross-linking the PEO becomes a sti? elastomer. 
The temperature dependence of the apparent dynamic 

modulus was studied and showed Arrhenius behavior. 
Having described the preferred embodiments of this 

invention, it will now be apparent to one of skill in the art 
that other embodiments incorporating its concept may be 
used. It is felt, therefore, that this invention should not be 
limited to the disclosed embodiments, but rather should be 
limited by the spirit and scope of the appended claims. 
What is claimed is: 
l. A method of cross-linking poly[oxymethylene-oligo 

(oxyethylene)] comprising the following steps: 
(a) dissolving said poly[oxymethy1ene-oligo 

(oxyethylene)] in a su?icient amount of polar organic 
solvent to form a solution; 

(b) casting said solution to form a ?lm; 
(c) cutting said ?lm to a predetermined thickness; 
(d) drying the ?lm; and 
(e) irradiating said ?lm with Ultraviolet radiation in a 

wavelength range 
from about 190-350 nm for a predetermined amount of 

time. 
2. A method of cross-linking poly[oxymethylene-oligo 

(oxyethylene)] as claimed in claim 1 wherein said polar 
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organic solvent is selected from the group consisting of: 
acetone; acetonitrile; chloroform; and dimethyl sulfoxide. 

3. A method of cross-linking poly[oxymethylene-oligo 
(oxyethylene)] as claimed in claim 1 wherein said drying is 
at about 60° C. in vacuo. 

4. A method of cross-linking poly[oxymethylene-oligo 
(oxyethylene)] as claimed in claim 1 wherein said wave 
length is about 254 nm. 

5. A method of cross-linking poly[oxymethylene-oligo 
(oxyethylene? as claimed in claim 1 further comprising the 
step of rotating said ?lm 180° at one-half said predetermined 
time in step (e) to promote even exposure to the Ultraviolet 
Wavelength. 

6. A method of cross-linking poly[oxymethylene-oligo 
(oxyethylene)] as claimed in claim 1 further comprising the 
step of adding a predetermined amount of a photoinitiator 
between step (a) and step (b). 

7. A method of cross-linking poly[oxymethylene-oligo 
(oxyethylene)] as claimed in claim 6 wherein said photo 
initiator is selected from the group consisting of: benzophe 
none; 1,2 dibenzoylbenzene; 1,3 dibenzoylbenzene; 1,4 
dibenzoylbenzene; and trans,trans dibenzylidene acetone. 

8. A method of cross-linking poly[oxymethylene-oligo 
(oxyethylene)] as claimed in claim 6 further comprising the 
step of washing said ?lm after the irradiation with a polar 
organic solvent to remove the photoinitiator. 

9. A method of cross-linldng poly(ethylene oxide) com 
prising the following steps: 

(a) dissolving said poly(ethylene oxide) in a su?icient 
amount of polar organic solvent to form a solution; 

(b) casting said solution to form a ?lm; 

(b) cutting said ?lm to a predetermined thickness; 
(c) further drying said ?lm; 
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(d) irradiating the ?lm with Ultraviolet radiation in the 

wavelength range from about 190-350 nm for a pre 
determined amount of time. 

10. A method of cross-linking poly(ethylene oxide) as 
claimed in claim 9 wherein said polar organic solvent is 
selected from the group consisting of: acetone; acetonitrile; 
chloroform; and dimethyl sulfoxide. 

11. A method of cross-linking poly(ethylene oxide) as 
claimed in claim 9 wherein said drying is at about 60° C. in 
vacuo. 

12. A method of cross-linking poly(ethylene oxide) as 
claimed in claim 9 wherein said wavelength is about 254 
nm. 

13. A method of cross-linldng poly(ethylene oxide) as 
claimed in claim 9 further comprising the step of rotating 
said ?lm 180° at one-half said predetermined time in step (e) 
to promote even exposure to the Ultraviolet wavelength. 

14. A method of cross-linking poly(ethylene oxide) as 
claimed in claim 9 further comprising the steps of mixing 
with the dissolved poly(ethylene oxide)a predetermined 
amount of photoinitiator under essentially dark conditions to 
avoid chain scission in the poly(ethylene oxide). 

15. A method of cross-linking poly(ethylene oxide) as 
claimed in claim 14 wherein said photoinitiator is selected 
from the group consisting of: benzophenone; 1,2 dibenzoyl 
benzene; 1,3 dibenzoylbenzene; 1,4 dibenzoylbenzene; or 
trans, trans dibenzylidene acetone. 

16. A method of cross-linking poly(ethylene oxide) as 
claimed in claim 14 further comprising the step of washing 
said ?lm after the irradiation with a polar organic solvent to 
remove the photoinitiator. 

***** 


