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ABSTRACT: Vinyl ether terminated polyurethane (VE-
PU) was synthesized in this investigation. The copolymer-
ization behavior of VE-PU and dimethyl maleate (DMA)
was investigated by ">C-NMR. It was found that the copo-
lymerization of VE-PU and DMA is of alternating compo-
sition, and no homopolymer structure was found in the
polymerization products. Differential photocalorimetry re-
sults show that, when the monomer feed molar ratio was
close to 1:1, the total conversion increased, whereas the

effective conversion decreased. The rate of copolymerization
was affected by oxygen and reaction temperature and de-
pended on the square root of both the initiator concentration
and the light intensity. The rheological properties of VE-
PU/DMA system were also studied. © 2005 Wiley Periodicals,
Inc. J Appl Polym Sci 96: 1930-1935, 2005
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INTRODUCTION

Vinyl ethers, with electron-rich double bonds, can un-
dergo radical copolymerization with electron-deficient
olefins."? Vinyl ethers are currently used in many
demanding UV/EB-curable applications because of
their fast cure speed, low toxicity, and outstanding
physical properties. They are available in various mo-
lecular structures that are capable of imparting a wide
variety of chemical and physical properties to the
formulation. The curable systems of unsaturated poly-
ester containing a maleate functional group and vinyl
ether functionalized polyurethane (VE-PU) were used
in the formulations of UV-curable powder coatings.*™
Noren® studied the UV-curable system with VE-PU in
place of triethylene divinyl ether (DVE-3), and found
that the toughness and flexibility of the coating were
both improved. It was also found by Sitzmann and
coworkers,”® when they studied the copolymerization
of a VE-PU/epoxy system, that the curing system had
excellent adhesion to glass and metal, the abrasion
resistance was also improved. The cured film had a
wide service-temperature range: low-temperature
flexibility and high-temperature stability. Oligomers
containing vinyl ether functional groups were used as
a resin base instead of a reactive diluent in the UV-
curable system because of its excellent properties.
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The primary aims of the work described in this
article were to introduce new VE-terminated polyure-
thane oligomers, which can provide the formulator
with a wide range of end-use properties, to study the
kinetics of the copolymerization of VE-PU and dimal-
eate, and to demonstrate the polymerization mecha-
nism of this UV-curable system.

EXPERIMENTAL
Materials

All chemicals used in the synthesis and formulation
were analytically pure.

Synthesis of the VE-PU

Polyethyleneglycol 200 (20 g) was charged to a 250-mL
three-neck flask with mechanical stirrer, dripping fun-
nel, and purging system. Acetone (10 mL) was added
to decrease the viscosity of the system. Hydroxybutyl
vinyl ether (HBVE, 23.2 g) was placed into two sepa-
rated dripping funnels. The mixture was heated to
40-50°C in an oil bath with mechanical stirring (stir-
ring speed was around 200 rpm). Toluene-2,4-diiso-
cyanate (TDI) was slowly dripped into the reaction
system. This step lasted for about 1 h, and then the
reaction lasted for another 2 h, after which HBVE was
dripped into the reaction system at the same speed as
that of TDI. The system was stirred at the above tem-
perature for another 3 h, carried out under N, protec-
tion. The system was then cooled to room temperature
and was subjected to a vacuum at 68°C for 1 h to
remove acetone in the system. The VE-PU obtained
was a colorless, transparent, viscous liquid. The yield
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Scheme 1 Reaction process for the synthesis of VE-PU.

used in the present study was >90% and its molecular
weight was 772 g/mol, as determined by a vapor
pressure osmometer. Scheme 1 shows the above reac-
tion process.

Irradiation

The mixture of VE-PU, DMA, and radical photoinitia-
tor (Darocur 1173) was charged into a sample cell of a
DPC instrument. The content of photoinitiator was 2
wt % unless specified otherwise. The cell was specially
shaped to maintain uniform sample thickness with the
sample sizes (~ 6 mg) used, which was illustrated in a
previous article.” The mixture was exposed to the UV
radiation from a medium-pressure mercury lamp (250
W) and, at the same time, the DPC instrument contin-
uously recorded the heat flow versus time. The light
intensity at the sample position was adjusted by using
some metallic networks as filters. A blank cell was
used as the reference. The digitized data were ana-
lyzed by use of Origin 6.0 software (Microcal Soft-
ware, Inc., Northampton, MA) and the integration was
performed numerically.

The polymerization of the vinyl ether formulation
was monitored by following the decrease of the IR
absorption peak area at 1635 cm ™' of the vinyl ether
double bond (C=C stretching) upon UV exposure.

A few experiments were performed on an UV-cur-
ing line equipped with a 2400 W medium-pressure
mercury lamp. The light intensity was measured to be
19.8 mW /cm? (the detector was sensitive in the wave-
length range of 320—400 nm) at the sample position.
The mixture film was polymerized in the presence of
air, by a single pass under the lamp at a speed of 50
m/min.

Analysis

13C-solution nuclear magnetic resonance (NMR) spec-
tra were obtained using a Varian Unity Inova 500
spectrometer (Varian Associates, Palo Alto, CA) in a
complete proton decoupling mode. Samples with
lower degrees of crosslinking were prepared by lim-
ited UV curing, and then swollen in acetone-d,. The

measurements were carried out at room temperature
with tetramethylsilane as the internal standard.
VE-PU/DMA mixtures containing 2 wt % of Daro-
cur 1173 were coated onto tin plates and then cured
under a 2400 W medium-pressure mercury lamp for
seconds to form cured films. Some physical properties
of the cured films were measured according to Chi-
nese National Standard Test procedures (GB 1743-79
for gloss, GB 1720-79 for adhesion, GB/T1732-93 for
impact strength, and GB/T1731-93 for flexibility).

RESULTS AND DISCUSSION
Copolymerization behavior of VE-PU and DMA

The copolymerization tendency of the two types of
carbon double bonds in the VE-PU/DMA system was
investigated by *C-NMR spectroscopy. A sample
spectrum is shown in Figure 1. The ">C-NMR chemical
shift data of the above system are shown in Table L
The typical chemical shift at 86.6 and 152.6 ppm of the
vinyl ether double bond did not disappear, which
indicated that there was some vinyl ether monomer in
the system resulting from the lower conversion of the
sample with a low degree of crosslinking. Similarly,
the typical shift at 133.7 ppm of maleate indicated that
some maleate monomer also remained in the system.
It was noticed that if there were any homopolymer of
vinyl ether in the system, the chemical shift of meth-
ylene carbon should be at 39-42 ppm.'” No such
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Figure 1 'C-NMR spectrum for VE-PU/DMA system at
low degree of crosslinking.



1932

ZENG ET AL.

TABLE 1
3C-NMR Chemical Shift Values of VE-PU/DMA System at Low Degree of Crosslinking'®

a

CH3
¢ 0 h i j
e f —CH—CH—  ——CH—CH,—
NH—C—O—CH,— ——CHy;—CH,—0— |
b d 0=Cg& C==0 (l)
a b c d e f g h i j
Chemical shift, ppm 17.3 126.3 128.7-138.3 71.0 65.0 69.9 166.2 62.0 64.5 30.1

chemical shift was found in the spectra, suggesting
that there was no homopolymer of vinyl ether in the
crosslinked system. Similarly, the absence of the
chemical shift of homopolymer of maleate at 41 ppm
indicates that there is no homopolymer of maleate in
the crosslinked system. On the other hand, the chem-
ical shift at 30.1 ppm attributed to the methylene car-
bon in vinyl ether-maleate (VE-MA) copolymer struc-
ture was found in the spectra. Consequently, it can be
concluded that the copolymer must be completely
alternating and no VE-VE or MA-MA linkages are
identifiable. This is reasonable for the copolymeriza-
tion between the electron-rich vinyl ether and the
highly electron deficient maleate.

Kinetics of copolymerization
The conversion of monomers is calculated from the

following equation:

AH,
AH..

(M

o =

where AH, is the heat of copolymerization when the
reaction time is t and AH., is the overall heat of copo-
lymerization (i.e., conversion of monomers is 100%).

The total heat evolved from the thermal copolymer-
ization of the model molecule hydroxybutyl vinyl
ether (HBVE) and dimethyl maleate (DMA) with
VE/MA double-bond molar ratio of 1:1, using azo-
bisisobutyronitrile (AIBN) as an initiator in N, atmo-
sphere at a heating rate of 10°C/min up to 200°C, was
taken as AH... The overall heat of copolymerization in
this study was determined to be 133.3 kJ/mol.

For the systems with VE/MA molar ratio other than
1:1, the reaction heat should consist of the heat of
alternating copolymerization of VE/MA and that of
homopolymerization of the surplus double bonds (VE
or MA), if the homopolymerization of VE or MA could
take place. The heats of polymerization of VE and MA
are 60 and 59 kJ/mol, respectively, which were taken
from the published data.'' Samples of the VE-PU/
DMA system with various VE/MA molar ratios were

prepared, and the overall heat of copolymerization
(AH..) for these samples is listed in Table II. Curves of
conversion of monomers versus reaction time re-
corded by DPC for these samples are shown in Figure
2(A). It is found that the conversion of monomers is up
to 85% for the sample with a molar ratio of 1:1,
whereas it is obviously lower for other samples. As
mentioned above, the copolymerization of vinyl ether
and maleate is an alternating one. No VE-VE unit or
MA-MA unit was found from "*C-NMR spectroscopy.
In fact, When VE-PU or DMA was separately exposed
to UV radiation in the presence of a radical photoini-
tiator (Darocur 1173, 2 wt %), no significant homopo-
lymerization could be detected on the DPC trace.
Thus, the overall conversion of monomers for VE-
PU/DMA systems with a VE/MA ratio other than
1:1 will be relatively low because the two kinds of
carbon double bonds copolymerize in the molar ratio
of 1:1 by alternating copolymerization, whereas the
surplus carbon double bands cannot be converted by
homopolymerization. It is reasonable that the effective
conversion of monomers for VE-PU/DMA systems
should be calculated from the overall heat of alternat-
ing copolymerization (AH..), ignoring the existence of
surplus double bonds. The values of AH!, were calcu-
lated from the molar heat of alternating copolymer-
ization (133.3 kJ/mol as mentioned earlier) and the
amount of 1:1 monomers in the samples. The results
are listed in Table II. Effective conversions («,) based
on AH! were then obtained. The results are shown in
Figure 2(B). The rather high effective conversion for

TABLE 1I
H, and H..' for VE-PU/DMA Systems with Various
VE/MA Ratios

Concentration of 1:1

VE/MA monomers in mix H.,. H.,'
Sample  (molar ratio) (1073 mol/g) J/g) (/g
a 0.5 1.47 282.7 1959
b 1.0 1.89 2519 2519
c 1.5 1.36 222.0 181.2
d 2.0 1.08 208.7 1439
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Figure 2 Curves of (A) total conversion (&) and (B) effective conversion («,) versus reaction time () for photoinduced
polymerization of VE-PU/DMA system with VE/MA ratios of (a) 0.5:1, (b) 1:1, (c) 1.5:1, and (d) 2 : 1. The samples in N,
atmosphere were exposed to a UV source with light intensity of 0.601 mW/cm?, using Darocur 1173 as photoinitiator

2 wt %).

samples a and d was attributed to the large excess of
one kind of monomer over another. The effective con-
version for sample b, with a molar ratio of 1:1, is the
lowest. Obviously, the chance of one kind of monomer
to contact and copolymerize with another will in-
crease when another kind of monomer is in excess,
resulting in a higher effective conversion.

The polymerization rate increased with increasing
content of VE-PU in VE-PU/DMA systems, as shown
in Figure 3. Notice that VE-PU is an oligomer with
high viscosity, and DMA is a monomer with low
viscosity. Thus the viscosity of VE-PU/DMA systems
increases with increasing content of VE-PU in mono-
mer feed ratio. Higher viscosity can decrease the ter-
mination of free radicals at the end of propagating
chains and thus result in a higher polymerization rate.
On the other hand, the viscosity of the samples is not
high enough to substantially reduce monomer diffu-
sion, which decreases the polymerization rate.
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Figure 3 Curves of polymerization rates (da,/dt) versus
reaction time () for photoinduced polymerization of VE-
PU/DMA system with VE/MA ratios of (a) 0.5:1; (b) 1:1;
() 1.5:1, and (d) 2 : 1. The curing conditions were the same
as those in Figure 2.

Influence of oxygen

It is well known that oxygen inhibits photoinitiated
free-radical polymerization by reacting with both the
initiating radicals and propagating polymer radicals,
but this effect is not obvious for VE-PU/DMA alter-
nating copolymerization systems, compared to tradi-
tional photoinitiated free-radical polymerization such
as an acrylate system. As demonstrated in Figure 4,
VE-PU/DMA copolymerization developed almost at
the same rate, especially when the conversion is
<60%, whether in air or in N,. The conversion of the
system is about 6% higher with N, protection than
that of the system in contact with air. One possible
reason is that the higher viscosity of the VE-PU/DMA
mixture limited the diffusion of oxygen molecule into
the matrix because VE-PU is a high-viscosity oli-
gomer, whereas DMA works just as crosslinker in-
stead of an efficient diluent.
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Figure4 Curves of effective conversion (e,) versus reaction
time (t) for photoinduced polymerization of VE-PU/DMA
system with VE/MA ratios of 1: 1 in (a) N, atmosphere and
(b) air, using a UV source with light intensity of 0.644
mW/cm? and Darocur 1173 as photoinitiator (2 wt %).
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Figure 5 Influence of light intensity on the rate of pho-
tocuring of VE-PU/DMA system (VE/MA = 1:1) at reac-
tion time of (a) 9, (b) 12, and (c) 15 s, respectively, using 2 wt
% of Darocur 1173 as photoinitiator.

Influence of light intensity

The rate of polymerization for bimolecular termination
mechanism is determined by the following equation'*:

R, = [k,/ (k)"*1(dLeel [PI])*[M] (2)

where ¢ is the initiation quantum yield, I, is the light
intensity, ¢ is the extinction coefficient of the photo-
initiator (PI), | is the thickness of the sample, and [M]
is the monomer concentration.

The VE-PU/DMA mixture (VE/MA = 1:1) con-
taining 2 wt % of photoinitiator was exposed to UV
radiation of intensity ranging from 0.18 to 0.64 mW/
cm?. The plot of polymerization rate versus square
root of light intensity was found to yield a straight line
(Fig. 5), corresponding to the above equation.
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Figure 6 Influence of photoinitiator concentration on the
rate of photocuring of VE-PU/DMA system (VE/MA = 1:
1). The samples were exposed to a UV source with light
intensity of 0.601 mW/cm? in (a) air and (b) N, atmosphere.
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Figure 7 DSC traces for photocuring of VE-PU/DMA sys-
tem, using Darocur 1173 as photoinitiator. The samples were
exposed to a UV source with light intensity of 0.601 mW/
cm? in N, atmosphere at various temperatures as labeled in
the figure.

Influence of photoinitiator concentration

The VE-PU/DMA mixture (VE/MA = 1:1) contain-
ing various amounts of photoinitiator was exposed to
UV radiation. It is found from Figure 6 that the plot of
polymerization rate versus square root of photoinitia-
tor concentration yields a straight line, corresponding
to eq. (2). It is suggested from the above results that
the alternating copolymerization of VE-PU and DMA
was in accordance with a bimolecular termination
mechanism. Higher light intensity, as well as higher
photoinitiator concentration, increases the curing rate.

Influence of temperature

VE-PU/DMA mixture (VE/MA = 1:1) containing Da-
rocur 1173 as photoinitiator was exposed to UV radia-
tion at different temperatures. The DPC results are
shown in Figure 7. The curing rate increased as the
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Figure 8 Relationship between viscosity and shear rate for
VE-PU/DMA systems with DMA content (in wt %) of (a) 0,
(b) 10, (c) 20, and (d) 40.
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TABLE III
Properties of Cured Films from VE-PU/DMA Coatings with Various
VE/MA Molar Ratios

Sample
(mol ratio) DMA Gloss Impact strength Shore Adhesion Flexibility
VE/MA (wt %) (60°) (kg/cm) hardness (grade) (mm axis)
0.5 444 133 50 75 2 1
1.0 28.4 144 50 80 1 1
1.5 214 144 50 80 1 1
2.0 16.6 130 50 70 1 1

temperature rose from 30 to 55°C, which may be attrib-
uted to the higher collision frequency of reaction groups
at higher temperature. However, the inverse sequence
was found at temperatures > 55°C. One possible reason
is that as VE-PU and DMA copolymerize, the vinyl ether
electron-rich double bond associates with the electron-
deficient maleate to form a charge-transfer complex
(CTC), after which the alternating copolymer forms by
the polymerization of CTC. At higher temperature, the
CTC should partially decompose, and the polymeriza-
tion rate should decrease as a consequence of decreasing
concentration of CTC. The evaporation of Darocur 1173
at 95°C may also account for the decrease of the poly-
merization rate."

Rheological properties

DMA acts as a reactive diluent in VE-PU/DMA sys-
tems. Because the electron-deficient maleate in DMA
may interact with the vinyl ether electron-rich double
bond in VE-PU to form CTC, as mentioned above, the
effect of DMA should be somewhat different from that
of traditional diluents. As we can find from Figure 8,
the viscosity of VE-PU oligomer changed only slightly
when 10 wt % of DMA was used. The content of DMA
was so low in this composition (VE/MA molar ratio
was about 3: 1), that almost all the DMA molecules
attached to the end of VE-PU molecular chains by
CTC, thus minimally affecting the state of the VE-PU
oligomer chains. Thus, DMA at such low levels
showed poor diluent effect.

For compositions containing higher levels of DMA
(20 and 40%), the solvation of DMA to the oligomer
was strong enough to cause an obvious decrease of
viscosity, as shown in Figure 8 (curves c and d). On
the other hand, the viscosity was highly shear sensi-
tive at the lower shear-rate region. This property is
very useful in many printing and coating applications.

Properties of cured films

Table III shows that the VE-PU/DMA systems can
confer good physical properties to cured films. It was

also found that formulations with a VE/MA molar
ratio of 1:1 are preferable for obtaining cured films
with better properties.

CONCLUSIONS

The free-radical alternating copolymerization behav-
ior of VE-PU and DMA was confirmed by >C-NMR.
When the monomer feed molar ratio was close to1: 1,
the total conversion increased, whereas the effective
conversion decreased. The rate of copolymerization
was affected by oxygen and reaction temperature, and
depended on the square root of both the initiator
concentration and the light intensity. The diluent ef-
fect of DMA at a level of 10% is poor, but obviously
improved when the content of DMA was increased to
20%.

This work was supported by the Guangdong Science and
Technology Commission (Grant No. A1060501) and the Na-
tional Science Foundation of China (Grant No. 60378029),
which are gratefully acknowledged.

References

. Noren, K. G. ACS Symp 1997, 673, 121.

. Decker, C.; Decker, D. Polymer 1997, 38, 2229.

. Wiite, F. M. Eur Coat J 1996, 3, 115.

. Van Der Linder, In: Proceedings Rad Tech Europe ‘95 Confer-

ence, 1995; p 437.

. Wiite, F. M. Rad Tech Rep 1996, 10, 13.

6. Decker, C.; Bianchi, C.; Decker, D.; Morel, F. Prog Org Coat
2001, 42, 253.

7. Sitzmann, E. V.; Anderson, R. F.; Cruz, J. G. Rad Tech Rep 1998,
12, 37.

8. Sitzmann, E. V.; Andersson, K. F.; Cruz, J. G.; Bratslavsky, S. A,;
Haynes, R. L. In Proceedings of Rad Tech’98, North America
UV/EB Conference, 1998; p 53.

9. Zhang, L. P; Liu, L.; Chen, Y. L. ] Appl Polym Sci 1999, 74, 3541.

10. Sadtler Research Lab. The Sadtler Standard Spectra, Carbon-13
NMR Spectra; Division of Bio-Rad Laboratories Inc., Research-
ers, Editors, and Publishers: Philadelphia, PA, 1988.

11. Brandrup, J.; Immergut, E. H., Eds. Polymer Handbook, 2nd ed.;
Wiley: New York, 1975; pp VII-7.

12. Tryson, G. R,; Shultz, A. R. ] Polym Sci Polym Phys Ed 1979, 17,
2059.

13. Scherger, T.; Decker, V. Polymer 2000, 41, 7681.

= W N =

a1



