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ABSTRACT: The photo-induced curing kinetics of cy-
cloaliphatic epoxide coatings were investigated with real-
time Fourier transform infrared spectroscopy with an optical
fiber ultraviolet curing system. The consumption of epoxy
group as a function of time was obtained by monitoring of
the oxirane absorbance in the 789-746-cm™ ' region. The
effect of the type of epoxide, hydroxyl equivalent weight,
ratio of oxirane to hydroxyl groups (R), photoinitiator, and
exposure time on the curing reaction was investigated. In
general, the rate of curing was dependent on the hydroxyl

equivalent weight, R, type of epoxide, and photoinitiator.
For formulations without polyol, both initiator concentra-
tion and exposure time had minimal effects on the curing
reaction. However, for formulations with polyol, the curing
a reaction was dependent on the initiator concentration.
© 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 90: 2485-2499, 2003
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INTRODUCTION

Ultraviolet (UV)-curable coatings offer the advantages
of fast cure response, high-energy efficiency, and low
volatile organic contents.! As the pressure to reduce
volatile organic contents continues to mount, the ad-
vantages of UV coatings are becoming more attractive.
There are two classes of UV-curable coatings, free
radical and cationic. In comparison with free-radical
UV curing, cationic-initiated UV curing technology
offers the advantages of insensitivity to oxygen and
lower film shrinkage.” The cationic-initiated UV-cur-
able coatings are also particularly useful in a variety of
applications, including paper coatings, wood coatings,
plastic substrate coatings, lithographic and screen
printing inks, and decorative metal varnishes.?
Epoxides are one of the most important and widely
used classes of resins in the field of cationic UV-
curable coatings. The three major types of epoxides
used are glycidyl ether, epoxidized seed oil (soybean
or linseed oil), and cycloaliphatic epoxide. Of the
three, cycloaliphatic epoxides are the most widely
used because of their fast cure response. In addition to
the fast cure response, cylcloaliphatic epoxides pro-
vide a number of other important advantages in coat-
ing applications, including excellent adhesion to a
wide variety of substrates, flexibility, good color sta-
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bility, excellent gloss, low potential for skin irritation,
low shrinkage, good weathering, and good electrical
properties.*”

The homopolymer of cycloaliphatic epoxide, shown
in Scheme 1, is usually too brittle to be used as a
coating. Typically, flexible crosslinkers, such as di-
functional and trifunctional polyols (especially e-cap-
rolactone derived polyols), are added into the formu-
lations to improve the toughness and impact resis-
tance.® The superacid-catalyzed crosslinking reaction
is shown in Scheme 2. The superacid-catalyzed UV
curing reaction of cycloaliphatic epoxide and polyol
consists of four steps (Scheme 3): initiation, propaga-
tion, chain transfer, and termination. The initiation
step involves two reactions: the formation of su-
peracid and the addition of the superacid to the mono-
mer molecules to produce the chain-initiating species
(M;), and the subsequent propagation of successive
epoxide molecules to the chain-initiated species (M;").
If there are nucleophiles present, such as water or
alcohol, both a chain transfer and a termination reac-
tion can occur.”

The cationic-photoinitiated polymerization occurs
not only during short exposure but also after UV
exposure. Dark cure is due to the long-lived initiating
species or living cationic species.® The dark-cure pro-
cess was found to represent a significant part of the
overall process.® The dark-cure process can improve
coating properties such as adhesion and hardness.?

A reliable method for the evaluation of a photo-
induced curing is very important with respect to the
determination of extent of cure and final coatings
properties. Cationic UV curing reactions are faster
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Scheme 1 Photolytically initiated homopolymerization of
cycloaliphatic epoxide.

than most monitoring methods. Therefore, it is diffi-
cult to find a facile method to quantify the rate of
polymerization. Several discrete and time-resolved
methods have been used for the study of UV-curable
systems, including dilatometry,”'° Fourier transform
infrared (FTIR) spectroscopy,'!? time-resolved Ra-
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Scheme 3 Sequence of the steps of the UV curing reaction.

man spectroscopy,'” and differential photocalorimetry
(or photo-differential scanning calorimetry).'*"

A relatively new technique, real-time FTIR spectros-
copy, was proposed by Decker and Moussa.*'®**° Un-
like other techniques, this method allows the curing

Scheme 2 Step-growth crosslinking reaction of cycloaliphatic epoxide with polyol.
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TABLE 1
Structures and Typical Properties of the Cycloaliphatic Epoxides
UVR-6110 UVR-6128
Structure 0O 0]
o) 0 0
0 O

Epoxide equivalent weight

3,4-Epoxycyclohexyl-3,4-epoxycyclohexane

0]

o)

Bis-(3,4-epoxycyclohexyl) Adipate

carboxylate 190-210
131-143 (MW-380-420)
(MW-262-286)
Viscosity at 25°C (cP) 350-450 550-750
MW = molecular weight.
TABLE II
Structures and Typical Properties of Polyols
Hydroxyl equivalent Viscosity at
Structure weight 25°C (cP)

0
TONE 0301 R<O//[/“\/\/\/ }ﬁH

o
0
TONE 0305 R/\O{J\/\/\/ }ﬁH

0
TONE 0310 R/\O’[J\/\/\/ }HH

98-103

(MW = 294-309) 2250
174-188

(MW = 520-564) 2050
289-312 2700

(MW = 867-936)

MW = molecular weight.
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TABLE III
Structures and Typical Properties of the Photoinitiators

Structure

UVI-6974

SbFg +s—®-s©-s*swg

Mixed triarylsulfonium hexafluoroantimonate salts

UVI-6990

PFg *S—@—S‘Q—S‘* PF,

Mixed triarylsulfonium hexafluorophosphate salts

reaction to be monitored continuously and rapidly at
the molecular level. It provides a fingerprint of the
chemical structure changes of the formulation compo-
nents during UV irradiation and even in the dark-cure
process. The application of the real-time FTIR spec-
troscopy to the study of the UV curing reaction offers
many advantages. First, the conversion versus time
curves can be directly recorded, which allows the
determination of both the rate of polymerization and
the conversion of the monomer as a function of time.
Second, real-time FTIR is a sensitive and nondestruc-
tive method that provides good reproducibility.

Although the UV curing of cycloaliphatic epoxide
has been studied, most of the studies have been lim-
ited to the performance tests, such as by the measure-
ment of the adhesion, solvent resistance, hardness,
and impact resistance of the cured coatings.”** The
UV curing kinetics of 3,4-epoxycyclohexylmethyl-
3’ 4'-epoxycyclohexane carboxylate was also studied
by Decker and Moussa,*® but their study was limited
to the effect of film thickness and exposure time on the
curing reaction without polyol. Crivello et al.** did
studies on the effect of polyols on photoinitiated cat-
ionic polymerization; however, only a narrow polyol
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TABLE IV
Formulations® for the Study of the Effect of the Polyol
Equivalent Weight and R on the Curing Reaction
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TABLE VI
Formulations® for the Study of the Effect of the type of
Photoinitiator and Concentration on the Curing Reaction

Polyol (g) R value Polyol (g) Photoinitiator (g)
UVR-6110 TONE TONE TONE UVR-6110 TONE TONE

(©) 0301 0305 0310 (g) 0301 0305 UVI-6974 UVI-6990 R
Al 69.87 25.63 — — 2.0 F1 95.5 — — 4.0 — o0
A2 76.74 18.76 — — 3.0 F2 97.5 — — 2.0 — 00
A3 80.70 14.80 — — 4.0 F3 98.5 — — 1.0 — 00
A4 85.10 10.40 — — 6.0 F4 99.0 — — 0.5 — o0
A5 87.48 8.02 — — 8.0 G1 95.5 — — — 4.0 00
A6 91.31 4.19 — — 16.0 G2 97.5 — — — 2.0 e
A7 93.36 2.14 — — 32.0 G3 98.5 — — — 1.0 o0
A8 95.50 — — — 00 G4 99.0 — — — 0.5 00
Bl 57.51 — 37.99 — 2.0 Hi1 71.79 — 23.71 2.0 — 4.0
B2 66.30 — 29.20 — 3.0 H2 71.79 — 23.71 4.0 — 4.0
B3 71.79 — 23.71 — 4.0 11 80.70 14.80 — 4.0 — 4.0
B4 78.27 — 17.23 — 6.0 12 80.70 14.80 — — 4.0 4.0
B5 81.96 — 13.54 — 8.0 — _
B6 88.22 _ 708 _ 16.0 Silwet L-7604 (0.5 g) was used for all of the formulations.
B7 91.71 — 3.79 — 32.0
C1 45.55 — — 49.95 2.0
C2 55.17 — — 40.33 3.0 . . .
3 61.68 B B 33.82 40 systems, triarylsulfonium hexafluoroantimonate salts
C4 69.93 _ _ 25.56 6.0 (UVI-6974) and triarylsulfonium hexafluorophosphate
C5 74.95 — — 20.55 8.0 salts (UVI-6990), were supplied by Union Carbide
Cé6 83.99 — — 11.51 16.0 Chemicals and Plastics Co., Inc. The wetting agent
Cc7 89.37 — — 6.13 32.0

? The photoinitator UVI-6974 (4.0 g) was used, and 0.5 g of
Silwet L-7604 was used for all of the formulations.

concentration range was investigated. Thus far, no
systematic UV curing kinetic study of cycloaliphatic
epoxide with polyol has been reported. The focus of
this study was to investigate the kinetics of the cationic
UV curing reaction of cycloaliphatic epoxide both with
and without polyols with real-time FTIR spectroscopy.

EXPERIMENTAL
Materials

Two cycloaliphatic epoxides, 3,4-epoxycyclohexylm-
ethyl-3,4-epoxycyclohexane carboxylate (UVR-6110)
and bis(3,4-epoxycyclohexyl) adipate (UVR-6128);
three polyols, e-caprolactone triols (TONE 0301,
TONE 0305, and TONE 0310); and two photoinitiator

TABLE V
Formulations® for the Study of the Effect of the
Type of Epoxide on the Curing Reaction

Epoxide (g)

TONE 0305
UVR-6110 UVR-6128 (g) R
D1 — 73.37 22.13 3.0
D2 66.30 — 29.20 3.0
El 95.50 — — 0
E2 — 95.50 — e

(Silwet L-7604) was provided by Witco Corp. All of
the materials were used as received.

Formulations

A typical formulation consisted of cycloaliphatic ep-
oxide resin, polyol, cationic photoinitiator, and the
Silwet L-7604 wetting agent. The cycloaliphatic epox-
ide, polyols, and photoinitiators used in this study are
shown in Tables I-1II, respectively. For a typical for-
mulation, the desired amount of polyol was added to
cycloaliphatic diepoxide [ratio of oxirane to hydroxyl
groups (R) = 2.0—=] with 4.0 wt % photoinitiator and
0.5 wt % Silwet L-7604. The mixture was thoroughly
mixed on a roller mill for 10 h. The coating was then
cast onto a KBr crystal for the kinetic studies. The
formulations for the studies of the effect of polyol equiv-
alent weight, R, epoxide type, photoinitiator type and
concentration, and exposure time on the curing reaction
are shown in Tables IV-VII, respectively.

TABLE VII
Formulations® for the Studies of the Effect of
Exposure Time on the Curing Reaction

UVR-6110 Polyol (g)
(2 TONE 0301 TONE 0310 R
D1 61.68 — 33.82 4.0
D2 69.87 25.63 — 2.0
E1 95,5 — _ 5

@ The photoinitator UVI-6974 (4.0 g) was used, and 0.5 g of
Silwet L-7604 was used for all of the formulations.

@ The photoinitator UVI-6974 (4.0 g) was used, and 0.5 g of
Silwet L-7604 was used 0.5 g for all of the formulations.
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Figure 1 Real-time FTIR experimental setup.

Real-time FTIR spectroscopic measurements

Real-time FTIR spectroscopic measurements were per-
formed on a Nicolet Magna-IR 850 spectrometer
equipped with a LESCO Super Spot MK II UV curing
system (Waltham, MA). The experimental setup is
shown in Figure 1. The relative humidity was con-
trolled by a humidity chamber with the aid of a Lil -
3H,O constant humidity solution.”> The humidity
chamber was fitted into the FTIR spectrometer sample
chamber. The UV radiation from a 100-W direct-cur-
rent mercury vapor short-arc lamp was introduced
into the humidity chamber through a flexible optical
fiber. The end of the optical fiber was positioned at a
distance of 5 cm from the KBr crystal to ensure that the
entire crystal was irradiated by the UV light. A UVX
digital radiometer was used to measure the radiation
intensity, and the intensity was 10.8 mW/cm? The
coating was coated on the KBr crystal. Data acquisi-
tions and spectra calculations were performed with
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Omnic FTIR software (Nicolet). UV curing was con-
ducted at 23 * 2°C and 20% relative humidity. Spectra
were collected at a resolution of 4 cm ™! and at the rate
of 2 spectra/s. In all the cases, triplicate experiments
were performed to verify reproducibility.

RESULTS AND DISCUSSION

The objective of this study was to investigate the cur-
ing kinetics, especially the dark-cure process, of pho-
toinitiated cycloaliphatic epoxide coatings. A series of
cationic UV-curable cycloaliphatic epoxide coatings
was formulated with caprolactone polyols as cross-
linkers and triarylsulfonium salts as photoinitiators.
We carried out the kinetics study by monitoring the
consumption of epoxy group as a function of time
with real-time FTIR spectroscopy with an optical fiber
UV curing system. The effect of the type of epoxide,
hydroxyl equivalent weight of polyol, photoinitiator,
and exposure time on the curing process was investi-
gated. In addition, R was investigated. R is defined by
the following equation:

R__8 of epoxy/EEW .
~ g of polyol/OH EW (1)

where EEW and OH EW represent epoxide equivalent
weight and hydroxyl equivalent weight, respectively.*®

By simultaneously irradiating the coating film with
UV light and recording the IR spectra in real time, we
monitored the changes in the monomer undergoing
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Figure 2 FTIR spectra of UVR-6110/TONE 0310 (R = 3.0)/UVI-6974 (4.0 wt %) (a) before and (b) after UV curing.
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Figure 3 Three-dimensional FTIR spectra of the cationic
UV curing reaction of UVR-6110/TONE 0310 (R = 3.0)/
UVI-6974 (4.0 wt %).

photopolymerization as a function of time. Figure 2
shows the spectra of UVR-6110/TONE 0310 (R = 3.0)/
UVI-6974 (4.0 wt %) before and after UV exposure.
The antisymmetric and symmetric epoxy ring defor-
mation at 789 and 746 cm~! disappeared after UV
exposure, and a new band at 1088 cm ™' appeared. The
1088-cm ™' band was attributed to the C—O—C
stretching formed on photopolymerization. Theoreti-
cally, both the 789-746 and 1088-cm ! bands could be
used to monitor the UV curing reaction. However, the
1088-cm ™! band was partially overlapped with the
C—O—C stretching of the ester groups (1174 cm ™).
Therefore, the epoxide absorption bands in the 789—
746-cm ! region were used to characterize the curing
reaction (ether formation). A three-dimensional spec-
tral profile of the UV curing reaction of this formula-
tion in the 789-746-cm ™' region is shown in Figure 3.
The data clearly shows a rapid decrease in the epoxy
band even after the UV-radiation pulse, indicating
that dark cure existed in the cycloaliphatic epoxide
photopolymerization process. Moreover, over 80% of
the consumption of the epoxy groups occurred in the
dark-cure process. The conversion of the epoxy
groups at any time can be calculated by the following
equation:

Conversion (%) =

[A(789cm’1+74écm’1)]0 [A(789cm’1+746cm’1)]t

X100 (2)

[A(789cm’1+746cm’1)]0

where [A7g9 om11746 cm 1)), and [A7s9 cm11746
cm')], represent the peak area under the 789 and
746-cm ™! bands at the beginning of the reaction and at
time ¢, respectively. The actual rate of polymerization
(R,) at time t can be calculated by the following equa-
tion:

[A(789 cm~1+746 Cm’l)]tl - [A(789 cm~ 14746 cm’l)]tZ
th—t

R, = [M], (3)
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where [M], is the original concentration of epoxy
groups.

It is known that photopolymerization develops at
the same rate for thin films with minimal stratification;
however, as film thickness increases, the rate of poly-
merization drops concurrently because of a UV filter-
ing effect of the top layer.”® For the systems studied,
when the film thickness was less than 3 um, the effect
of film thickness was minimal in the early stage and
negligible on the overall conversion, as shown in Fig-
ure 4.

Figures 5 and 6 show the effect of types of epoxide
on the curing reaction of formulations with and with-
out polyol, respectively. The formulations with UVR-
6128 had a higher overall conversion than those with
UVR-6110. This result was attributed to the flexibility
of the polymer chain afforded by UVR-6128 in com-
parison with UVR-6110. The higher flexibility of the
polymer chain increased the mobility of both the
monomer and the growing polymer chain. Unlike
free-radical polymerization, where increased mobility
lowers the overall conversion because of the increased
rate of termination,” in cationic UV curing systems,
increased mobility leads to an increase in overall con-
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Figure 4 Effect of the film thickness on the curing reaction:
(a) UVR-6128/UVI-6974 (4.0 wt %; without polyol) formu-
lation with a 3.5-s exposure and (b) UVR-6110/TONE 0305
(R = 4.0)/UVI-6974 (4.0 wt %) with a 3.5-s exposure.
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Figure 5 Effect of the type of epoxide on the epoxide
conversion for UVI-6974 (4.0 wt %)/epoxide/TONE 0304 (R
= 3.0) formulations at 20% relative humidity with an expo-
sure time of 3.5 s: (a) + = 0-30 s and (b) overall conversion
att = 600 s.

version. This effect has been attributed to a delay in
the gelation and vitrification processes. The glass-tran-
sition temperature (T,) of the formed network has a
well-known effect on the overall conversion.* Figures
5 and 6 show that the curing rate passed through a
maximum and then rapidly decreased. The slope at
each point was proportional to the curing speed. The
decrease of the curing rate was due to gelation. When
gelation occurred, the curing rate was diffusion-con-
trolled. However, when the T, of the formed network
approached the temperature of the curing reaction,
vitrification occurred. At this point, even diffusion of
the monomer was impeded, and the polymerization
was stopped. For formulations with more flexible
polymer chains, the onset of both gelation and vitrifi-
cation were delayed; thus, overall conversion was en-
hanced.

The effect of the hydroxyl equivalent weight on the
curing reaction is shown in Figures 7 and 8. At the
same relative humidity and R, the formulation with
TONE 0310 had the highest curing speed and overall
conversion. In contrast, the formulation with TONE
0301 had the lowest curing speed and overall conver-
sion. Generally, crosslink density and flexibility were
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dependent on the hydroxyl equivalent weight of
polyol. TONE 0301 had the lowest hydroxyl equiva-
lent weight, and TONE 0310 had the highest hydroxyl
equivalent weight. As a consequence, at the same R,
formulations with TONE 0301 had the highest
crosslink density and lowest chain flexibility. In con-
trast, formulations with TONE 0310 had the lowest
crosslink density and highest chain flexibility.
Crosslink density and flexibility of the network also
had a significant effect on the mobility of the monomer
and the growing polymer chain. Lower crosslink den-
sity and higher chain flexibility led to a higher mobil-
ity in both the monomer and growing polymer chain,
which resulted in a higher curing speed and overall
conversion.**

In addition to flexibility and crosslink density, the
effect of hydroxyl equivalent weight on the curing
reaction was more pronounced at the lower R (R
= 2.0) than that at the higher R (R = 4.0). At R = 2.0,
the overall conversion for the formulation with TONE
0301 at 600 s after UV radiation was only 18%, but for
the formulation with TONE 0310, the overall conver-
sion was 83%. As shown in Table VIII, at R = 2.0, the

100 -

* UVR-6110
- 80 s UVER-6128
£
-E 0
E
2 4
Ll

.
'.il
(- - ; | ; ;
0 5 10 15 0 5 30

Time (s)
(a)

Epoade Conversion (¥6)

UVR-6110

UVE-6128
Epoxide
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Figure 6 Effect of the type of epoxide on the epoxide
conversion for UVI-6974 (4.0 wt %)/epoxide (without poly-
ols) at 20% relative humidity with an exposure time of 3.5 s:
(a) t = 0-30 s and (b) overall conversion at { = 600 s.
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Figure 7 Effect of the hydroxyl equivalent weight on the
epoxide conversion for UVR-6110 (4.0 wt %)/polyol (R
=2.0)/UVI-6974 (4.0 wt %) at 20% relative humidity with an
exposure time of 3.5 s: (a) t = 0-30 s and (b) overall conver-
sion at t = 600 s.

difference in water content among the three formula-
tions was quite substantial. For example, at 20% rela-
tive humidity, the water content was 0.64 wt % for the
TONE 0301 formulation and 0.37 wt % for the TONE
0310 formulation. Because the overall conversion for
TONE 0301 formulation was quite low, we propose
that most of the activated chain ends (ACEs) were
terminated by water in the early stages of the reaction.
In contrast, termination of the ACEs for the TONE
0310 formulation was not apparent. In this case, water
appeared to facilitate the proton transfer, which in-
creased the curing speed and overall conversion. As
previously mentioned, the crosslink density and chain
flexibility also had effects on the curing speed and
overall conversion. At R = 4.0, the range of water
content for the three formulation was 0.13 wt %. In this
case, the chain flexibility, and not the water content,
was the primary factor affecting the cure speed and
overall conversion.

Figure 9 shows the effect of R on the curing process
of the UVR-6110/TONE 0301 formulation with the
UVI-6974 photoinitiator. The curing speed and the
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Figure 8 Effect of the hydroxyl equivalent weight on the
epoxide conversion for UVR-6110 (4.0 wt %)/polyol (R
= 4.0)/UVI-6974 (4.0 wt %) at 20% relative humidity with an
exposure time of 3.5 s: (a) t = 0-30 s and (b) overall conver-
sion at t = 600 s.

overall conversion pass through a maximum when the
R values varied from 2.0 to infinity (% = no polyol).
This phenomenon resulted from the different propa-
gation mechanisms. Without polyol, the propagating
chain end was the epoxide oxonium ion (M, ") and

TABLE VIII
Water Content (%)

Relative humidity (%)

16 20 30

UVR-6110/TONE 0301 0.48 0.64 1.06
(R = 2)/UVI-6974 (4.0 wt %)

UVR-6110/ TONE 0301 0.38 0.46 0.83
(R = 4)/UVI-6974 (4.0 wt %)

UVR-6110/TONE 0305 0.35 0.51 0.86
(R = 2)/UVI-6974 (4.0 wt %)

UVR-6110/TONE 0305 0.30 0.39 0.76
(R = 4)/UVI-6974 (4.0 wt %)

UVR-6110/TONE 0310 0.31 0.37 0.74
(R = 2)/UVI-6974 (4.0 wt %)

UVR-6110/TONE 0310 0.26 0.33 0.65
(R = 4)/UVI-6974 (4.0 wt %)

UVR-6110/UVI-6974 0.23 0.28 051

(4.0 wt %)
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Figure 9 Effect of R on the epoxide conversion for UVR-
6110/TONE 0301/UVI-6974 (4.0 wt %) at 20% relative hu-
midity with an exposure time of 3.5 s: (a) t = 0-30 s and (b)
overall conversion at t = 600 s.

was highly solvated by monomer molecules, as shown
in eq. (4):*®

M
M M M
M+ k 1 + M
M " M +M— Mn+l
M M M
I M
M
M M

Rp=kyM]| My (4)
M M

where M is the monomer, M,,, ;" is the growing poly-
mer chain, and kp1 is the rate constant of homopoly-
merization. Polymerization took place through the ac-
tive chain-end mechanism.” When a small amount of
polyol (R > 8) was added to the formulation, the
oxonium ion was solvated by both monomer and
polyol because of the higher basicity and nucleophi-
licity of polyol, as shown in eq. (5):*®
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ROH
M M
M +
ROH ROH
M
11
ROH
ks M M
+ — rJ:+ 1 Rp
ROH ROH
M
ROH
M M
= k,o[M] M, (5)
ROH ROH
M

In this case, polyols facilitated the proton transfer.
Thus, the curing rate or overall conversion increased
with increasing polyol concentration. When the polyol
concentration was higher (R < 8), the oxonium ion
could be solvated by only the polyol. In this case,
propagation occurred through an activated monomer
mechanism,® followed by the reaction with polyol via
a condensation reaction, which led to cation termina-
tion and the release of a proton. The termination of the
cations lowered the reaction rate and overall conver-
sion with respect to the consumption of oxirane:

ROH
HOH ROH
M,
ROH HOH
ROH
111
ROH
k, | HOH ROH
+M— M:H
ROH HOH
ROH
ROH
HOH ROH
R, = k;[M] M, (6)
ROH HOH
ROH

The overall reaction is shown in Scheme 4. The rate of
epoxy conversion (R,) is given by the following equa-
tion:

R, = ku[1][M] + K [IT][M] + ks[III[M] ~ (7)
where k, is the propagation rate for each reaction.

With increasing polyol concentration, II dominated,
and k,, > k,,. As a consequence, the overall epoxide
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ROY ROH
M ROH
M . M L Moo M | K MF ROH
M | = Ml | = i
M M ROH " RO ROH  pon
M M ROH
I I i
M] ky [ [M] M]
kpl kp3
Products

M: monomer and N: polyol or HyO

Kp1 < Kp2 » Kp3

Scheme 4 Possible propagation reactions.

conversion increased with increasing polyol concen-
tration. However, with further increasing polyol con-
centration, both I and II decreased. Although III in-
creased, because kpz > kp3, the overall epoxide conver-
sion decreased. Therefore, a maximum was observed
as the polyol concentration reached the optimum.

Figures 10 and 11 show the effect of R on the curing

100 1 R=20
= R=10

Lot 5
£ ¥l r=as
A e g
E B
=]
D
8
oy

100 5

Epoxide Conversion (%)

Figure 10 Effect of R on the epoxide conversion for UVR-
6110/ TONE 0305/UVI-6974 (4.0 wt %) at 20% relative hu-
midity with an exposure time of 3.5 s: (a) t = 0-30 s and (b)
overall conversion at f = 600 s.
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Figure 11 Effect of R on the epoxide conversion for UVR-
6110/ TONE 0310/UVI-6974 (4.0 wt %) at 20% relative hu-
midity with an exposure time of 3.5 s: (a) t = 0-30 s and (b)
overall conversion at f = 600 s.

reaction when TONE 0305 and 0310 were added to the
formulations, respectively. Similar data were ob-
tained. However, when TONE 0305 or TONE 0310
was added to the formulations, the optimum R oc-
curred at 6.0 or 4.0, respectively. It is probable that the
optimum value was also a function of water content.
At same R, water content in the formulation was de-
pendent on the hydroxyl equivalent weight of the
polyol. The higher the hydroxyl equivalent was, the
lower the water content was. Water had a similar
effect on the reaction as polyol. The lower the water
content was, the lower the optimum R was.

Figures 9-11 also show that there was a retardation
in the beginning of the UV curing reaction. The induc-
tion period existed for all of the UV curing reactions
studied, even for the reaction without polyol. For for-
mulations with polyols, the higher the polyol concen-
tration was, the longer the induction period was. We
propose that retardation of the curing reaction was
due to the competition of the formation of M,,, ;" and
the termination of M,,*. If the formation of M,,,; * was
faster than the termination of M,,", after the induction
period cations were produced in sufficient quantity
for an observed change in the epoxy concentration.
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Figure 12 Effect of the type of initiator on the epoxide
conversion for UVR-6110/TONE 0301 /initiator (4.0 wt %) at
20% relative humidity with an exposure time of 3.5 s: (a) ¢
= 0-30 s and (b) overall conversion at t = 600 s.

The effect of the type of photoinitiator on the curing
reaction is shown in Figure 12. Figures 13-15 show the
effect of the photoinitiator concentration on the curing
reaction. As previously reported, the antimonate salt
(UVR-6974) was faster curing than the phosphate salt
(UVR-6990).>! It was surprising that for formulations
without polyol (Figs. 13 and 14), the photoinitiator
concentration had a minimal effect on the curing re-
action at 20% relative humidity. For example, when
the photoinitiator concentration increased from 0.5 to
4.0 wt %, the corresponding overall conversion at 600 s
was minimally increased (Figs. 13 and 14). However, if
polyols were added to the formulations, the curing
speed was dependent on the photoinitiator concentra-
tion (Fig. 15). The overall conversion at 600 s after UV
exposure was doubled when the photoinitiator con-
centration was varied from 2.0 to 4.0 wt %.

It is well known that the cation radicals formed
during UV exposure can only generate superacid in
the presence of hydrogen donors.** Cation radicals are
known to react with water or other hydroxyl-contain-
ing compounds in a complex way to produce a pro-
ton.?® Therefore, both water and polyols function as
hydrogen donors. For formulation without polyols,
water is the only hydrogen donor. At 20% relative
humidity, the water content in the formulation was
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too low (<0.3 wt %) to facilitate homopolymerization.
We postulated that the diacrylsulfonium radical cat-
ions formed during UV exposure were in excess of the
hydrogen donor concentration. For low-relative-hu-
midity conditions, the number of protons formed in
the photoinitiation step was controlled by the water
concentration in the formulation. However, when
polyols were added to the formulation, there were
sufficient hydrogen donors to react with diarylsulfo-
nium cation radicals to produce the protons. In this
case, the number of protons that formed was depen-
dent on the concentration of the photoinitiator. The
higher the photoinitiator concentration was, the
higher the curing speed or overall conversion was.
Similar to photoinitiator concentration, exposure
time also showed a minimal effect on the curing reac-
tion for formulations without polyol (Fig. 16). The
overall conversion at 600 s was 63% for 1 s of expo-
sure, 71% for 3.5 s of exposure, and 73% for 200 s of
exposure. For 1 s of exposure, the number of diaryl-
sulfonium cation radicals formed was small in com-
parison to the water concentration. Obviously, as ex-
posure time increased, the concentration of diarylsul-

fonium radical cations increased, and as a
100 -
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Figure 13 Effect of the initiator concentration on the epox-
ide conversion for UVR-6110/UVI-6974 (without polyol) at
20% relative humidity with an exposure time of 3.5 s: (a) ¢
= 0-30 s and (b) overall conversion at t = 600 s.
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Figure 14 Effect of the initiator concentration on the epox-
ide conversion for UVR-6128/UVI-6974 (without polyol) at
20% relative humidity with an exposure time of 3.5 s: (a) ¢
= 0-30 s and (b) overall conversion at t = 600 s.

consequence, the number of protons produced also
increased. When the exposure time increased to 3.5 s,
it was evident that the concentration of diarylsulfo-
nium cation radicals formed was greater than the wa-
ter concentration. In this case, the number of protons
formed was limited by the water concentration, and a
further increase in the exposure time had little effect
on the curing reaction.

Figures 17 and 18 show the effect of exposure time
on the UV curing reactions of formulations with
polyol. The effect of exposure time on the curing re-
action depended on both the hydroxyl equivalent
weight of polyol and R. For formulations with high
hydroxyl equivalent weight polyols and high R values
(Fig. 17), the effect of exposure time on the curing
reaction showed a similar trend as the formulation
without polyol. However, for formulations with low
hydroxyl equivalent weight polyols and low R values
(Fig. 18), the curing speed was a function of exposure
time. The overall conversion was only 18% at 3.5 s of
exposure; however, the curing speed was a function of
exposure time. In this case, hydrogen donors were not
limiting the speed of reaction as a consequence of the
sufficient ROH (R=H or R) concentration. Thus, un-
der these conditions, the formation of superacid was
dependent on the exposure time. When the exposure
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time was very short, such as 3.5 s, the chain-initiation
species were predominately terminated by competi-
tive nucleophiles because of the excess of water and
polyol. This assumption was corroborated by the long
induction times.

In this study, a synergistic effect between water and
polyol was revealed, and the effect of relative humid-
ity without polyol was observed. Decker and cowork-
ers® reported that the conversion of cycloaliphatic
epoxide without polyol was dependent on photoini-
tiator concentration and curing time. However, the
effect of relative humidity was not reported. In this
study, it was apparent that water was the salient fea-
ture for the formulation without polyol. Previous re-
searchers have postulated that polyol (hydroxyl
group) accelerates the curing reactions via a proton-
transfer mechanism.?* From our data, it was clear that
the proton-transfer effect was only part of the model.
The hydrophilicity of the formulation and ambient
relative humidity also had to be taken into account.
The role of water in the UV-initiated cationically cured
coatings was complex. Like polyol, water could par-
ticipate in the formation of the superacid and termi-
nation of the propagating ACEs. In addition, we pos-
tulated that at low concentration, water participated in
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Figure 15 Effect of the initiator concentration on the epox-

ide conversion for UVR-6110/TONE 0305 (R = 4.0)/UVI-
6974 at 20% relative humidity with an exposure time of 3.5 s:
(a) t = 0-30 s and (b) overall conversion at t = 600 s.
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Figure 16 Effect of the exposure time on the epoxide con-
version for UVR-6110/UVI-6974 (4.0 wt %, without polyol)
at 20% relative humidity with an exposure time of 3.5 s: (a)
t = 0-30 s and (b) overall conversion at f = 600 s.
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Figure 17 Effect of the exposure time on the epoxide con-
version for UVR-6110/UVI-6974 (4.0 wt %)/TONE 0310 (R
= 4.0) at 20% relative humidity with an exposure time of
35s:(a) t = 0-30 s and (b) overall conversion at t = 600 s.
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Figure 18 Effect of the exposure time on the epoxide con-
version for UVR-6110/UVI-6974 (4.0 wt %)/TONE 0301 (R
= 2.0) at 20% relative humidity with an exposure time of
3.5s: (a) t = 0-30 s and (b) overall conversion at t = 600 s.

the stabilization of the activated monomer (AM) or
ACEs [egs. (1)-(3) and Scheme 4] and facilitated pro-
ton transfer. However, if the formulation was satu-
rated with water, a leveling effect of acid strength was
observed, followed by hydrolysis of the AM or ACEs,
which resulted in the termination of cure. A more
in-depth investigation of the effect of water is cur-
rently underway.

CONCLUSIONS

Real-time FTIR was demonstrated as a sensitive, reli-
able, and easy-to-use analytical technique for the mon-
itoring of cationic UV-curable reactions of cy-
cloaliphatic epoxides. The IR data showed that curing
depended on a complex relationship between hy-
droxyl equivalent weight and R. Polyols accelerated
the curing reaction through stabilization of the AM or
ACEs and facilitated proton transfer. However, polyol
also lowered the homopolymerization reaction via cat-
ion termination. We postulated that water and polyol
had a synergistic effect on the overall conversion and
kinetics of curing. The effect of initiator concentration
and exposure time on the curing reaction was also
dependent on relative humidity and polyol concentra-
tion. Exposure time only had a significant effect on
formulations with low hydroxyl equivalent weights
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and low R values. For formulations without polyol,
both the initiator concentration and exposure time had
minimal effects on the curing reaction.

References

1.

12.

13.

14.

Hoyle, E. C.; Kinstle, F. J. In Radiation Curing of Polymeric
Materials; American Chemical Society: Washington, DC, 1989;
Chapter 1

. Price, N. L. ] Coat Technol 1995, 67(849), 27.
. Clever, T. R,; Dando, N. R,; Kolek, P. L. Presented at the Water-

borne, High-Solids, and Powder Coatings Symposium, Univer-
sity of Southern Mississippi, Hattiesburg, MS, 1995; p 440.

. Tokizawa, M.; Okada, H.; Wakabayashi, N.; Kimura, T. ] Appl

Polym Sci 1993, 50, 627.

. Tokizawa, M.; Okada, H.; Wakabayashi, N. ] Appl Polym Sci

1993, 50, 875.

. Crivello, J. V.; Narayan, R. Macromolecules 1996, 29, 339.
. Hupfield, P. C,; Hurford, S. R.; Tonge, J. S. Proc RadTech 1998,

468.

. Roffey, C. G. In Photogeneration of Reactive Species for UV

Curing; Wiley: New York, 1997; p 7.

. Bowman, C. N.; Peppes, N. A. ] Appl Polym Sci 1991, 42, 2013.
10.
11.

Kinkelaar, M.; Lee, L. J. ] Appl Polym Sci 1992, 45, 37.
Jacobine, A. F.; Glaser, D. M.; Grabek, P. J.; Mancini, D.; Master-
son, M.; Nakos, S. T.; Rakas, M. A.; Woods, J. G. ] Appl Polym
Sci 1992, 45, 471.

Nishikubo, T.; Kameyama, A.; Sasano, M.; Sawada, M. ] Polym
Sci Part A: Polym Chem 1993, 31, 91.

Nelson, E. W.; Scranton, A. B. Am Chem Soc PMSE Conf Proc
1995, 72, 413.

Bressers, H. J.; Kloosterboer, J. G. Polym Bull 1980, 12, 201.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.

33.

2499

Leckenby, J. N. Electron Manufacturing 1988, 34(10), 19.

Yang, D. B. ] Polym Sci Part A: Polym Chem 1993, 31, 199.
Chiou, B.; Khan, S. A. Macromolecules 1997, 30, 7322.
Scherzer, T.; Decker, U. Vib Spectrosc 1999, 19, 385.

Storey, R. F.; Donnalley, A. B.; Maggio, T. Macromolecules 1998,
31, 1523.

Decker, C.; Moussa, K. Makromol Chem 1988, 189, 2381.
Willard, F. K. Proc RadTech 1998, 552.

Noren, G. K. J Coat Technol 2000, 72(905), 53.

Decker, C.; Moussa, K. ] Polym Sci Part A: Polym Chem 1990, 28,
3429.

Crivello, J. V.; Conlon, D. A.; Olson, D. R.; Webb, K. K. ] Radiat
Curing 1986, 3.

Wagman, D. D.; Evans, W. H.; Parker, V. B. ] Phys Chem Ref
Data 1982, 11(Suppl 2), 392.

CYRACURE Cycloaliphatic Epoxide; Union Carbide Chemicals
and Plastics: Danbury, CT.

Odian, G. Principles of Polymerization, 3rd ed.; Wiley: New
York, 1991; Chapter 3

Rajendran, A. G.; Timpe, H. J. ] Polym Sci Part A: Polym Chem
1991, 29, 1491.

Brzezinska, K.; Szymanski, R.; Kubisa, P.; Penczek, S. Makromol
Chem Rapid Commun 1986, 7, 1.

Bednarek, M.; Kubisa, P.; Penczek, S. Makromol Chem Suppl
1989, 15, 49.

Crivello, J. V.; Lam, J. H. ] Polym Sci Polym Chem Ed 1979, 17,
977.

Watt, W. R. In UV Curing: Science and Technology; Pappas,
S. P., Ed.; Technology Marketing Corp.: New York, 1985; Vol. II,
p 247.

Shine, H. J. In Mechanism of Reactions of Sulfur Compounds;
Kharasch, N., Ed.; Intra-Science Research Foundation: Santa
Monica, CA, 1968; Vol. 3, p 155.



