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Abstract A series of small molecule urethane
methacrylates were synthesized and used as reactive
diluents for UV-curable polyester powder coatings. A
UV-curable polyester oligomer was prepared and
formulated with the reactive diluents and a photoini-
tiator package. Kinetics studies were carried out using
photo-differential scanning calorimetry (photo-DSC).
The influence that the reactive diluent concentration,
UV-light intensity, temperature, and atmosphere had
on the reaction kinetics was investigated. Crosslinked
samples that were analyzed via DSC showed that the
glass transition temperature correlated well with the
extent of conversion. In general, lower curing temper-
atures (i.e., £ 80�C) significantly reduced the conver-
sion and polymerization rate. However, the use of a
mono-functional reactive diluent facilitated much
higher conversions than the UV-curable polyester
control, even at just 5 wt% loading level. These
findings suggest that reactive diluents can be used to
improve the low temperature cure capability of UV-
curable polyester powder coatings.

Keywords UV-curing, Powder coating,
Photopolymerization kinetics,
Methacrylate-terminated polyester, Photo-DSC

Introduction

Thermoset powder coatings are one of the fastest
growing coating technologies due to their excellent
durability, weatherability, and mechanical properties.1–
3 Powder coatings also offer the unique advantage in
that they emit little to no volatile organic compounds
(VOCs). As such, powder coatings are inherently less
hazardous to both the user and the environment when
compared to liquid coating systems.4–6 However,
despite the numerous advantages that thermoset pow-
der coatings have, there are also several disadvantages
as well. Thermally-cured powder coatings usually
require harsh curing conditions, i.e., 160–200�C for
anywhere from 10-30 min. This prohibits many powder
coating systems from being applied to heat sensitive
substrates such as wood, plastic, composites, or pre-
assembled components. Furthermore, because the film
formation and curing processes occur concomitantly,
thermally-cured powder coatings frequently exhibit
orange peel defects. These defects are aesthetically
unpleasing and, in severe cases, can be detrimental to
the performance of the coating. To overcome some of
these limitations, UV-curable powder coatings were
introduced.7

Like thermally-cured powder coatings, UV-curable
powder coatings require a preliminary heating step so
that the powder particles can melt and coalesce into a
uniform film. The initial film formation step can be
accomplished in a few minutes using either IR or
convection heating.8 Temperatures between 90 and
120�C, which is typically the Tg of the resin + 50�C, are
most common. Good flow and leveling can be achieved
because the viscosity does not increase during the film
formation step like it does with thermally-cured
systems. Once a uniform film has been obtained, the
molten sample is exposed to UV-light to instanta-
neously generate a crosslinked film. Despite the
benefits with UV-curing technology, the proper for-
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mulation of a UV-curable coating can be a challenge.
Photopolymerization reactions are highly complex and
are affected by several variables such as the curing
temperature, the UV-light intensity, the photoinitiator
type, the photoinitiator concentration, the presence or
absence of pigment, and whether or not the reaction is
conducted in the presence of an inert atmosphere.9–13

As such, a thorough understanding of the photopoly-
merization kinetics is essential when designing a UV-
curable coatings formulation.

Several investigations have explored the photopoly-
merization kinetics of UV-curable powder coatings.
Castell et al. used real-time Fourier transform infrared
(FTIR) spectroscopy, photo-DSC, and photo-rheology
experiments to study the kinetics of a commercially
available methacrylated polyester powder coating sys-
tem.14 Conversions generally ranged between 50-75%,
depending on the curing temperature, the type of
photoinitiator that was used, and the photoinitiator
loading level. The optimum photoinitator package
consisted of a 1:1 blend (2.5 wt% of the entire
formulation) of phenylbis(2,4,6-trimethylben-
zoyl)phosphine oxide (Irgacure 819) and 1-[4-(2-hy-
droxyethoxy)-phenyl]� 2-hydroxy-2-methyl-1-
propane�1-one (Irgacure 2959). Shi et al. developed
semi-crystalline hyperbranched poly(ester-amide)s and
semi-crystalline dendritic poly(ether-amide)s with
acrylate functional groups for UV-curable powder
coating applications.15,16 Photo-DSC experiments
found that conversions between 60-70% could be
obtained when 4 wt% of 1-hydroxycyclohexyl phenyl
ketone (Irgacure 184) was used as the photointiator.
Maurin et al. used real-time FTIR spectroscopy to
evaluate how several liquid acrylate monomers having
a functionality of 2, 3, or 4, affected the kinetics of two
different UV-curable powder coating resins.17 The di-
and tri-functional monomers generally increased the
degree of conversion whereas the tetra-functional
monomer decreased the degree of conversion due to
premature vitrification of the polymer network. The
same research group also studied the termination
behavior of a UV-curable powder coating formulation
using real-time FTIR spectroscopy.18 The photoinitia-
tor concentration, the formulation viscosity, and the
degree of conversion had an influence on the mecha-
nism of termination, i.e., either bimolecular termina-
tion or monomolecular termination.

In a previous study, the relationship between the
crosslinked network structure and the thermo-mechan-
ical properties of UV-curable polyester powder coat-
ings containing urethane methacrylate reactive
diluents was evaluated.19 Here, the photopolymeriza-
tion kinetics of those same formulations were studied
to understand how the number of methacrylate groups
and the chain length of the reactive diluent affected the
conversion and polymerization rate. Several variables
such as the curing temperature, curing atmosphere, and
the UV-light intensity were adjusted to understand
their effects on the reaction kinetics. The Tgs of the

crosslinked formulations were subsequently deter-
mined and related to the degree of conversion.

Experimental

Materials

All reagents and solvents were used as received,
without further purification, unless otherwise noted.
Benzoin (98%), 4-dimethylaminopyridine (DMAP;
99%), dibutyltin (IV) oxide (DBTO; > 98%) ethylene
carbonate (EC; 98%), ethylenediamine (EDA; 99%),
1,6-hexanediamine (HDA; 98%), hydroquinone
(99%), methacrylic anhydride (MAAn; 94%), tereph-
thalic acid (TPA; 98%), and triethylamine (TEA;
99%) were obtained from Sigma Aldrich. Dodecy-
lamine (DDA; 98.50%) and neopentyl glycol (NPG;
99%) were obtained from Alfa Aesar. Dichloro-
methane (DCM; 99.9%), dimethylformamide (DMF; ‡
99.8%), and tetrahydrofuran (THF; > 99%) were
obtained from Fisher Scientific. Irgacure 184 (1-hy-
droxycyclohexyl phenyl ketone) and Irgacure 819
(phenylbis-(2,4,6-trimethylbenzoyl)phosphine oxide)
were obtained from BASF. Modaflow 6000 was kindly
supplied by Allnex. DMAP was recrystallized from
ethyl acetate prior to use.

Techniques and instrumentation

Reactions were conducted under an atmosphere of N2

using standard Schlenk line techniques unless other-
wise noted. All 1H NMR spectra (d, ppm) were
recorded on a Varian Mercury 300 MHz NMR spec-
trometer using CDCl3 or D2O as solvent. Fourier
transform infrared (FTIR) spectroscopy was recorded
on a Nicolet iS50 spectrometer using an attenuated
total reflection (ATR) diamond attachment. A total of
16 scans at 4 cm�1 resolution were recorded for each
sample. All spectra were analyzed using OMNIC
software. Number average molecular weight (Mn)
and polydispersity (PDI; PDI = Mw/Mn) were mea-
sured with an HLC-8320 GPC from Tosoh equipped
with a refractive index detector. The samples were
analyzed with Styragel HT2, HR1, HR0.5, and 500 Å
Ultra-styragel columns and compared against a poly-
styrene (GPCPSt) standard. THF was used as the eluent
at a flow rate of 1.0 mL/min. Samples were prepared at
concentration of 3.0 mg/mL. Prior to injection, samples
were filtered using a 0.45 lm syringe filter. Differential
scanning calorimetry (DSC) experiments were con-
ducted on a TA Instruments model Q2000 using
aluminum hermetic pans. After the samples were
cured, heat/cool/heat cycles were conducted between
0 and 200�C with a 20�C heating rate. The glass
transition temperature (Tg) was taken as the middle of
the inflection point on the second heating cycle. All
samples were run in duplicate.
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Photopolymerization kinetic studies

All photo-DSC experiments were conducted on a TA
Instruments model Q2000 equipped with a Novacure
UV-light source (model N2001-A1; Hg bulb). All
samples were approximately (but precisely weighed
and recorded) 3.00 mg to minimize the influence of
sample thickness on the reaction kinetics. All exper-
iments used the same blank aluminum hermetic pan
for consistency. Experiments were conducted using the
following procedure (Fig. 1): Samples were first heated
to the temperature of interest, e.g., 100�C, and allowed
to equilibrate. Once the temperature had equilibrated,
data collection was started. A 150 s hold period, with
no UV-light exposure, was used to establish the
baseline. Following this dark period, the UV-light
shutter was opened, and the sample was exposed to
UV light for 5 min. The shutter was subsequently
closed and then another 150 s hold period, with no
UV-light exposure, was used to re-establish the base-
line. A minimum of three replicates were performed
for each photo-DSC experiment. Sigmoidal integra-
tions were used to account for any deviations in the
baseline. The air flow (either nitrogen or breathing air)
was regulated at 40 mL/min. Light intensity was
adjusted using neutral density light filters (10% and
1%). The intensity of the UV-light was analyzed with a
UV-power puck, i.e., either 12 or 1.2 mW/cm2. The
calculations that were used to determine percent
conversion were made using the enthalpy of reaction
for a methacrylate double bond (DH = 54.8
kJ/mol).20,21

Equations (1) and (2) below were used to determine
the degree of conversion.22,23 Equation (1) was used to
calculate the theoretical enthalpy value ðDHtheoryÞ for
complete reaction of the methacrylate double bonds
where f is the degree of functionality (e.g., two for two
methacrylate groups per oligomer), N is the weight
fraction of the methacrylate component, the enthalpy
associated with the complete reaction of a methacry-
late double bond DHmethacrylate

� �
is equal to 54.8 kJ/mol

(54,800 J/mol), and MW is the molecular weight
(g/mol) of the particular methacrylate component.
The molecular weight of the methacrylated polyester
(MPE) was obtained from 1H NMR spectroscopy via
end group analysis. The molecular weights of each
reactive diluent were based on the theoretical molec-
ular weight for a pure compound. Equation (2) uses the
experimental reaction enthalpy DHactualð Þ that was
captured in the photo-DSC experiment. Dividing the
experimental enthalpy value by the theoretical en-
thalpy value and then multiplying by 100 gave the
conversion as a percentage.

DHtheory
J

g

� �
¼ f1N1DHmethacrylate

MW1
þ f2N2DHmethacrylate

MW2

� �

ð1Þ

Conversion Cð Þ ¼ DHactual

DHtheory
� 100 ð2Þ

Synthetic methods

The full synthetic procedures for the polyester oligo-
mers and for the urethane methacrylate reactive
diluents is provided in a separate study.19 The charac-
terization details are enclosed below. Figure 2 below
provides the chemical structures of the methacrylated
polyester oligomer and the three reactive diluents.

Synthesis of hydroxyl-terminated polyester

A clear and colorless glassy solid was obtained
(409.42 g, 93.73% yield). Mn,NMR = 2.37 9 103;
GPCPSt Mn = 2.08 9 103, PDI = 1.80; Tg = 59�C (2nd
heating scan, 20�C /min); TAN = 1.54 mg KOH/g
resin. d (ppm): 1.01 (–CH3), 1.17 (–CH3), 3.40 (–
CH2OH), 4.20-4.26 (–CO–O–CH2–), 7.66 (ArH), 8.08
(ArH). FTIR (ATR): 3500, 1714, 1473, 1262, 1243,
1097, 1016, 725 cm�1.

Synthesis of methacrylated polyester (MPE)

A white powdery solid was obtained (458.61 g, 90.15%
yield). Mn,NMR = 3.63 9 103; GPCPSt Mn = 2.27 9 103,
PDI = 1.65 (post precipitation mass and PDI); Tg =
47�C (2nd heating scan, 20�C /min). d (ppm): 1.10-1.17
(–CH3), 1.94 (–CH3, methacrylate), 4.06-4.29 (–CO–O–
CH2–), 5.57 (–C = CH2), 6.11 (–C = CH2), 7.66 (ArH),
8.08 (ArH). FTIR (ATR): 3500, 1714, 1473, 1262, 1243,
1097, 1016, 725 cm�1.

Synthesis of bis(2-hydroxyethyl)
hexane21,6-diyldicarbamate (1A)

1A was obtained a white powdery solid (25.68 g,
85.49% yield). Mp = 94–95�C. d (ppm): 1.14 (m, –
CH2–), 1.28–1.30 (m, –CH2–), 2.91–2.95 (t, –CO–NH–
CH2–), 3.58 (t, –CH2OH), 3.94 (t, –CO–O–CH2–).

Synthesis of 4,13-dioxo-3,
14-dioxa-5,12-diazahexadecane21,16-diyl
bis(2-methylacrylate) (HDA-EC) (1B)

1B was obtained as a white powdery solid (18.80 g,
83.70% yield). Mp = 64–65�C. d (ppm): 1.31 (m, –
CH2–), 1.46–1.50 (m, –CH2–), 1.93 (s, –CH3, methacry-
late), 3.12–3.19 (t, –CO–NH–CH2–), 4.30 (s, –CO–
OCH2–), 4.79 (s, –NH), 5.58 (s, –C = CH2), 6.12 (s, –
C = CH2).

J. Coat. Technol. Res.



Synthesis of bis(2-hydroxyethyl)
ethane21,2-diyldicarbamate (2A)

2A was obtained as a white powdery solid (26.02 g,
86.79% yield). Mp = 89–92�C. d (ppm): 3.17 (s, –CO–
NH–CH2–), 3.68–3.71 (t, –CH2OH), 4.05–4.08 (t, –CO–
O–CH2–).

Synthesis of 4,9-dioxo-3,10-dioxa-5,
8-diazadodecane21,12-diyl bis(2-methacrylate)
(2B)

2B was obtained as a tough, off–white solid (13.81 g,
76.76% yield). Mp = 83–86�C. d (ppm): 1.95 (s, –CH3,
methacrylate), 3.32 (s, –CO–NH–CH2–), 4.30–4.36 (t, –
CO–O–CH2–), 5.26 (s, –NH), 5.59 (s, –C = CH2), 6.14
(s, –C = CH2).

Synthesis of 2-hydroxyethyl dodecylcarbamate
(3A)

3A was obtained as a white powdery solid (24.68 g,
82.99% yield). Mp = 65–66�C. d (ppm): 0.85–0.89 (t, –
CH3), 1.25 (m, –CH2–), 1.49–1.51 (m, –CH2–CH2–NH–
CO–), 2.21 (s, –OH), 3.15–3.19 (t, –CO–NH–CH2–),
3.79–3.82 (t, –CH2OH), 4.19–4.22 (t, –CO–O–CH2–),
4.77 (s, –NH).

Synthesis of 2-((dodecylcarbamoyl)oxy)ethyl
methacrylate (DDA-EC) (3B)

3B was obtained as a white powdery solid (18.73 g,
69.27% yield). Mp = 47–51�C. d (ppm): 0.85–0.90 (t, –
CH3), 1.25 (m, –CH2–), 1.48–1.50 (m, –CH2–CH2–NH–
CO–), 1.95 (s, –CH3, methacrylate), 3.13–3.20 (t, –CO–
NH–CH2–), 4.31 (s, –CO–O–CH2–), 4.70 (s, –NH), 5.58
(s, –C = CH2), 6.13 (s, –C = CH2).

Acid number calculations

To monitor reaction progress of the polyester synthe-
ses, acid number calculations (according to ASTM
D664) were conducted. In a typical experiment,
approximately 1.00 g of the polyester was dissolved
in 50 mL of CHCl3, along with 15 drops of phenolph-
thalein indicator (0.1 M in MeOH). Using a burette,
0.1 M KOH in MeOH was titrated into the polyester
solution with magnetic stirring. The titration was
deemed complete when a light pink color had persisted

for at least 30 s. The calculation that was used to
determine acid number values is provided in equation
(3):

TAN ¼
56:1 g

mol KOH �mL KOH in MeOH titrated in � 0:1 M KOH in MeOH

g of polyester resin
:

ð3Þ

Powder coating formulation and application

All formulations were prepared on a 50 g scale. The
MPE (96 wt%, 91 wt%, 86 wt%, or 76 wt%), the
corresponding reactive diluent (0 wt%, 5 wt%, 10 wt%,
or 20 wt%), photoinitiators (3 wt%; 1:1 mixture by wt.
of Irgacure 184 and Irgacure 819), benzoin (degassing
agent; 0.25 wt%), and Modaflow 6000 (flow modifier;
0.75 wt%) were combined in a glass jar (Table 1). Each
formulation contained a fixed amount of photoinitia-
tors, benzoin, and Modaflow 6000; only the concentra-
tion of MPE and reactive diluent was varied. This
photoinitiator blend was selected based on the irradi-
ation wavelength of the UV-lamp and previous liter-
ature studies.14 Formulations were denoted as MPE
(i.e., the control with no reactive diluent) or, for
example, 5_EDA-EC (5% methacrylated ethylenedi-
amine derivative and 91% MPE base resin). Prior to
extruding the formulation, the MPE was melted in a
200�C convection oven, and then cooled, to erase
thermal history and ensure that the material was free
of solvent. The resin was subsequently ground to a
powder in a coffee bean grinder and then dry-blended
with the appropriate raw materials. This was accom-
plished by mixing all raw materials in a pint can via
shaking. Pre-mixed formulations were then fed into a
Eurolab 16 mm twin screw extruder and extruded at 50
RPM between 110 and 120�C (feeder to die). The
extrudate was broken into chips with a Weima gran-
ulator and then ground to a powder with a Retsch ZM
200 mill (16,000 RPM). The powder was then passed
through a fine mesh sieve, using a Retsch vibratory
sieve shaker, to collect particle sizes < 106 lm.

Results and discussion

As a follow-up to our previous report,19 which focused
on the relationship between network formation and the
thermo-mechanical properties of UV-curable polyester
powder coatings that contained urethane methacrylate
reactive diluents, this study evaluated how those
reactive diluents influence the photopolymerization

Table 1: Example formulation contains 10 wt% of a reactive diluent (50 g scale)

Polyester resin (g) Reactive diluent (g) Irgacure 184 (g) Irgacure 819 (g) Modaflow 6000 (g) Benzoin (g)

43.00 5.00 0.75 0.75 0.375 0.125

J. Coat. Technol. Res.



kinetics of the system. Several variables including
temperature, UV-light intensity, and air atmosphere
were adjusted to understand their effects on the
reaction kinetics. Cured samples were subsequently
analyzed via DSC to understand how the different
reaction conditions affected the Tg of the crosslinked
formulations and to establish a relationship between Tg

and functional group conversion.

Kinetic differences

Each of the three reactive diluents altered the pho-
topolymerization kinetics of the formulation. The way
the kinetics were affected, however, depended on the
functionality and the loading level of the reactive
diluent. Figure 3 displays the change in enthalpy versus
time for the three different reactive diluents, at 10 wt%
loading level, compared to the MPE. This information
was be used to determine the rate of polymerization,
Rp,, which can be obtained from equation (4) below,
where (dH/dt) is related to the heat flow and DH0 is the

Fig. 1: Illustration of the photo-DSC experimental procedure highlighting the temperature equilibration periods and the
period of UV-exposure. Total run time for each experiment was 10 min. This particular experiment (run 1 of 3) used
formulation 10_DDA-EC and was conducted in a nitrogen atmosphere at 100�C, using a UV-light intensity of 1.2 mW/cm2

Fig. 2: Chemical structures of the methacrylated polyester oligomer and the different reactive diluents

J. Coat. Technol. Res.



enthalpy associated with complete conversion of all
double bonds in the given system.11 As illustrated by
Fig. 3, the fastest polymerization rates were achieved
with formulations that contained the di-functional
reactive diluents; the slowest polymerization rates
were achieved with the MPE control formulation.
These trends were observed at all studied temperatures
and UV-light intensities.

Rp ¼
dC

dt
¼

dH
dt

DHtheory
ð4Þ

Tables 2 and 3 report the maximum polymerization
rate (Rp

max) and the time it took to reach the
maximum polymerization rate (tRp

max), respectively,
for the different UV-curable powder coating formula-
tions. The tRp

max is an important characteristic of UV-
curable systems because it provides information on
how quickly a system reaches the maximum polymer-
ization rate. A full understanding of this attribute can
help in the development of more uniform crosslinked
networks with optimized material properties. The
Rp

max was strongly related to the reactive diluent
loading level and the curing temperature that was used.
The Rp

max was consistently higher for the reactive
diluent-containing formulations compared to the MPE
control, which did not contain any reactive diluent.
When the loading level of the reactive diluent was
increased, a systematic increase in the Rp

max was
observed. For example, the Rp

max of the MPE at 100�C
was 0.011 s�1 while the formulations that contained 5,
10, or 20 wt% HDA-EC reactive diluent had Rp

max

values of 0.020 s�1, 0.028 s�1, and 0.039 s�1, respec-
tively. The same trends were also observed when the
samples were cured at lower temperatures. However,
when the curing temperature was reduced, a noticeable
drop of the Rp

max occurred. This was particularly
evident as the curing temperature was reduced from to
80�C. Figure 4 shows the Rp versus time for the
10_HDA-EC formulations when cured at 100�C, 90�C,
and 80�C (left) as well as the Rp vs time for the

5_HDA-EC, 10_HDA-EC, and 20_HDA-EC formu-
lations when cured at 90�C.

In general, the tRp
max decreased and the Rp

max

increased when the reactive diluents were added to the
UV-curable powder coating formulations. For exam-
ple, it took 20_EDA-EC 6.00 ± 0.60 s to reach its
tRp

max, when polymerized at 100�C with a UV-light
intensity of 1.2 mW/cm2, while the MPE took
12.80 ± 0.69 s to reach its tRp

max under the same
curing conditions. This corresponded to a tRp

max that
was more than twice as long for the MPE compared to
20_EDA-EC. The tRp

max became even more pro-
nounced at the lower curing temperatures. For exam-
ple, it took 20_EDA-EC 8.60 ± 0.35 s to reach its
tRp

max, when polymerized at 80�C with a UV-light
intensity of 1.2 mW/cm2, while the MPE took
51.80 ± 6.93 s to reach its tRp

max under the same
curing conditions. This corresponded to a tRp

max that
was more than five times as long for the MPE when
compared 20_EDA-EC. Oftentimes, the reactive dilu-
ent-containing formulations had tRp

max values that
were shorter than the MPE, even when the reactive
diluent-containing formulation was cured at a lower
temperature. Reactive diluents with unique secondary
and tertiary functionalities, such as the urethane/car-
bamate groups, have been shown to increase the
polymerization rate because of their propensity to
pre-associate the reactive diluents and oligomers
through hydrogen bonding interactions.24,25

Effect of temperature

The reaction temperature is one of the most critical
variables affecting polymerization kinetics and has
been the subject of several investigations.11,26,27 Unlike
UV-curable liquid coatings, UV-curable powder coat-
ings require elevated temperatures to melt the sample
prior to curing because of the high Tg of the
amorphous resin. This makes temperature an even
more critical factor for powder coatings than for liquid
coatings. For amorphous powder coating resins, tem-

Fig. 3: Illustrates the heat flow (W/g) vs time for the MPE formulation compared against the formulations that contained 10
wt% reactive diluent (left) and the Rp vs time for the same formulations (right). The samples were polymerized in a nitrogen
atmosphere, at 100�C, using a light intensity of 1.2 mW/cm2
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peratures around the Tg + 50�C is most common. This
translates to roughly 100–120�C. During the crosslink-
ing process, the Tg of the polymer network will
continuously increase. Eventually, the Tg will approach
or even surpass the temperature at which curing takes
place and vitrification of the crosslinked network will
occur. Polymer chains subsequently become immobi-
lized, which traps reactive species in the polymer
matrix.18,28–30 Because the Tg of the network tends to
increase systematically with conversion, higher curing
temperatures tend to facilitate higher degrees of
cure.11,31

Figure 5 illustrates the kinetic behavior for the
different UV-curable powder coating formulations
when photopolymerized in a nitrogen atmosphere with
a 1.2 mW/cm2 UV-light source at either 80�C, 90�C, or
100�C. As anticipated, higher curing temperatures led

to higher degrees of conversion and faster polymeriza-
tion rates (100�C > 90�C > 80�C). This was especially
evident for the MPE control formulation that con-
tained no reactive diluent. The MPE control reached a
conversion of 75.52 ± 5.61% at 100�C but only
38.59 ± 1.44% at 80�C. The reactive diluent-contain-
ing samples exhibited the same behavior as the curing
temperature was increased from 80 to 100�C, i.e., the
photopolymerization rate and conversion increased
with temperature. In most cases, the samples that were
cured at 100�C had only slightly higher conversions
than the same samples that were cured at 90�C.
However, significantly lower conversions were ob-
tained when the samples were cured at 80�C. Exper-
iments were also carried out at 60�C, but the
conversions were generally £ 10% because of the
high Tg of the base resin, i.e., 49�C.

Table 2: Comparison of the Rp
max for the different UV-curable powder coating formulations when polymerized under

various conditions

Formula Rp
max (s�1)

100�C, N2, 1.2 mW/cm2 90�C, N2, 1.2 mW/cm2 80�C, N2, 1.2 mW/cm2

MPE 0.011 0.007 0.002
5_DDA-EC 0.017 0.006 0.005
10_DDA-EC 0.025 0.012 0.006
20_DDA-EC 0.034 0.025 0.016
5_EDA-EC 0.019 0.010 0.006
10_EDA-EC 0.025 0.016 0.010
20_EDA-EC 0.031 0.024 0.015
5_HDA-EC 0.020 0.010 0.006
10_HDA-EC 0.028 0.017 0.010
20_HDA-EC 0.039 0.026 0.015

Table 3: Comparison of the tRp
max for the different UV-curable powder coating formulations when polymerized

under various conditions

Formula tRp
max (s)

100�C, N2, 1.2 mW/cm2 90�C, N2, 1.2 mW/cm2 80�C, N2, 1.2 mW/cm2

MPE 12.80 ± 0.69 20.20 ± 0.92 51.80 ± 6.93
5_DDA-EC 12.20 ± 0.92 23.80 ± 7.41 28.40 ± 2.77
10_DDA-EC 10.00 ± 1.83 14.80 ± 1.73 20.40 ± 1.04
20_DDA-EC 7.40 ± 0.69 19.00 ± 7.92 13.00 ± 0.35
5_EDA-EC 8.40 ± 0.60 14.40 ± 1.20 18.80 ± 0.35
10_EDA-EC 6.60 ± 0.60 9.80 ± 0.69 12.00 ± 0.60
20_EDA-EC 6.00 ± 0.60 7.00 ± 0.35 8.60 ± 0.35
5_HDA-EC 10.60 ± 1.51 16.40 ± 1.39 21.20 ± 1.93
10_HDA-EC 7.20 ± 1.04 11.20 ± 0.92 12.20 ± 1.25
20_HDA-EC 5.00 ± 0.35 6.80 ± 0.35 8.60 ± 0.35
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As previously mentioned, a sharp decline in con-
version had occurred when the curing temperature was
reduced from 100 to 80�C. This was especially evident
for the MPE control and the samples that contained
the di-functional reactive diluents. This decline in
conversion was primarily attributed to network vitrifi-
cation and molecular mobility limitations. Conversely,
when the mono-functional reactive diluent was used
(DDA-EC), conversions of � 70% were achieved at
80�C. This higher extent of cure was attributed to the
effect that the mono-functional reactive diluent had on
viscosity, crosslink density, and the Tg. The lower
formulation viscosity facilitated higher conversions
because of the improved molecular mobility. The
effect on Tg is important because DDA-EC does not
add additional crosslinks into the polymer network like
the di-functional reactive diluents do. Rather, DDA-
EC reduced the overall concentration of di-functional
species that were present. This reduction in crosslink
density for these formulations was confirmed in our
previous study via DSC and DMA experiments.19

DDA-EC also acted as an internal plasticizer because
of its long alkyl side chain, which further depressed the
Tg. This aliphatic tail allowed the reactive groups to
have greater segmental mobility in the crosslinked
network, which ultimately promoted higher degrees of
cure.32 What was most surprising though was the
significant increase in conversion at 80�C when just 5
wt% of the DDA-EC reactive diluent was used;
5_DDA-EC reached a conversion of � 65% while
the MPE only reached a conversion of � 39%.

Effect of reactive diluent loading level

The polymerization rates and the % conversion was
also affected by the loading level of the reactive
diluent. Figures 6 and 7 illustrate the real-time
conversion plots for the mono-functional DDA-EC
formulations and the di-functional EDA-EC formula-
tions, respectively, when cured at either 80�C or 100�C.
In general, increasing the concentration of the mono-
functional reactive diluent led to a corresponding
increase in the polymerization rate and the % conver-
sion. This was observed for all three temperatures.
However, both di-functional reactive diluents showed
slightly different behavior. At 80�C and 90�C, the
conversions generally increased with the loading level
of the di-functional reactive diluents; at 100�C, the
conversions were all roughly the same (± 3%),
regardless of the reactive diluent loading level.

Effect of UV-light intensity

Photopolymerization reactions are governed by the
principles laid out in the Beer-Lambert law, i.e., the
formation of initiator radicals is directly proportional
to the intensity of the UV-light. As such, stronger UV-
light intensities should result in faster polymerization

rates and higher degrees of conversion because more
photoinitiator molecules can initiate the polymeriza-
tion. Figure 8 shows the real-time conversion plot for
the MPE when it was cured at 100�C with either a 1.2
mW/cm2 or 12 mW/cm2 UV-light intensity. As shown,
both the conversion and the Rp increased when the
UV-light intensity was increased. Conversion for all
samples was approximately 90 ± 3%, at 12 mW/cm2

light intensity. Higher UV-light intensities were also
used (i.e., 120 mW/cm2; un-filtered UV-light source)
but the results were inconsistent due to the extremely
rapid Rp. One of the disadvantages with photo-DSC is
the long response time associated with the instru-
ment.33 Therefore, lower UV-light intensities had to be
used. Nonetheless, when the Tgs of the crosslinked
samples were compared, no significant difference was
observed between those cured 120 mW/cm2 versus
those cured at 12 mW/cm2. As such, because of the
relationship between the Tg and % conversion for
thermoset polymers, it was inferred that the samples
reached a similar level of conversion, i.e., approxi-
mately 90% when cured at 100�C in the presence of
nitrogen.

Effect of air atmosphere

Oxygen is a well-known and highly problematic
inhibitor of free-radical polymerizations.34 When oxy-
gen interacts with free radicals that are present,
unreactive peroxy radicals are formed. This inhibition
process is particularly problematic at the surface layer
of a film since it is directly exposed to the atmosphere.
Coatings that experience significant oxygen inhibition
tend to have tacky surfaces with poor appearance and
diminished film properties. Stronger UV-light intensi-
ties or higher loading levels of photoinitiator are
commonly used to generate a larger number of
radicals. This minimizes the oxygen inhibiting effect
because there is enough initiator species present to
both initiate the reaction and scavenge available
oxygen. Alternatively, an inert atmosphere of nitrogen,
argon, or even carbon dioxide can be also used to
eliminate the presence of oxygen.9,10,35 Unfortunately,
this approach is often expensive and impractical for
many large-scale applications. Other approaches such
as the use of a wax barrier to prevent the diffusion of
oxygen has also been used.36 However, this method is
also undesirable since the wax barrier can affect the
physico-mechanical properties of the coating as well as
the gloss. As such, the influence of breathing air on the
photopolymerization kinetics of these formulations
was also investigated.

Figure 9 displays the real-time conversion plots for
the MPE when it was cured at 100�C, in the presence of
either a nitrogen or breathing air atmosphere, using a
UV-light intensity of 1.2 mW/cm2. Unsurprisingly, a
significant induction period was observed when the
breathing air atmosphere was used. For the MPE
control formulation, this induction period lasted about
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1 min before the sample began to polymerize. Once the
polymerization started, a slower Rp was also observed,
as evidenced by the slope of the conversion vs time.
This was due to the lower concentration of photoini-
tiator molecules present in the system since many of
them had been consumed by dissolved oxygen.

Although the DSC cell was continuously supplied with
breathing air throughout the course of the experiment,
oxygen inhibition became less problematic once the
sample started to polymerize. This was because the
amount of oxygen that was diffusing into the sample
had decreased as the viscosity, Tg, and crosslink density

Fig. 5: Real-time conversion plots of (a) 10_DDA-EC (top left), (b) 10_EDA-EC (top right), (c) 10_HDA-EC (bottom left) and
(d) MPE (bottom right) when polymerized in a nitrogen atmosphere, using a light intensity of 1.2 mW/cm2, and at either
100�C, 90�C, or 80�C

Fig. 4: (a) Illustrates the Rp vs time for the 10% HDA-EC formulations at 100�C, 90�C, and 80�C (left) as well as (b), the Rp vs
time for the 5_HDA-EC, 10_HDA-EC, and 20_HDA-EC formulations when cured at 90�C (right). All examples presented above
were cured in the presence of a nitrogen atmosphere using a UV-light intensity of 1.2 mW/cm2
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increased. Similar kinetic behavior was also observed
for the reactive diluent-containing formulations with
comparable induction times and overall conversions. In
general, the conversions of samples that were cured in
the presence of breathing air ranged between � 40 and
50%.

Effect of curing conditions on the thermal
properties

After the samples were cured in the photo-DSC, they
were set aside for subsequent thermal analysis. A
summary of the Tgs is provided in Table 4. As
expected, each curing condition influenced the Tg of
the sample. The curing temperature and the air
atmosphere in which the samples were cured had the
greatest impact on Tg. The highest Tgs were observed
when the samples were cured at 100�C, in a nitrogen
atmosphere, using a 12.0 mW/cm2 UV-light source.
High temperatures facilitate adequate diffusion of
reactive components during the curing process due to
more free volume. This is governed by the separation
between the Tg of the network and the temperature at

which curing takes place (T–Tg). High UV-light inten-
sities allow a greater concentration of photoinitiator
molecules to be excited, thereby generating more free
radicals. As such, when these two variables are
optimized, the highest conversions, Rps, and material
properties can be obtained.

An upper limit appeared to exist for the Tgs of these
systems. In general, the Tgs typically plateaued around
75 (± 5)�C. Furthermore, conversions also plateaued
at � 90%, even when stronger UV-light intensities
were used. The most pronounced effect on the Tg was
observed when the mono-functional reactive diluent
was used. For example, 20_DDA-EC had a Tg that was
12�C lower than the MPE when cured at 100�C, in a
nitrogen atmosphere, using a 1.2 mW/cm2 UV-light
intensity. This relatively large reduction in Tg was
observed in all curing conditions for DDA-EC. This
large reduction in Tg was attributed to the long flexible
alkyl tail on DDA-EC, which introduced dangling
chain ends into the crosslinked network. As such, this
reactive diluent functioned as an internal plasticizer,
which increased free volume in the crosslinked net-
work and reduced secondary interactions such as
hydrogen bonding.37 Furthermore, because DDA-EC

Fig. 7: Real-time conversion plots of the EDA-EC reactive diluent formulations when photopolymerized at either (a) 80�C
(left) or (b) 100�C (right) in a nitrogen atmosphere, using a light intensity of 1.2 mW/cm2

Fig. 6: Real-time conversion plots of the DDA-EC reactive diluent formulations when photopolymerized at either (a) 80�C
(left) or (b) 100�C (right) in a nitrogen atmosphere, using a light intensity of 1.2 mW/cm2
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is mono-functional, it also reduced the crosslink
density of the system.

When the di-functional reactive diluents were added
to the formulation, there was less of an impact on the
Tg. This behavior was somewhat surprising because of
the low molecular weights of the di-functional reactive
diluents. In general, di-functional reactive diluents
tend to increase the Tg of thermoset materials because
they increase the crosslink density/reduce the molec-
ular weight between crosslinks.38 Our previous study
already demonstrated that the crosslink density of
these powder coating formulations increased with the
loading level of the di-functional reactive diluents (via
both DMA and gel-content experiments).19 However,
the DMA experiments from that study showed the
same trends that were observed by DSC, i.e., a
negligible change in the Tg despite an increase in

crosslink density. This behavior was due to the
copolymer effect. Increasing the concentration of the
aliphatic di-functional reactive diluent in the formula
was accompanied by a decrease in the concentration of
the rigid polyester oligomer. As such, a minimal
change in the Tg occurred because the di-functional
reactive diluents were flexible aliphatic molecules that
did not increase the rigidity of the polymeric network.
Rather, these molecules had the opposite effect on the
rigidity of the network, which counteracted the
increase in crosslink density.

The variables that had the largest effect on the Tg

were the curing temperature and the air atmosphere.
The samples that were polymerized in the presence of
breathing air had Tgs that were similar to the Tgs of the
samples that were cured at 80�C. This was somewhat
anticipated because the ultimate conversions that were

Table 4: Summary of the Tgs, determined via DSC, for the different formulations cured under various conditions

Formula Tg (�C)

100�C, N2, 1.2 mW/cm2 80�C, N2, 1.2 mW/cm2 100�C, air, 1.2 mW/cm2 100�C, N2, 12.0 mW/cm2

MPE 71 ± 0 61 ± 1 59 ± 2 74 ± 0
5_DDA-EC 66 ± 1 59 ± 1 57 ± 1 70 ± 0
10_DDA-EC 64 ± 0 57 ± 0 51 ± 1 68 ± 1
20_DDA-EC 59 ± 1 56 ± 1 50 ± 1 64 ± 1
5_EDA-EC 69 ± 1 63 ± 1 63 ± 2 74 ± 1
10_EDA-EC 67 ± 1 63 ± 0 62 ± 1 75 ± 1
20_EDA-EC 68 ± 2 62 ± 1 64 ± 1 71 ± 2
5_HDA-EC 71 ± 0 64 ± 1 65 ± 1 78 ± 1
10_HDA-EC 68 ± 1 64 ± 2 62 ± 1 76 ± 1
20_HDA-EC 67 ± 1 65 ± 0 65 ± 1 74 ± 1

Values were rounded to the nearest whole number

Fig. 9: Real-time conversion plot for the MPE when it was
UV-cured at 100 in either the presence of nitrogen (red) or
breathing air (blue). A UV-light intensity of 1.2 mW/cm2 was
used

Fig. 8: Real-time conversion plot for the MPE when it was
UV-cured at 100�C in a nitrogen atmosphere with either a
1.2 mW/cm2 (blue) or 12 mW/cm2 (red) UV-light intensity
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achieved with these two conditions were roughly the
same, i.e., many of the samples plateaued around 50
(±10)% conversion. However, there was one
notable difference between the DSC traces for the
samples that were cured at 80�C in nitrogen and those
that were cured at 100�C in breathing air. Every
sample that was UV-cured in the presence of breathing
air showed the presence of an exotherm in the first
heating scan (Fig. 10). These exotherms were attrib-
uted to the thermal scission of peroxides and hydroper-
oxides to form RO* and HO* radicals which, upon
continued heating, resulted in additional crosslinking
reactions.34,35

As illustrated in Fig. 10, the samples that were
polymerized in the presence of breathing air also
showed the presence of two endotherms in the first
heating scan. These endotherms were assigned to two
Tgs, indicative of a polymer network with significant
heterogeneity and phase separation.30 Our previous
study also identified network heterogeneity, though it
was much less severe and only observed in the samples
that contained high loading levels (i.e., 20 wt%) of the
di-functional reactive diluents.19 The pronounced net-
work heterogeneity identified here occurred because
oxygen competed with propagation reactions and
effectively halted the polymerization early on in the
curing process. Since UV-curing reactions proceed by
first generating microgels that subsequently grow and
cluster together before reaching macrogelation,39–42 it
is suspected that the samples that were cured in the
presence of breathing air had not yet reached the
macrogelation step. Therefore, the two phases corre-
spond to crosslinked microgels that were either dom-
inated by the reactive diluent (lower Tg) or the
methacrylate-terminated oligomer (higher Tg). When
the same samples were analyzed in subsequent DSC

experiments, additional crosslinking reactions took
place and macrogelation of the system finally occurred.
At this point, only one Tg was identified. Nonetheless,
this dual Tg behavior was only observed for the
samples that were polymerized in the presence of
breathing air, thus highlighting the impact that a
breathing air atmosphere can have on the UV-curing
process.

Discussion

UV-curable powder coating technology is limited by
the chemistry of its reactive oligomers. Amorphous
resins with high Tgs (ca. 45–70�C) and modest molec-
ular weights (ca. 2000–6000 g/mol) are necessary to
ensure that storage stable powders can be obtained.
Unfortunately, these relatively high molecular weights
and Tgs also result in high melt viscosities. The high
melt viscosity of UV-curable powder coating formula-
tions counteracts the film formation process and limits
the diffusion of molecular components during the
curing process. As such, crosslinked films with med-
iocre appearance and poor degrees of conversion can
be obtained with existing UV-curable powder coating
systems. Therefore, a new approach that incorporated
small molecule reactive diluents into the powder
coating formulation was used to combat some of these
issues.

Our earlier study explored how urethane methacry-
late reactive diluents can be used to reduce the melt
viscosity of a UV-curable polyester powder coating
resin and alter the properties of the crosslinked films.19

This study evaluated how those same reactive diluents
affected the photopolymerization kinetics of UV-cur-
able polyester powder coatings. In general, adding
these reactive diluents into the formulation led to a
corresponding increase in both the polymerization rate
and the degree of conversion. The mono-functional
reactive diluent afforded the largest increase in con-
version, regardless of curing temperature. In fact, many
of the formulations containing the mono-functional
reactive diluent that were cured at 80�C reached the
same degree of conversion as the MPE control when it
was cured at 100�C (i.e., about 70-75% conversion).
The pronounced improvements in conversion observed
for the mono-functional reactive diluent-containing
formulations were driven by several variables such as
the diffusion capability of the small molecule, lower
formulation viscosities, and lower Tgs. The mono-
functional reactive diluent was especially useful be-
cause it reduced the crosslink density and plasticized
the film with its long aliphatic tail. This delayed the
onset of network vitrification, which led to higher
conversions. These findings suggest that the use of a
mono-functional reactive diluent may permit UV-
curable powder coatings to be cured at lower temper-
atures than what has historically been used in this field,
i.e., � 100�C.

Fig. 10: DSC scans of the 5_EDA-EC sample that was UV-
cured at 100�C, in the presence of breathing air, with a 1.2
mW/cm2 UV-light intensity. The sample was subsequently
analyzed with 20�C /min heating scans from 0 to 150�C
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Of the two di-functional reactive diluents that were
studied, the reactive diluent with the longer methylene
spacer group (HDA-EC) consistently achieved higher
conversions than the reactive diluent with the shorter
methylene spacer group (EDA-EC). The lower con-
versions that were obtained with the EDA-EC reactive
diluent was likely a consequence of two factors: (1) the
development of more densely crosslinked polymer
networks, which limited the ultimate conversion
because of vitrification; and (2) the shorter chain
length of this reactive diluent, which limited its ability
to diffuse through the crosslinked matrix to partake in
additional crosslinking reactions. Conversely, the long-
er spacer group of HDA-EC facilitated higher ultimate
conversions for the opposite reason, i.e., the longer
chain length of HDA-EC made it more likely to
encounter another photoinitiator or propagating
monomer or oligomer. Regardless, both di-functional
reactive diluents increased the ultimate conversion
compared to the MPE control due to their viscosity
reducing effect and their ability to diffuse through the
crosslinking medium more effectively. Figure 11 de-
picts the different crosslinked networks encountered in
this study when either a mono-functional (DDA-EC)
or di-functional (EDA-EC or HDA-EC) reactive was

used. When the di-functional reactive diluents were
used, more highly crosslinked networks were obtained.
However, these networks also contained a relatively
high concentration of unreacted functional (methacry-
late) groups, i.e., lower conversion. Conversely, when
the mono-functional reactive diluent was used, less
densely crosslinked networks were obtained but these
networks also contained less unreacted functional
groups.

Conclusions

The photopolymerization kinetics for a series of UV-
curable polyester powder coating formulations con-
taining urethane methacrylate reactive diluents was
investigated. Conversion generally increased with
increasing temperature. When the formulations were
cured in the presence of air, rather than nitrogen, an
inhibition period was observed resulting in decreased
conversion ( £ 50%). This was attributed to oxygen
inhibition. When the samples were cured at tempera-
tures near the Tg of the polyester oligomer, conversion
was limited due to premature network vitrification. All
reactive diluent-containing formulations had higher

Fig. 11: Depiction of the crosslinked networks containing either the mono-functional or di-functional reactive diluents. The
left side of the figure is representative of the mono-functional reactive diluent-containing network where a lightly
crosslinked network with a low abundance of unreacted methacrylate groups is encountered; the right side of the figure is
representative of the di-functional reactive diluent-containing networks where densely crosslinked networks with a
relatively high abundance of unreacted methacrylate groups are encountered
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conversions than the MPE control due to the superior
diffusion capabilities and viscosity reducing properties
afforded by the reactive diluents. However, of the
three reactive diluents that were studied, the mono-
functional reactive diluent consistently yielded the
highest conversions at all curing temperatures. This
was attributed to the long alkyl side chain and mono-
functionality of the reactive diluent. The side chain
plasticization enhanced free volume, which resulted in
lower Tgs. Additionally, because the reactive diluent
only contained one functional group, it did not intro-
duce additional crosslinks into the network, which
delayed the onset of network vitrification. Ultimately,
these findings suggest that incorporating mono-func-
tional reactive diluents into UV-curable powder coat-
ing formulations can be a useful approach to increase
the extent of conversion. This has the potential to
create new paradigms in UV-curable powder coatings
formulations that can be applied and cured at temper-
atures below 100�C.
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39. Dušek, K, Galina, H, Mikes, J, ‘‘Features of Network
Formation in the Chain Crosslinking (Co)polymerization.’’
Polym. Bull., 25 19–25 (1980)
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