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ABSTRACT: The effects of varying polymerization conditions on the extent of oxygen inhibition of free-radical
photopolymerization were investigated using both experimental and modeling efforts. Specifically, sample thickness,
initiation rate, and oxygen concentration were varied, and the resulting photopolymerization kinetics were studied
using real-time FTIR and a comprehensive photopolymerization model. As the sample thickness was increased,
the overall average double-bond conversion increased due to the greater conversion in the lower depths of the
films. Because of the dramatic inhibition at the top of the film, this led to heterogeneity in the film’s conversion
as shown with the comprehensive model. Increasing the initiation rate decreased the inhibition time and increased
the overall average double-bond conversion due to an increase in the overall radical production, allowing better
competition of the propagation reaction with the inhibition reaction. The oxygen concentration was varied, and
as the oxygen concentration increased, the overall inhibition reaction increased, thus lowering the overall double-
bond conversion. Finally, the effect of oxygen concentration on the bulk mechanical properties of the film was
determined. It was found that no statistical difference was observed in the mechanical properties for films exposed
to argon Po, = 0) as compared to a film exposed to dfo( = 0.21).

Introduction radicals. The initiating radicals combine with available mono-
mer, forming primary radicals that subsequently propagate
through additional monomer units to create a three-dimensional
polymer network:822.23Unfortunately, molecular oxygen in-
Ihibits several steps in this reaction pathway, reducing the overall
effectiveness of the polymerization or requiring expensive and
impractical initiation strategies.

Photopolymerization of multivinyl monomers is a widely
accepted and growing process. Countless products are
produced utilizing photopolymerization including paints, coat-
ings, adhesives, inks, microelectronics, optical materials, denta
resins, and, more recently, three-dimensional stereolithography

and holographic recordinds’ The extensive uses and applica- lecul < Kk inhibit f dical ol

tions of photoinitiated polymerization are due to its many . Molecular oxygen is known to inhibit free radical polymer-

advantages over other polymerization processes including thatZations by reacting with initiator, primary, and growing polymer
yadicals to form peroxy radical§182425The peroxy radicals

they are rapid, have reduced energy requirements, readily occu . S N
at room temperature, and are low cd38°Another benefit is are more stable and do not readily reinitiate polymerization,
| and thus, the oxygen essentially terminates or consumes

that these polymerizations are spatially and temporally contro

e \ . S !
lable since the initiating light is resolvable in both space and 'adicals’ If oxygen is present, an induction time will be
time? Additionally, the initiation rate is independently dictated ©PServed since the polymerization cannot proceed until the

by the choice of photoinitiator (i.e., its molar absorption Propagation reaction competes with the inhibition reactiés.
coefficient, quantum yield, and efficiency) and the light intensity. the equilibrium dissolved oxygen concentration in acrylates is

. . . . . ~ 3 18,26
An environmental benefit of photopolymerizations is that the 10 M . and Decl_<er et al. _rep(_)rt that the oXygen
monomer is often polymerized in bulk, eliminating the need concentration below which polymerization proceeds-#% x

) : . N 6 '
for environmentally hazardous solvents. Finally, if multivinyl ll(T M, ths (f)xygenl concgntratlot;1 must drohp l;]y a factor of at
monomers are used, then cross-linking of the resulting polymer 1€aSt 300 béfore polymerization begins. At high concentrations

occurs, imparting unique physical properties to the profluct. O in Very thin films, oxygen scavenges all of the radicals in
Unfortunately, despite all of these benefits, there still exist many the polyme.nzatlon .an.d thus |nh|b.|ts. or seyerely r.etards the
limitations, including oxygen inhibition and attenuated penetra- Polymerization. In thin films oxygen inhibition is more important
tion of the light source into the samplé:2t as oxygen readily _dlffuse_s back into the sample from_the
The goal of this study was to improve the understanding of surrounqhngs. I_n thicker films the I(_)we“r depahs of the film
the inhibitory effect of oxygen on the photopolymerization of polymerlze, while the top "?yer remains “tacky as the oxygen
multifunctional monomers. Free radical photopolymerization inhibits the surface reaction. The _;gpolymenzed top layer
transforms a multifunctional monomer into a cross-linked reduces surface_and optical properﬂ_i_ )
macromolecule by a chain reaction initiated by reactive spécies. Several techniques have been utilized to combat the effects

The initiating reactive speciesis formed by a photoinitiator of oxygen inhibition. .T.h.e use of h|gh-|nten_5|ty |rrad|at|on.
absorbing the incident light and photocleaving into initiating sources increases the initiation rate by increasing the production
of primary radicals such that it becomes much greater than their

consumption by oxygen. Another alternative is to polymerize
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the inhibitory effect of oxygen. Decker developed a method
whereby the dissolved oxygen in a monomer system was
consumed prior to and during polymerization using a dual-
initiation method with the addition of an oxygen singlet
generator and acceptor moleci#é’ Furthermore, the addition

of thiols and amines to monomer systems is known to decrease

1.4x10°° : . . .

1.2x107

T

1x10° |

the deleterious effects of oxygé&n3o-32 810 ]
Because of the immense interest in and importance of the 6x10™ | ]

photopolymerization process, it is of great value to understand 4 5
4107 ¢ y=57x10"x ]

fully the impact of oxygen on photopolymerization as a means
to combat its inhibitory effects. Past research has documented
the effect of oxygen, primarily focusing on the polymerization .
rate reductiort:29-27:3334\unes et alutilized spatially resolved 0 005 01 015 02 025

MRI to investigate the anisotropic effects of oxygen on the Oxygen Partial Pressure (atm)
photopolymerization of dental materiéPé%eAdditionally, Chong Figure 1. Equilibrium dissolved oxygen concentration in 1,6-hex-

et al?! and Krongauz et & developed early kinetic models  anediol diacrylate when exposed to various partial pressures of oxygen.
that simulated specific effects oxygen had on photopolymeri-

zation kinetics. Recently, Dickey et.#l developed a quasi-  absorbance of the acrylate #&] double-bond peak. FTIR
steady-state approximation kinetic model to study the effect of measures the average absorbance through the depth of a sample;
diffusing oxygen at the etch barrier in step and flash imprint thus, an average conversion was determined using this method. In
lithography. However, an extensive, in-depth study has not beenthe mid-IR range the acrylate peak was at 160848 cn1*, and
conducted into the impact of oxygen on photopolymerization N the near-IR range the peak was at 626122 cn*. Monomer
kinetics and the resulting polymer structure. Thus, in this study, SamPles were placed on NaCl crystals and rolled to a uniform
a better understanding of the inhibitory effect of oxygen will thickness using wire-wound rods (Gardco, Pompano Beach, FL),

b btained th h ¢ i i tal bi d placed in the HTA, and allowed to equilibrate with the ambient
€ obtaine rough systémauc experimental probing and gnironment for 15 min. The polymerization reaction was initiated

comparison of experimental results with simulation prediction. using a UV light source (Ultracure 100SS 100 W HG short-arc
Specifically, we have studied several key factors that affect lamp, EXFO, Mississaugua, Ontario, Canada) equipped with a liquid

the extent of oxygen inhibition in photopolymerization kinetics. light guide (8 mm, EXFO, Mississaugua, Ontario, Canada) and filter

The effects of sample thickness, ambient oxygen concentration,(320-500 nm). Irradiation intensities were measured with an

and initiation rate have been investigated and modeled. Fur- International Light, Inc., model IL1400A radiometer (Newburyport,

thermore, the effect of dissolved oxygen on the bulk mechanical MA). . . ) .

properties has been widely hypothesized. It has been noted thaf Dynamic mechanical analysis (DMA) (Perkin-Elmer DMA7e,

. . orwalk, CT) was performed to investigate the glass transition
the cross-link density and the shear modulus of the polymer temperature and storage modulus in our polymer systems. Monomer

are lower?® However, this has yet to be experimentally g5mples for DMA analysis were bubbled with argon, 1%, 5%, 10%,
investigated, and thus, in this paper we look into the effect on or 2194 oxygen for 15 min, and then immediately polymerized with
the initial dissolved oxygen concentration on the resulting bulk 1 mwj/cn?, while monitoring the conversion with near-IR spec-
polymer properties. Finally, a 1-D comprehensive kinetic troscopy, to 85+ 2% double-bond conversion. The polymer
photopolymerization model is applied to simulate experimental samples were of uniform size (13:52.5 x 0.9 mn?¥). DMA was
conditions and proves to be a useful tool in predicting performed over a temperature range-680 to 150°C, with a

2x10™

T

0x1 00 L L L

Dissolved Oxygen Concentration (M)

photopolymerization kinetic behavior. ramping rate of 5C/min using extension mode (sinusoidal stress
of 1 Hz frequency). The loss tangent (tdnthe ratio of loss to
Experimental Section storage modulus) and storage modulus were recorded as a function

of temperature. The glass transition temperatliyewas taken to

Materials. The monomer used in this investigation was 1,6- be the maximum of the loss tangent vs temperature curve.
hexanediol diacrylate (HDDA) (Aldrich, Milwaukee, WI), as it is Ultraviolet—visible spectroscopy (U¥vis) was used to obtain
well characterized and exhibits the appropriate cure kinetics requiredthe extent of consumption of dimethylanthracene to determine the
for this study (chain length independent termination and rapid equilibrium oxygen concentration in the monomer. This method
polymerization rate). The polymerizations were performed with the has been previously described by Gou €€dlhe excitation source
initiator 2,2-dimethoxy-2-phenylacetophenone (DMPA, Ciba Geigy, used was a Dolan-Jenner DC-950 dc-regulated fiber-optic illumina-
Hawthorne, NY). The surfactant BYK 307, a polyether modified tor (Lawrence, MA) with a red filter. The U¥vis spectrometer
dimethylpolysiloxane copolymer (BYK-Chemie, Wesel, Germany), (Perkin-Elmer Lambda 40 UV/vis systems, Perkin-Elmer, Shelton,
was utilized at 0.01 wt % to provide more uniform surface CT) monitored the DMAC absorption at 380 nm during the reaction
characteristics in the nonlaminated films and minimizes the change of singlet oxygen and DMAC to form a complex. The monomer
in film thickness. For the oxygen concentration determination was equilibrated with various oxygen partial pressures, and the
procedure, dimethylanthracene (DMAC) and 5,10,15,20-tetraphenyl- resulting equilibrium oxygen concentration was determined as
21H,23H-porphine zinc (ZnTPP) were used (Aldrich, Milwaukee, shown in Figure 1.
WI). All materials were used as received. The film thickness was calibrated by sandwiching plastic shims

Methods. Fourier transform infrared (FTIR) spectroscopy (Nico- of known thickness (Small Parts, Inc., Miami Lakes, FL) between
let model 760 Magna Series Il FTIR, Nicolet, Madison, WI) was two NaCl crystals and then wicking in the monomer of interest.
used to obtain extents of polymerization and to examine the The [C=C] peak area was measured using FTIR spectroscopy, and
polymerization kinetics of the monomer systems studied. A the area was correlated to the shim thickness.
horizontal transmission apparatus (HTA) accessory was used to An unsteady-state one-dimensional kinetic photopolymerization
enable mounting of the samples in a horizontal orientation for FTIR model that allows for variation of temperature, species concentra-
measurement®. The HTA has a controlled polymerization atmo-  tion, and light intensity throughout the thickness of the polymer-
sphere, thus allowing the samples to be exposed to controlled,ization film was previously develope@1°3°4Heat transfer effects
varying concentrations of oxygen in an oxygen/nitrogen mixture. are important as the kinetic constants, and the diffusion coefficients
The double-bond conversion was determined from the change inare functions of temperature. Diffusion of small species (suc&s%
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Table 1. Parameters Used in the Comprehensive Kinetic Model Are L

Photopolymerization Kinetics and Polymer Structur2503

isted along with Reference from Which the Value Was Obtained

parameter description value units reference
kpo propagation constant 50 1C° L/(mol s) Goodner et &t
kio termination constant 7.0 104 L/(mol s) Goodner et &t
Dio initiator diffusion preexponential factor 3.9310 cn¥/s Wilke—Change equation
Dwm,o monomer diffusion preexponential factor 2.6110" cn¥ls Wilke—Change equation
Do oxygen diffusion preexponential factor 4.80104 cn¥ls Wilke—Change equation
MWy monomer molecular weight 226.28 g/mol Aldrich
oM monomer density 1.01 g/mL Aldrich
[M]o monomer initial concentration 8.92 mol/L calculated
Tgm glass transition temperature of monomer 278 K Goodner4t al.
Tgp glass transition temperature of polymer 350 K Goodner ¢t al.

aThe monomer values refer to 1,6-hexanediol diacrylate (HDDA), and i

initiator, monomer, primary radical, and oxygen molecules) is an
important aspect of photopolymerizations, and thus, mass transfer
is also critical. The model is based on the classical mechanisms
for free radical photopolymerization. This includes initiation (from
the photolysis of the initiator), propagation, and termination as well
as oxygen inhibition kinetics. The kinetic constants used in this
work incorporate Arrhenius temperature dependence, diffusion-
controlled kinetics, and termination by reaction diffusion. The latter
two phenomena are described in terms of fractional free volume
of the polymerizing mixture.

Several assumptions are incorporated into the model. Sum-
marized, they are (i) the light source is monochromatic at 365 nm,
and the initiation reaction is assumed to generate two primary
radicals of equal reactivity and mobility; (i) to simulate the
polymerization in a thick sample, the sample is divided into uniform
slices over which the light intensity, species concentration, and
temperature are constant within the slice; (iii) the volume of each

of these slices is assumed to be constant over the course of the

reaction; (iv) propagation, termination, and inhibition are assumed
to be chain length independent; (v) bimolecular termination is
characterized by a lumpéd that accounts for both combination
and disproportionation; and (vi) physical and thermal properties of
the system (density, specific heat, and conductivity) are assumed
to remain constant throughout the course of the reaction.

The model was applied in this study to investigate further

experimental systems using the experimental parameters and

environmental conditions in the simulation. The parameters used
in the model were for the monomer 1,6-hexanediol diacrylate and
initiator 2,2-dimethoxy-2-phenylacetophenone. All parameters used
are described in Goodner et &.except those noted in Table 1.

Results and Discussion

The extent of oxygen inhibition during free-radical photo-
polymerization is affected by many variables, including film
thickness, dissolved oxygen concentration, and initiation rate.
The film thickness affects oxygen inhibition in that there is a
competition between the diffusion of oxygen into the film and
the polymerization reaction, which increases viscosity and

nitiator values are for 2,2-dimethoxy-2-phenylacetophenone.
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Figure 2. Double-bond conversion at a cure time of 4 min vs film
thicknessPo, = 0.21 atm. DMPA= 0.1 M (2.5 wt %), light intensity
= 30 mWi/cn?.
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Figure 3. Double-bond conversion vs cure time for samples with
varying thicknessPo, = 0.21 atm. DMPA= 0.2 M (5 wt %), light
intensity= 50 mW/cn?. Model simulations are shown with lines.

extent of oxygen inhibition with both experimental and modeling
results. As film thickness increases, the average polymerization
rate also increases, as does the average double-bond conversion,
as shown in Figure 3. We can further look at the effect of film
thickness, noting the trend that as film thickness increases, the
conversion increases up to a critical thickness of abou200

eventually reduces the oxygen diffusion coefficient significantly. where the majority of the film has polymerized, as shown in
Thus, the greater the distance the oxygen molecule must diffuse Figure 2. It is important to note that the conversion values shown
the higher the likelihood that the polymerization reaction will in Figures 2 and 3 are values averaged for the whole film. This
occur. Similarly, the thinner the film, the more readily oxygen overshadows the great heterogeneity that exists within the films.
diffuses throughout the whole film, consuming all radicals The model simulations in both Figures 2 and 3 overall match
present and completely inhibiting the reaction. The characteristic the experimental data very well, with the exception of the
diffusion time for oxygen is described by the quantity2)%/ autoacceleration regime. Future work will be conducted toward
D, or half of the characteristic diffusion length squared divided refining the parameters that define this region. Figure 4 shows
by the diffusion coefficient. Thus, a 1@m sample has a  the simulated depth profile for the 4n sample, which details
characteristic diffusion time on the order of 0.25 s, while a 100 the great difference in double-bond conversion throughout the
um sample has a characteristic time on the order of 25 s film. The top 10um of the films have minimal conversion, while
(assuming oxygen has a diffusivity 6f106 cn?/s in HDDA). the lower depths of the film have almost complete conversion.
In this manner, it can be seen that the film thickness plays an This difference causes a tacky layer to form on the top of the
important role in determining the extent of oxygen inhibition film, while the rest of the film is well-cured, vitrified, and hard.
as well as a role in the heterogeneity of the film's properties.  Another variable that dramatically affects the extent of oxygen
Figures 2 and 3 show the effect film thickness has on the inhibition of free-radical photopolymerizations is the initiati&nDV
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Figure 4. Model simulations of double-bond conversion as a function
of cure time and sample deptRy, = 0.21 atm. DMPA= 0.2 M (5 wt
%), light intensity= 50 mW/cn?.
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Figure 5. Double-bond conversion vs cure time for samples with
varying irradiating light intensitie®?o, = 0.1 atm DMPA= 0.2 M (5
wt %), thickness= 12 um. Model simulations are shown with lines.

rate. Polymerization will not occur until it competes with the
inhibition reaction. Because of the fact that the inhibition rate

Macromolecules, Vol. 39, No. 7, 2006
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Figure 6. Inhibition time vs initiator concentration of HDDA
equilibrated in air and then laminated. Light intensity5 mwW/cn¥,
sample thicknesss 50 um. Model simulations are shown with lines.
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Figure 7. Double-bond conversion vs cure time for samples exposed

to varying oxygen concentrations. Light intensity50 mW/cn#, DMPA

= 0.2 M (5 wt %), thickness= 12 um. Model simulations are shown
with lines.

light intensity is increased to 25 and then 50 m\Wicrtine
polymerization rate and double-bond conversion both increase.
However, a light intensity much greater than 50 m\Wdm
required to achieve as high a conversion as the film with no
oxygen present. We can look further at the relationship between
the initiation rate and oxygen inhibition in Figure 6. The
inhibition time for the polymerization reaction is the time it
takes for an inhibitor, oxygen, to be removed from the system,
and the polymerization reaction to start. This time approximated
as follows:

constant is 4 orders of magnitude greater than the propagation

rate constant, and the equilibrium oxygen concentration of
acrylates in air is~1072 M, nearly all of the oxygen must be
consumed for the polymerization rate to be significantly greater
than the inhibition rat&18 Thus, if this point is reached very
rapidly, the polymerization that occurs will increase the film's
viscosity and decrease oxygen'’s ability to diffuse, and there will
be ample initiator remaining to facilitate near complete double-
bond conversion to occur. Conversely, if this condition is
reached very slowly, a large quantity of the initiator will be
consumed in the process, and very little polymerization will
occur due to the limited remaining initiator. Figure 5 shows
the effect of varying the irradiating light intensity on oxygen
inhibition of free-radical photopolymerizations. The initiation
rate is defined &8

R = ¢elC, @
where ¢ is the initiator efficiency,e is the initiator molar
absorptivity,C; is the initiator concentration, arids the light
intensity. Thus, as the light intensity is increased, the initiation
rate proportionally increases. As the light intensity increases,
the photopolymerization reaction will be able to better compete
with the inhibition reaction. In Figure 5, the film irradiated with
1 mW/cn? has very low double-bond conversion, yet as the

N [02] cons
tinhib ~ RI

where [Q]cons iS the amount of oxygen that needs to be
consumed and®, is the initiation rate. It has previously been
found that the [@]ss the steady-state oxygen concentration in
the film, is on the order of 1 M,>8 and thus with the
equilibrium oxygen concentration in acrylates a0 M,
nearly all of the oxygen must be consumed for the reaction to
proceed. From eq 2, it is seen that as the initiation rate is
increased, the inhibition time decreases, as also confirmed by
Figure 6.

Finally, the effect of the ambient oxygen concentration on
oxygen inhibition was explored. The dissolved oxygen concen-
tration in the monomer is affected by both the partial pressure
of oxygen surrounding the monomer film and the chemistry of
the monomer itself. Thus, by varying the ambient partial pressure
of oxygen, the dissolved oxygen concentration will change and
dramatically affect the oxygen diffusion rate and the extent of
inhibition of the polymerization. Figure 7 shows the effect that
increasing the oxygen diffusion rate by increasing the ambient
oxygen concentration has on the polymerization reaction kinet-
ics. As the ambient oxygen concentration is increased, the
dissolved oxygen concentration at the monomer film’s surféf)ev

)
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a100 ——4m8———————————— erized in samples open to air will reduce mechanical properties
80 % and may lead to undesirable products.
5 6ol +f * Conclusions
il The impact of oxygen on the photopolymerization of HDDA
= 40} 1 was investigated using both experimental and modeling efforts.
20l Specifically, the effects of varying film thickness, light intensity,
and oxygen concentration on the extent of oxygen inhibition of
0 e the polymerization reaction were studied. As the film thickness
0 10° 240 4x10* 610 810 1x10° was increased, the overall average conversion in the film
Dissolved Oxygen Concentration (M) increased due to the lack of oxygen diffusion to the lower depths
b) 1%10° : : : : of the film. However, simulations showed that there was great
= } heterogeneity in the double-bond conversion profile due to the
L 810° \ i ’ 1 complete inhibition of the reaction in the top it of the film.
é . * Increasing light intensity or the initiation rate increased the rate
g %10 of radical production, allowing the polymerization reaction to
ﬁ porea 1 occur before oxygen diffused back into the film. This polym-
o erization in turn increased the double-bond conversion and
g 240° 1 increased the viscosity significantly, blocking oxygen diffusion
completely. Finally, the effect of the initial dissolved oxygen
0 10° 240" 240" 640% B10° 140° concentration on the resulting bulk mechanical properties was
Dissolved Oxygen Concentration (M) examined. It was found the due to the low concentration of short

Figure 8. Glass transition temperature (a) and storage modulus (b) at chains formed from the peroxy radicals, no plasticizing effect
25 °C of HDDA with varying initial dissolved oxygen concentrations was observed in these films.
from argon (0 atm) to air (0.21 atm). All samples were cured with a

light intensity of 1 mW/crf and 0.1 wt % DMPA to a final double- ;
bond conversion of 8% 2%. Sample dimensions were 13x52.5 x Acknowledgment. This work was supported through grants
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