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ABSTRACT

A kinetics model for prediction of double-bond conversion and gel time in the photopolymerization of
multifunctional acrylates is presented. The system consisting of a trifunctional acrylate, trimethylol-
propane triacrylate (TMPTA), and a photoinitiator, 2,2-dimethoxy-1,2-diphenylethan-1-one (DMPA), was
studied using Fourier-transform infrared spectroscopy (FTIR) measurements to monitor double-bond
conversion and microrheology techniques to quantify the gel time for this system. Rate constants for the
kinetics model were first estimated by fitting the model only to the FTIR double-bond conversion data,
and later to both the FTIR and microrheology data. The measured gel time correlated with both the
calculated initial rate of radical generation and a constant value of the predicted double-bond conversion,
over a broad range of conditions. The model allows for materials formulation and exposure source
intensity variables to be included in stereolithography inverse problem solutions, and could be applied to
other cross-linking based photopolymerization systems.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The photopolymerization kinetics of multifunctional acrylates
has been studied extensively. These polymers are used in a wide
array of applications ranging from lithography and coatings to
biologically related uses such as dental composites and contact
lenses [1]. The vinyl bonds on an acrylate react readily in the
presence of radicals, and it is this fast rate of radical polymerization
that makes acrylates attractive as compared to ionically polymer-
ized monomers such as epoxides. In the case of multifunctional
acrylates possessing multiple vinyl groups per monomer, reactions
between distinct chains are prevalent. These types of reactions,
known as cross-linking, bind different polymer chains in the
reaction volume into a network. Cross-linking does not occur
during photopolymerization of monofunctional monomers, thus
resulting in a soluble collection of linear chains. In contrast, the
cross-linked networks formed by multifunctional monomers are
insoluble and this is known as the gel state. Polymers formed from
the polymerization of pure monomers or mixtures including
multifunctional acrylates are used in a wide range of applications.
For example, several hydrogels that are used in tissue engineering
are non-toxic derivatives of acrylates, and the cross-linking abilities
of multifunctional acrylates are often exploited in these scenarios
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to achieve insolubility, high strength, and rigidity [2,3]. Moving
beyond simple bulk multifunctional acrylate polymerization, the
spatially controlled photopolymerization of multifunctional acry-
lates is the foundation on which stereolithography processes were
developed. The significant durability of the gel networks formed by
multifunctional acrylates is a desirable property in stereo-
lithography applications, where polymer parts of various shapes
and sizes are prepared using a computer generated exposure profile
to selectively solidify a complex polymer shape in a vat of poly-
merizable monomer [4—7]. It is important to correctly understand
and characterize the point at which gelation occurs (in space and
time), because it will determine the geometry of the resulting
polymer part.

Relating polymerization kinetics to solid part formation is
challenging. To date, models to predict the height of cured parts
take the form of analytical solutions to simplified kinetics—for
example, deoxygenated systems with radical concentrations at
constant steady-state levels [4]. In addition, measurements of the
final part shape after removal from the resin vat may be influenced
by part shrinkage during washing and drying steps, thus further
confounding attempts to quantify the polymerization kinetics by
solely measuring part height. This paper uses microrheology to
obtain experimental data in support of our efforts to establish the
relationship between polymerization kinetics and solid part height
through more advanced kinetic models. Of particular importance
here is the fact that microrheology can measure the location of the
gel front throughout the polymerization process in situ, and is
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therefore not impacted by shrinkage during washing or drying of
the final part. The time point at which a resin transitions from
a soluble liquid resin to an insoluble cross-linked network is called
the gel time, and this parameter can readily be quantified experi-
mentally through microrheology measurements [8—10].

In this paper, a model based on the kinetics of photo-
polymerization reactions of multifunctional acrylates is used to
compute the gelation time for various cure conditions. First the
experimental methods are presented, after which the kinetics
model is documented in detail. This kinetics model is initially fit to
the FTIR data only, after which the microrheology data are added to
obtain a simultaneous fit of the rate constants and thus provide
further model validation.

2. Experimental
2.1. Materials

Trimethylolpropane triacrylate (TMPTA, SR® 351) was obtained
from Sartomer® and the photoinitiator 2,2-dimethoxy-1,2-diphe-
nylethan-1-one (DMPA, IRGACURE® 651) was obtained from CIBA
Specialty Chemicals®. The chemicals were used as received. In
particular, the SR® 351 formulation of TMPTA contains 90—120 ppm
of MEHQ, and this inhibitor was not removed. Experiments were
performed on samples formulated with several different weight
fractions of DMPA in TMPTA, and no additional solvent was added to
these samples (Fig. 1).

2.2. FTIR procedure

Fourier-transform infrared spectroscopy was used to measure the
double-bond conversion of the TMPTA over a range of times
throughout the curing process. A sample holder was designed that
enabled both UV curing and FTIR characterization on the same
sample. This holder was made of two aluminum slabs, each with
a 1 cm diameter aperture in the center. The slabs were used to align
and contain two sheets of 65 pm thick polypropylene film, separated
by a 100 um thick Teflon® spacer to create a cavity. The cavity
between the polypropylene films provides a thin and disposable
sample chamber with rigid dimensions due to the Teflon® spacer
and aluminum plates. The transmission characteristics of poly-
propylene enable sample illumination with UV light. Mixtures of
initiator and uncured monomer were transferred into the sample
chamber by pipetting the liquid samples along an open edge of the
cell and allowing capillary action to fill the cavity. No attempts were
made to remove oxygen from the TMPTA; rather, the TMPTA was
assumed to be in equilibrium with the oxygen in the ambient envi-
ronment. Three different initiator weight fractions were used for the
FTIR measurements: 0.50%, 5.0%, and 10% DMPA. The entire sample
holder was exposed to ultraviolet light from a Spectra-Physics

— UVlight
— Shutter
BP filter
Mask
—_ seetefs , Uncured monomer
oo O EEEIEE-Q—— o Curedregion

N Tracer particles

Fluorescent light
(for microrheology)
— Microscope objective

Fig. 2. Schematic of the cure setup used in the experiments and model.

1000 W Hg lamp through an IR water filter and bandpass filter
(center wavelength 365 nm, full width at half-maximum 10 nm,
peak transmission 55%), resulting in illumination at 365 nm and an
intensity of 140 W/m?. The exposure time of the samples was
controlled via an electronic shutter (Uniblitz, Vincent Associates)
that was operated through a customized LabView program for
precise timing. A schematic of this setup is shown in Fig. 2.

Following UV irradiation for a controlled time period, FTIR
measurements on the samples were performed ex situ using
a Bruker FTIR (Bruker Vertex 80v) instrument operating in trans-
mission mode. A total of 100 scans were collected for each sample
at a resolution of 4cm~! to compile absorbance spectra. The
double-bond conversion was calculated using the area under the
C=C peak at 1625 cm~. Because the carbonyl content in the resin
does not change during photopolymerization, the peak corre-
sponding to asymmetric carbonyl stretching (C=O peak at
1720 cm~!) was used as an internal standard in the FTIR analysis so
that corrections could be made for slight variations in the cell path
length. The peak area ratio (PAR) is defined as

Area1 625 cm !

PAR =
Al‘ea]720 cm-!

(1)
where Areajgys (1 is the area under the C=C peak and
Area;7y9 cm1 1S the area under the C=O0 peak. Based on this peak
area ratio, the double-bond fractional conversion « is calculated as

PAR
where PAR;_yis the initial value of the peak area ratio before any UV
exposure.

Fig. 1. (a) The trifunctional acrylate monomer SR®351, trimethylolpropane triacrylate (TMPTA); (b) the photoinitiator IrgaCure®651, 2,2-dimethoxy-1,2-diphenylethan-1-one

(DMPA).
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2.3. Microrheology

The gelation time of the TMPTA was measured via in situ particle
tracking microrheology using the same optical setup that was used
to illuminate samples for the FTIR experiments. Microrheology
experiments were carried out under various exposure intensities,
initiator concentrations, and with the focal plane of the microscope
used to observe particle motion set at varying depths in the sample.
The microrheology technique used in this work tracks the Brow-
nian motion of individual 0.50 pm diameter fluorescent silica tracer
particles using a high-resolution optical microscope (Leica DM-
IRB), a CCD camera (Sentech STC-720) and frame grabber (Image-
nation PCX-200AL), and image processing software (IDL, ITT VIS) to
extract particle positions and reconstruct particle trajectories. In
short, the “gel time” in microrheology experiments refers to the
time at which a rapid change in the Brownian mobility of tracer
particles is observed, indicating a sudden transition from a viscous
liquid to an elastic network due to cross-linking of the trifunctional
monomer [8].

Sample chambers of 120 um thickness for the microrheology
experiments were created by placing Parafilm spacers between two
glass slides and slightly melting and cooling the Parafilm. A pipette
was used to introduce the solution containing TMPTA, DMPA, and
silica nanoparticles into the sample chamber. The concentration of
tracer particles was extremely low (ca. 0.01 volume%) in order to
facilitate tracking of individual tracers without affecting the optical
properties of the sample. The sample was then exposed to UV,
while simultaneously recording tracer particle motion at a well-
defined focal plane in the sample. Further details on the experi-
mental procedures for the microrheology measurements may be
found in an earlier publication [8]. The specific experimental data
points used in this paper for model comparison are given in Table 1,
where Iy is the incident intensity, [In] is the photoinitiator
concentration, z is the depth into the sample from the top illumi-
nated surface, and fge| is the microrheology measured gel time.

3. Model

3.1. Rate equations

ke

R +R- = Ryead (R3)

ko,

R- + 03 = Rgead (R4)

where Rgead is any species produced that destroys one or more
radicals.

The decomposition of the initiator is modeled as a first-order
reaction with rate constant kq. Two primary radicals are created per
DMPA photoinitiator molecule [11,12], as shown in Reaction (R1).
Once radicals have been formed in the system, the other three
reactions (R2)—(R4) are assumed to be possible, which are modeled
in this work with three additional rate constants: k;, for propaga-
tion of a radical through an acrylate double bond, k; for termination
between two radicals, and k; o, for termination of a radical with an
oxygen molecule. The termination reaction (R3) is a combination
reaction, yielding a single species as the product. Vinyl monomers
such as acrylates have been shown to terminate mostly via
combination, rather than by disproportionation [13]. However, this
assumption is not actually relevant for the modeling here, since this
work does not involve modeling the molecular weight or concen-
tration of polymer. Instead, the focus of this work is modeling the
consumption of vinyl double bonds in the system, and it is this level
of double-bond conversion that is used as a predictor of other
polymer properties. It should also be noted that chain transfer
reactions are not explicitly included here, but again such reactions
would be of no consequence in terms of tracking the level of
double-bond conversion in the system. In addition to the propa-
gation and termination reactions, oxygen dissolved in the reaction
volume can act as a radical scavenger, inhibiting both propagation
and termination [14], and is thus explicitly included in the model.

Because we are using a multifunctional monomer, the double-
bond conversion in the system is not proportional to the fraction of
monomer consumed—the trifunctional monomer in polymer may
still have one or two remaining unreacted double bonds. Thus, we
model only the concentration of double bonds in the system, and
not the concentration of free monomer, as is typical when modeling
the reaction of linear polymers.

Given the four chemical reactions above, the following kinetics
equations on the four species can be formulated:

In this work, the reaction processes and time-dependent d[ln] k(D) 3
. . . S : = —kql(z)[In] (3)
concentrations of various species typical in a radical photo- dt
polymerization process are modeled, including the concentrations
of photoinitiator [In], radicals present [R-], unreacted double bonds dR-] 2
- " D —— = 2kql(z)[In] — 2k¢[R-]°—k¢ o, [R-][O 4
[DB], and oxygen [O3]. The reactions considered in this work are: dt al(2)[In] tlR-] £0,[R-][02] 4)
kg d[DB
In-52R- (R1)  9dDB _ ;R DB 5
i o[R-][DB] (5)
kp 0[0,] 92[0,]
R- +DB—R: (R2) ot = ko, [R]02] + Do, (6)
Table 1
Microrheology data from Slopek [9].
Run 1 2 3 4 5 6 7 8 9 10 11 12
Ip [W/m?] 10 10 10 10 10 10 10 10 10 10 10 10
[In] [wt] 5 5 5 5 5 5 8 6.5 5 4 3 2
z [um] 112 106 68 44 20 8 60 60 60 60 60 60
tger [S] 9.0 8.8 7.3 6.0 43 3.8 5.3 5.8 6.7 7.5 8.8 11.5
Run 13 14 15 16 17 18 19 20 21 22 23 24
Ip [W/m?] 10 10 10 4 8 8 4 6 8 10 12 14
[In] [wt] 1 0.5 0.25 2 2 1 2 2 2 2 2 2
z [um] 60 60 60 60 60 60 60 60 60 60 60 60
tget [5] 17.3 26.7 412 225 11.7 202 225 14.0 11.7 9.8 8.1 7.3
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Equation (6) is a partial differential equation, in which we explicitly
model the diffusion of oxygen within the resin sample in the
vertical direction, the only direction in which concentration
gradients can develop. Due to its high diffusivity in TMPTA, the
oxygen may diffuse from uncured top layers of the sample chamber
down to the curing front, competing with double bonds for radicals
and significantly slowing down the conversion rate and gel time.
The chamber is sealed by the two glass slides, and thus insulating
boundary conditions are applied at both the upper and lower ends
of the simulation domain. The local illumination intensity is I(z),
which deviates from the incident intensity Ip due to the absorption
by the resin.

3.2. Parameterization of the model

There are four unique rate constants in the kinetics model, plus
the diffusivity of oxygen in TMPTA. The values of the physical
parameters used in the model presented in this work are shown in
Table 2.

The decomposition kinetics of a photoinitiator into initiator
radicals are typically modeled using the first-order rate constant
[19]

_ 2.3¢eA
kg = Nahe (7)

where 0 < ¢ < 1 is the quantum efficiency of the photoinitiator, Na
is Avagadro’s number, h is Planck’s constant, and c is the speed of
light. The molar absorptivity of the resin, ¢, depends upon the
source wavelength A. If ¢ =1, each photon absorbed triggers
a single decomposition reaction to generate the desired initiator
radical(s) product. The overall rate of initiator decomposition R; is
modeled by multiplying the rate constant kq by the initiator
concentration [In] and the local intensity (I):

R = kql(2)[In] (8)

1(z) = Ipexp{—2.3¢z[In]}

The incident intensity at z=0 is Iy, but within the sample at z > 0,
the intensity will be attenuated, due to absorption of the light in the
resin. Beer’s law was used along with the molar absorptivity ¢ to
yield the rate of initiator decomposition at depth z.

The TMPTA rate constants for propagation and termination have
been estimated at elevated temperatures and lower values of R;
than those considered here [20,21]. The rate constant for oxygen

Table 2
Physical parameters used in the kinetics model. Values given are for the initiator
DMPA and the monomer TMPTA.

Variable  Description Value Units Reference

Prmon Density of monomer 1.1x 108 g/m?

MWpon  Molecular weight 296 g/mol
of monomer

MWipit Molecular weight 256 g/mol
of initiator

A Wavelength of 365 nm
light source

€ Molar absorptivity 15 m?/mol  [15]
of initiator at wavelength A

¢ Quantum efficiency 0.6 - [16]
of initiator

Dmono,  Diffusivity of oxygen 1.0x107'° m?s [17]
in monomer

[02]p Initial concentration of 1.05 mol/m>  [18]

oxygen in TMPTA, at
equilibrium with ambient air

termination k o, is often expected to be faster than k, due to some
combination of a higher intrinsic reactivity of oxygen with a radical
as compared to the vinyl double bond or to a higher diffusivity for
oxygen in the resin than the monomer itself [22,23]. In the study
here we do not assume specific values of ky, k, and k; o, a priori, but
instead fit them to the experimental data and discuss the values in
the context of available estimates in the literature.

The diffusivity of oxygen in TMPTA has been estimated [17], as
noted in Table 2. The diffusion length L = /Do, 7 can be computed
as L =50 um for a time scale 1 =30 s, which is one of the longer gel
times recorded in our study. Compared to a cell depth of 100 pm,
diffusion of oxygen could therefore be significant over the experi-
mental timescales, although it is not so fast as to create a uniformly
well-mixed environment either. Therefore, oxygen diffusion has
been explicitly modeled and included in this work. The diffusion of
DMPA in TMPTA is expected to be significantly slower due to its
higher molecular weight, and thus its diffusion is not included in
Equation (4) of the kinetics model.

All calculations were performed using MATLAB®. The resin
sample was discretized vertically into slices of thickness Az=5 um.
The spatial second derivative for the oxygen diffusion was approx-
imated using a centered finite difference method, with insulated top
and bottom surfaces representing the glass slides sealing the top
and bottom surfaces. Integration of the resulting ordinary differ-
ential equations was performed using the built-in function ode23s.
The function minimization to fit the rate constants was imple-
mented using the patternsearch function in MATLAB®.

4. Results

Of the four rate constants used in the model, the initiator
dissociation rate constant has been the most thoroughly docu-
mented in the literature. Here we use the nominal value for kq
calculated from Eq. (7) using the physical constants reported in
Table 2 and fit the remaining three rate constants using several
different assumptions.

4.1. Fit to FTIR conversion measurements

A simultaneous fit was made to TMPTA double-bond conversion
data from two sources: the measurements of Lee et al. [24] which
used in situ FTIR under deoxygenated conditions, and the ex situ
FTIR measurements made in this work in the presence of ambient
oxygen levels, as described in Section 2. A subsequent dark reaction
following UV irradiation is modeled for the oxygenated data sets
collected in this work since it is an ex situ measurement that occurs
on the time scale of minutes after the initial exposure is completed.
In this case, the dark reaction was simulated for 60 s, after which
it was found that all radicals in the model have terminated.
The diffusion of oxygen within the resin is also included in the
model predictions. The conditions used for the deoxygenated
data set are similar to the oxygenated experiments, with incident
intensity Ip=140 W/m? at the wavelength A=365nm, and
a DMPA concentration of 1.0 wt%. Lee et al. used a sample thickness
of 15 um, much thinner than the 120 um sample described in
Section 2.

The best-fit values for the three rate constants {kp, k¢, ko, } are
found by minimizing the sum squared error (SSE) between the FTIR
experimental measurements and model-predicted double-bond
conversion:

2 «1 N

2
SSErmk = Y (= (a2 — aPi* (kp, ke, kro,) ) (9)

iz \ i
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Here the index j denotes the double-bond conversion « at the jth
time point (in experiment i). Since there are two experimental
studies used in this fit, the quantity SSEgyr is thus the sum of the
two average sum squared errors. The number of data points in
experiment i is ng;.

The motivation for building the kinetics model presented in
Equations (3)—(6) is to incorporate more chemical detail relevant
for radical polymerization at early conversion, such that the gel
time or exposure dose required to form a gel can be predicted as
a function of the sample composition and processing conditions.
Thus, only the data points at early conversion were used in fitting
the rate constants, and consequently the model predictions will
only be accurate for early conversion prior to gelation.

The best-fit values for the rate constants are {kp,kt kio,}
= {0.498,1.30,2.11} m3/mols, and the corresponding predic-
tions are shown in Fig. 3. Only the points marked with ‘X’s were
used in the fit. In the Lee data shown in Fig. 3(a), only points up to
15% conversion were used in the fit, which establishes a clear slope
consistent with a constant value of kp/+/kt, as expected for deox-
ygenated systems with constant values of the rate constants [4].
Beyond this point, the slope of the conversion curve begins to
decrease, consistent with increasing viscosity as the polymerization
continues to proceed toward imminent gelation. In the oxygenated
data set of Fig. 3(b), the data points up to 5 s were included for the
lowest weight fraction of initiator (0.5 wt% DMPA). An initial
transient is apparent up to 2 s, which is expected due to the pres-
ence of oxygen that quenches radicals and prevents significant
polymerization until it is consumed. Thus the additional 3 s of data
was included in the fit to capture the upturn in the conversion
beyond this initial slower startup period. At the higher initiator
weight fractions, the ex situ measurements did not have the time
resolution to capture lower conversions, so the first point was
included from the 10% DMPA experiment, and the first two points
for 5% DMPA, in order to represent the fast kinetics observed for
these high initiator loadings. When the data for 5% or 10% DMPA
were not included in the fit, a lower value of kp//k: was computed,
and the predictions for 5% and 10% DMPA were significantly slower,
inconsistent with the data in Fig. 3(b).

Overall, the model predictions shown in Fig. 3 compare well to
the experimental measurements at early conversion, using a single
set of rate constants for both data sets. At longer times, the system
gels, preventing full conversion to be achieved, while the constant
values of the rate constants in the model will allow for predictions
of 100% conversion as possible. The constant slope in the deoxy-
genated data is well predicted by the model (kp/+/k¢=0.44). In the
oxygenated data set of Fig. 3(b), the conversion rate is slightly

a
o
_ 30 o 00©
S o
= o
g 20 -
W
5]
= "
o 10 - :
i simulation
x data
0 2 4 6
time [s]

overestimated at the low DMPA loading level, while slightly
underestimating the high loadings.

We do not argue here that this set of rates is unique. For
example, as long as the quantity of k,/ /k is maintained constant,
kp and k; can be varied over a significant range, with little impact on
the conversion predictions. However, for values of k, much less
than 0.1, there would not be significant polymerization on the
timescales of the experiments, which is inconsistent with the data.

4.2. Joint fit to conversion from FTIR and gel time from
microrheology

The objective in this study is not simply to predict conversion,
but rather to use a physically realistic model to predict the gelation
time at which the liquid monomer is converted into a solid gel.
In previous polymerization studies, monomer conversion has
frequently been used as a predictor of gelation. For example, Flory
provides a criterion for gelation in step condensation polymeriza-
tion based on the conversion « and monomer functionality f—only
beyond a critical conversion ¢, can a percolating gel network be
formed [25].

o — L

Cc — f — 1
For our trifunctional monomer, a maximum of f= 6 branches can be
formed in a radical polymerization, so «c=20%. This expression
assumes no cycle formation, while a modified version assumes
equal probability of cycle formation

- 1
f-1

and for f=6 yieldsa. = 44%. Here we are dealing with a con-
centrated monomer, so cyclization may be less important than
a dilute monomer in solvent. However, the chains are initially
growing in isolation, and cycle formation cannot be ruled out
either. More significantly, these expressions are derived for step
condensation, but the kinetics of radical polymerization incorpo-
rates multiple reaction species and events. Critical conversion
arguments have also been used for multifunctional acrylate radical
polymerization, and the final expressions depend upon the indi-
vidual rate constants for termination, initiation, and propagation
[4]. Similar approaches have recently been developed for living
radical polymerization [26]. However, in both cases a steady-state
radical concentration is assumed, and neither the oxygen termi-
nation nor oxygen diffusion is included. Despite the complexities of

b 80—
/
— I 00 o o) o
® 60 IJO
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' 40p e
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Ve *  data
0
0 5 10 15 20
time [s]

Fig. 3. Conversion data by FTIR, along with the model-predicted conversions «. The three rate constants used here were fit to the FTIR data only: (a) deoxygenated conditions and
(b) oxygenated conditions. The ‘x’s represent data points used in the fit, and the ‘0’s are data points not used to fit the rate constants. In (b), the blue solid curve and symbols are for
0.5 wt% DMPA, the red dashed curve denotes 5 wt% DMPA, and the green dashed-dot curve is 10 wt% DMPA. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article).
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Fig. 4. Plot of microrheology data, and simulated curves with different conversion cutoffs:
10% (blue solid), 20% (red dashed), 30% (black dashed-dot). The rate constants used in the
simulation were fit to the FTIR data: {kp, k. keo,} = {0.498, 1.30,2.11} m3/mols. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

the kinetics, the concept of using a critical conversion for predicting
gelation might still be appropriate. Therefore, it was decided to
experimentally determine if a single critical conversion criterion
could be established for this system.

Here gelation is defined as the time at which the liquid mono-
mer is converted into a solid gel. This transition was measured via
microrheology as a sudden drop in the local particle mobility. It was
hypothesized in this work that the gel time fge at a particular
position in the vat should depend strongly upon the local initial rate
of radical generation R;. Therefore the rate constants estimated
from the FTIR data were used to compute R; for each of the 24
experimental data points in Table 1. In Fig. 4, the measured gel time
tgel is plotted versus R;, and in fact does fall along a single curve,
within an experimental variation of 1 s. Apparently the quantity R;
alone is sufficient to predict the gel time in this system. Of course, R;
depends on many quantities, including the depth in the sample, the
initiator weight percent, and the intensity and wavelength of the
UV source. This data suggests a simpler design principle, in which
any single process setting can be used to vary R;, and thus the value
of tge at each point in the resin sample. Conversely, to obtain
a particular tge at a desired depth z in the vat, either the intensity Io
or the initiator concentration [In] may be adjusted to achieve the
corresponding value of R;.

Slopek [9] also reported microrheology measurements for
deoxygenated samples, which form gels much more rapidly—at
times less than 5 s for all R; > 0.05 mol/m?s. It is difficult to draw
a definitive conclusion about this deoxygenated data set, due to the
limited experimental resolution, but the data did not appear to fall
along a single curve on the tg—R; plot. Additional unmodeled
effects, such as heat release, molecular weight-dependent rate

“constants” or residual oxygen levels, might need to be included in
the model to accurately predict tge in such cases. Instead, here we
focus on predicting the gel time in the presence of ambient oxygen,
which is of more practical relevance for stereolithography.

The goal of this work is to use the kinetics model to predict gel
time or gelation dose of illumination so that inverse process design
problems like stereolithography might be more accurately solved,
even though the kinetics model defined and discussed earlier in
this paper only predicts double-bond conversion, as shown in Fig. 3,
along with the concentrations of initiator, radical, and oxygen.
Viscosity is often modeled as a function of molecular weight, but
this dependence was not incorporated into the kinetics model used
here for simplicity and to avoid overfitting. Flory predicted a critical
value of the double-bond conversion, after which gelation is
possible [25], so it was hypothesized in this work that TMPTA
double-bond conversion might be correlated with gel time. If such
arelationship is valid, then it would provide the connection needed
to utilize the kinetic model for predicting the required gelation
dose in applications such as stereolithography.

The results of investigating constant double-bond conversion
criteria for fitting the microrheology gel time data are shown by the
curves in Fig. 4, denoting the times at which 10%, 20%, and 30%
conversion was reached, at each of the 24 settings used in the
microrheology experiments. Because microrheology is an in situ
measurement, no dark reaction is included in the simulations, but
the effect of oxygen diffusion is included. The lines connecting the
24 modeled points are used only to guide the eye. A strong corre-
lation between the data and the model predictions is evident, and
the conversion cutoff of 20% appears to provide the best agreement.
The point with the largest disagreement is at the smallest value of
R;, as the curves asymptotically approach infinity.

The rate constants used in the simulations in Fig. 4 were
computed using only the FTIR data, and they are not necessarily
unique. It might be possible to improve their estimates by per-
forming a simultaneous fit to both the FTIR and microrheology data.
This simultaneous fit could add insight into the fundamental rate
constants and underlying phenomena; it could also allow for better
fitting of the microrheology data for tge| using a conversion cutoff
Qcut- To perform this simultaneous fit, we defined the average
squared error over the set of 24 microrheology measurements as

1 24 pred 2
SSE, = ﬁ;(tggﬁs - tgeu) (10)

and then computed the three rate constants to minimize
SSEfTiR + SSEﬂrh.

The best-fit rate constants are shown in Table 3, for the three
different conversion cutoffs shown in Fig. 5 along with two addi-
tional intermediate values. The values obtained by fitting only to
the FTIR data are shown in the first row for comparison. The
numerical values of the sum squared fitting errors are also given in
the table. Several observations can be made from Table 3. Including
the microrheology data in the fit does not dramatically change kj, or
ki, and thus kp/\/ki~0.44 for all cases in the table. The sum

Table 3
Rate constants and average sum squared error for various fits to the experimental data.
Aeut [%) kp [m?/mols] k¢ [m*/mol s] ko, [m?/mol s] kp/v/ke SSErmr SSEurn SSEFriR + SSEurh
- 0.498 1.30 211 0.438 106.5 — —
10 0.535 1.60 3.11 0.423 1174 22.6 139.9
15 0.533 1.49 2.56 0437 109.0 10.1 119.1
20 0.504 1.31 2.06 0.440 106.6 6.8 1134
25 0.493 1.26 1.74 0.439 108.8 7.9 116.7
30 0.502 1.30 1.56 0.441 1134 123 125.7
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Fig. 5. Plot of fits for three conversion cutoffs: 10% (blue solid), 20% (red dashed), 30%
(black dashed-dot). The rate constants used in each fit were optimized for that
particular value of the conversion cutoff. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

squared error for the FTIR term is expected to increase when the
microrheology data is included in the fit, due to the tradeoff in
fitting to more data points. However, this increase is slight, and for
the 20% conversion cutoff value there is virtually no loss of accuracy
in the FTIR prediction. The conversion cutoff of 20% provides the
best overall accuracy among the five cutoff values, having the
smallest microrheology fitting error, as can be seen in Fig. 5.
The cutoffs of 15% and 25% are nearly as good.

The simulation results shown in Fig. 5 are similar to those in
Fig. 4, because the rate constants did not change substantially
among the various fits. The three curves in Fig. 5 are somewhat
closer together, compared to Fig. 4, since their rate constants are
now optimized to fit the gel time data. Note that the value of
kp/ \/ki~0.44 changed very slightly as the conversion cutoff was
changed. The slope on the deoxygenated FTIR data is strongly
sensitive only to this quantity, so that it would be difficult to ach-
ieve a good overall fit to the FTIR and microrheology data without
having kp/+/ke ~0.44.

The change in conversion cutoff was compensated in the opti-
mization by a slight change in the value of the oxygen termination
rate constant: as the conversion cutoff was raised, the value of k; ¢,
decreased by 50%. The effect of this decrease on the kinetics is that
fewer radicals are terminated by oxygen early in the cure process,
thus prolonging the time during which oxygen is present and
ultimately speeding the polymerization. This effect was particularly
important for the smallest value of R;, as can be seen by comparing
Figs. 4 and 5.

5. Discussion

As mentioned previously, the rate constants obtained from this
fit are not necessary unique. The value of the oxygen termination
rate and value of kp/+/k; are both local minima in the sum square
errors indicating a unique fit, while the exact values of kj and k¢
could not be uniquely estimated. Adding the microrheology data
to the FTIR data does not provide the additional information
needed to better estimate the “true” values of the rate constants,
nor does it contradict the values of the rate constants obtained
solely from the FTIR data. However, adding the microrheology
data to FTIR data does suggest that our FTIR-estimated

rate constants are predictive for computing both conversion and
gel time.

Constant values were estimated for the three rate constants,
even though they are expected to depend on the viscosity. More
specifically, the viscosity approaches infinity as the system
approaches the gel point. However, Anseth et al. found that k, / Ve
for TMPTA is approximately constant up to the highest measured
value at 14% conversion [21]. This is also consistent with observa-
tions in the microrheology experiments. The viscosity is approxi-
mately constant, and then increases rapidly when the system
approaches gelation. The time of this transition is the gel time as
measured by microrheology.

The values of the rate constants for TMPTA can be compared to
kinetic parameterizations in previous studies. Anseth et al. deter-
mined rate constants for TMPTA using experimental results from
a photo differential scanning calorimeter (DSC), including
a dependence on free volume [21]. They applied the steady-state
analysis for radical concentration during continuous irradiation of
the resin to obtain the ratio kp/ /kt as a function of the propagation
rate (measured through the DSC). By turning the UV source on and
off, non-steady-state analysis was applied to separately estimate
the ratio kp/k;, thus enabling independent estimates of k, and k.
They estimated k, = 0.4 m3/mol s and k¢= 100 m?/mol's at the low
conversion limit, yielding a value of kp/+/k: = 0.04 (m3/mol 5)07,
This value of kp is consistent with ours in Table 3 (k,=0.5 m’/
mols), while our value of k;=1.3 m?>/mols is significantly lower.
There are two notable differences between our experimental
conditions. First, the experiments in Anseth et al. [21] were con-
ducted at 30 °C, while ours were at ambient temperature. More-
over, their value of radical generation rate is R; < 0.002 m3/mols,
which is an order of magnitude below our range of
0.02 < R; < 0.23 m*/mol s as seen in Figs. 4 and 5. Termination, and
even the overall mode of polymerization and cross-linking, may be
very different in different R; regimes. Our model presented here
represents a range of R; that is of practical interest for stereo-
lithography, but it is not necessarily valid outside that range.

Given our estimate of the conversion cutoff of 20%, we can re-
evaluate the FTIR conversion data in Fig. 3(a) and (b). At a conver-
sion of 20%, the conversion is still increasing rapidly in both sets of
experiments. While this might at first appear inconsistent with
gelation, that is not necessarily the case. Conversion will not
immediately halt at gelation, but rather the mobility of polymers
will cease, hindering both propagation and termination. In fact,
termination will slow down first, since two radicals must find each
other to terminate, and many radicals will be attached to polymer.
Propagation can continue more readily, since the primary radicals
and monomer can diffuse through the gel. Thus, Fig. 3 does not
contradict our conclusion, since the turn-over in the conversion
curves is expected during or after gelation. For consistency and
completeness we also used Equation (8) to compute the initial rate
of radical generation R; in the FTIR data, which is slightly higher
than for the microrheology data. For example, with the Lee
conditions [24] at 1 wt% DMPA, we obtain R; = 0.38 mol/m> s at the
incident surface, and R;=0.33 mol/m®s at z= 100 pm, compared
to a maximum value of R;=0.23 mol/m>s in the microrheology
data set.

The gel time predictions of the kinetics model presented here
are not necessarily more accurate than other alternative modeling
approaches. For example, a simpler model can be fit as R; tge; = 0.95.
Assuming that R;j is approximately constant over the irradiation
time, this model implies that the system gels once a fixed number
of radicals have been generated. While this is interesting to note,
and simple to compute, it is not as accurate as the kinetics model.
An alternative approach is to build an E.—Dj, model [27]. While this
model is also very simple to evaluate, its two model parameters are



A. Boddapati et al. / Polymer 52 (2011) 866—873 873

fit to experimental data for a fixed initiator concentration, irradia-
tion intensity, and wavelength, so it is not useful for gaining insight
into the underlying chemistry, or for designing a new process and
recipe. The kinetics model presented here can be used to design the
resin formulation and intensity profile for stereolithography of
TMPTA with DMPA, over a wide range of conditions and gel times. It
could also be applied to other initiators and multifunctional
monomers. Moreover, it could be used to determine the desired
properties of a monomer and an initiator, which would then enable
the rational selection of the chemical or even enable molecular
design of a new monomer with novel chemical reactivity.

6. Conclusions

A kinetics model was presented to predict conversion and gel
time as a function of the process conditions and the chemical
composition of the resin. The model was validated using the tri-
functional monomer TMPTA and the photoinitiator DMPA.
Conversion data was obtained from FTIR measurements, and gel
time data from microrheology. The gel time could be uniquely
predicted using only the initial value of radical generation, as pre-
dicted by the kinetics model. The data spanned over gel times from
5 s to 50 s, corresponding to an order of magnitude in both irradi-
ation intensity and initiator concentration. This simple design rule
relating R; to gel time can now be used to select process conditions
and sample recipe for applications of TMPTA and DMPA in stereo-
lithography. In addition, the relationship between the radical
generation rate and the gel time was correlated with a constant
value of the double-bond conversion. It also suggests that these
results may have further applicability to other monomer and
initiator systems.
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