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Abstract

This article presents, for the first time, comprehensive model based on the proposed mechanism of Rahal et al
[17], Bonardi {20], Tar et al [20], and Mau et al [24], for 3-component systems of G1/Iod/EDB, G1/lod/amine
(in gold chloride), and lod/Benzoic/Borate (for reduced oxygen inhibition) for the hybri free radical (FRP) and
cationic (CP) photopolymerization of interpenetrated polymer network (IPN) systems. Analytic formulas are
developed to explore the new features including: (i) conversion efficacy(CE) of FRP is an increasing function of
the light intensity (I), the effective absorption coefficient (b), for transient state, whereas, CE at steady-state is
independent to the light intensity; (i) initiator regeneration (RGE) provides a catalytic cycle for improved CE
for FRP and CP; (iii) in the IPN system, the synergic effects due to the co-exist of FRP and CP include: (i) CP
can increase the medium viscosity limiting the diffusional oxygen replenishment, such that OIH is reduced; (ii)
the cationic monomer also acts as a diluting agent for the radical polymer network, and (iii) the exothermic
property of the CP polymerization. We have proposed a scaling law for the transient and steady-state
dependence of CE on the key parameter P=bICo, given by a an m-order power law of P, with m =0.5
to 1.5, depending on various conditions. The CE also has an optimal value for maximum CE. The
presented comprehensive model (with minimum mathematics) focusing on the enhancement
mechanisms/pathways, provides analytic formulas which can be used to analyze reported data, and, more
importantly, serves as guidance for exploring new functional materials or new kinetic schemes for improved
conversion or procedures for both industrial and medical applications such as additive manufacturing (AM),
3D and 4D bioprinting. Finally, we have proposed new directions/experiments based on our theoretical
predictions.

Keywords: polymerization kinetics; conversion efficacy; free radical and cationic radical; photoredox catalyst;
3D bioprinting.

1. Introduction

Photopolymerization offers both industrial and medical applications such as dental curing,
microlithography, stereolithography, microelectronics, holography [1,2]. Light sources in UV (365
nm) has been conventionally widely, whereas light sources in near-UV (400-410 nm) and visible (430
to 680 nm) and near infrared (700 to 1064 nm) have been explored more recently in various
applications such as additive manufacturing (AM), 3D and 4D bioprinting [3,4]. Both spatial and
temporal controlled 3D processes were reported using single and multiple wavelength lights [7-11].

. Organic dyes used as visible light photosensitizers of polymerization have been extensively studied
[12,13], in which high extinction coefficients and their long-living excited states, offering high conversion with
various additives in the photocurable resins. For cost effective with long-living excited states, copper complexes
have been used as a new polymerization for the formation of acetylacetonate radicals by redox reaction with a
phosphine and to initiate the free radical polymerization (FRP) of acrylates or the free radical promoted cationic
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polymerization (CP) of epoxides [14-17]. Recently, Coumarin having dual function of photoinitiators in photo-
oxidation or photo-reduction in visible light were reported [18-20]. The efficiency of copper complex (G1) based
photoinitiating systems (G1/iodonium salt (Iod)/N-vinylcarbazole (NVK) was investigated by Mokbel et al [16]
for FRP of acrylates and CP of epoxides using light source (LEDs at 375, 395, 405 nm). Recently, Rahal et al [18,19]
also reported the difunction of Coumarin for 3D printing, and modeling was proposed by Chiu et al [20] to
analyze their data. Bonardi et al [21] reported high performance near-Infrared photoinitiating systems in the
presence of oxygen. Tar et al [22] reported the novel copper photoredox polymerization for in situ synthesis of
metal nanoparticles, and was analyzed by modeling of Lin et al [23]. More recently Mau et al [24] reported the
panchromatic (using 455 nm and 530 nm visible LED) of copper complexes photopolymerization.

. The present comprehensive model (with minimum mathematics) will focus on the enhancement
mechanisms/pathways, provides analytic formulas which can be used to analyze reported data, and, more
importantly, serves as guidance for exploring new functional materials or new kinetic schemes for improved
conversion or procedures in applications such as additive manufacturing (AM), 3D and 4D bioprinting. The
present article will skip most of the detailed derivations of the formulas with an emphasis on the synergic and
enhancement schemes, whereas more complex kinetics with detailed mathematical approaches, may refer to the
modeling published by Lin et al [7-11,17,23]. Furthermore, a greater details on the schemes of various systems
can be found in Lin et al [25].

2. Methods and Modeling Systems

2.1. Photochemical Kinetics (multi-components)

Photopolymerization in general includes free radical-mediated, cationic and anionic
catalyzed, and atom transfer radical polymerization. In a radical-mediated photopolymerization,
the monomer is converted to polymer after the light irradiation of the photoinitiator (PI) or
photosensitizer (PS). The UV (or visible) light produced triplet excited state (T) can couple with: (i)
the monomer [M], (ii) the oxygen (if system is in air), or (iii) additives (or co-initiators) producing
reactive radicals, which convert the monomer to polymer, The chain growth of a polymer radical
with m-links stops as a result of chain termination reactions, Termination of the radicals can occur
due to self-recombination, radical-radical coupling, or reacting with the additives. Each radical
becomes the center of origin of a polymer chain. Kinetic equations of an m-component radical
photopolymerization process may be described as follows.

We will consider a (n+1)-component system, with an initiator [A], triplet excited state (T), n-
additive Bn (n=1,2,3..), and one monomer (M), the kinetic equations for each of the component
concentration are given by

% = — (bI[A] — REG) (1)
I = bILA] — (k" + kM + K'[0;] + 552y knBo)T @
S = kMT + ky BT + Sy knBuRn — Xy knRiRy — Ky R\M )
B = Ky Buaa T+ Ty knBaRuss — Zims knRusaRe = KnyiRosaM (4)
M = —kTM = ¥%., KRy M (5)

dt

Where b is an affective absorption constant proportioanl to the light absorption and excited state
quantum yield, I is light intensity, RGE is the initiator-regeneration term. Eq. (2) shows the initiator
excited state (T) producing radicals (Rn) by its couplings to the monomer (M), oxygen, and co-
additives, Bn (with n=1,2,3...), and having a relaxation rate k". They collectively define the lifetime of
T, in which long lifetme leads to larger conversion efficacy. Eq. (3) shows the radical Ri produced
from two terms, the type-I, unimolecule cleavage term, kMT; and type-II bimolecular couplings of T
and additives (Bn), or enhanced extra radicals (Rn) from its coupling with Bn; the third term is the
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terminations due to radical-radical couplings, including a self-recombination (when n=1); last term,
defines the monomer conversion rate, KR1 due to radical Rn. Eq. (5) defines the monomer conversion
total rate function given by the type-I term, kTM, and the sum of all radical-mediated type-II terms,
including contributions form additive-enhanced effects via the second term of Eq. (4).

2.2 Kinetics for a 3-component system (A/B/N)

For comprehensive model, we will consider, as shown by Scheme 1, a 3-component system
(A/B/N) defined by the ground state of initiator, [A], which is excited to its first-excited state PI*,
and a triplet excited state T which couples with an additive [B] to produce an oxidized-A (or [C])
and a radical R, which interacts with co-additive N to produce radical S'. Further coupling of S'
and [C] produces another radical S and leads to the regeneration of [A]. Monomer M' and M
coupled with radicals R and S' (for FRP) and S (for CP) conversion, respectively.

G1/B/N (FRP+CP) system

[e]+ (W] == [5]+[]
A= T —»Eh.\
Pl

+|8 |
S

=1
C
) s |4
KN
Radicals ] E

R,S’,S For FRP for CP

Scheme 1. The scheme chart of a 3-component system, (A/B/N), withe two monomers, M' and M, for the
FRP and CP conversion, respectively, via radicals R, S' and S (see text for details).

Specific measured system related to Scheme 1 was reported by Mokbel et al [16] and a related
modeling by Lin et al [17], for a 3-component system of G1/Iod/amine system using a copper complex
(G1) and under a 405 nm LED. More recently, Mau et al [18] proposed the photoredox catalytic cycle
for a G2/Iod/EDB system, where G2 is a new copper complex having absorption peaks red-shifted to
visible of 455 nm and 530 nm. The photoredox catalytic cycle for the 3-component system G1/Iod/EDB
is shown in Scheme 2 with the associated kinetic reactions shown in Scheme 3: (r1) for the light initiate
copper complex (G2) to its excited triplet state G*; (r2) coupling of G* with Iod salt (Ar2I*) to produce
oxodized-G2, or G(II), and radical Ar°, which, in (r3), couples with EDB to produce radical EDBe,
which (r4) further couples with G(II) producing radical EDB(+) f and the regeneration of Ge; Also
shown is the oxygen inhibition effect (r5). The charge transfer between EDB and amine (without the
light excitation) producing radicals, S' and S, (r6).

Ar,I*
G1* .
hy Ar EDB
G1 GI*
EDB
EDB+(_H)
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Scheme 2. Photoredox catalytic cycle for the three-component system G1/Iod/EDB [18].

light + G2=G* (r1)
G*+ Aral* = G(Il) + Ar® + Arl (r2)
Ar® + EDB = Ar-H + EDB® (r3)
EDB° + G(Il) = EDB(+) + G2 (r4)
Ar° + Oz = Ar-O2 (r5)

Arol* + EDB = Ar° + EDB (+) + Al (18)

Scheme 3. The kinetic reactions for light initiated new copper complex (G2) for both FRP and CP
conversation using radicals of Arc and EDBe (for FRP), and radical EDB(+) for CP. Also shown are the
regeneration of G2 in (r4) and the the oxygen inhibition effect in (r5) and the charge transfer between
EDB and amine producing extra radicals, without the light initiation, (r6). See text for more details.

2.2. Formulas for conversion efficacy (CE)

The kinetic equations for 3-component system (A/B/N) with 2-monomer M' (for FRP) and M (for
CP) are given by the following, under the so-called quasi-steady-state conditions:
dT/dt=dR/dt=dS'/dt=dS/dt=0, In addition, the inttiator [A] rgeneration term (RGE) compensates its
light depeltion, i.e, d[A]/dt=0, or [A]=Ay, is a constant [ ]. The monomer conversions for FRP and CP
are given by Lin et al [19,20]
I = —(kT + KR + K'SYM (6)

dat

aM
=2 = —KSM (7)

The conversion efficacy (CE) of FRP is defined by CE'=1- M'/M'o ; and CE of of CP is given by CE=1-
M/Mo, which can be obatin by the time integral of Eq. (1) and (2).

Eq. (1) shows that the CE of FRP has 3 contributions: the type-I from direct coupling of T and M/,
kTM, and type-II from radical R and S'; whereas the CE of CP is only from one radical of R. Therefore,
FRP has high CE than that of CP, in general. For exampe, in the system of G2/Iod/EDB [ }, both radicals
Are and EDB?) lead to FRP (in monomer TMPTA), and has a higher conversion efficacy than that of
CP (in monomer EPOX), which is produced by only one radical EDB(+). As shown by the kinetic
equations shon in Scheme 3. Eq. (14) and (15), the rate function of FRP is about twice of CP.

Under the quasi-steady-state, the parameters of Eq. (1) and (2) are given by, Linetal [ |:
T=bIg[A], S'=[ (Ki2[B]+keR)N+ k2T[B] ]/(K'M"); S=(K12N+k=T)[B]/(KM); and g=1/( ks+ ko[B]+kM'). The
oxygen inhibition effect, included in g' and S', reduces the free radicals, R and S', and hence the
lower the conversion of FRP and CP, if system is in air. The radical R is a complex function given by
the solution of Eq. (3) as follows.

KR?> +GR —H=0 8)
where G=Kk"[O2] +ksN+ kM, H= ko[B]T; with T=bIg[A]. Solving for R, we obtain

R= (i) (=G +VGZ +4KH) (9)

Analytic formulas of R is available under two special cases.
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Case (i) for unimolecular termination dominant, or G>>k'H, we obtain R=k2bIg([A][B]/G)(1-
0.5H/G), which is a linear increasing function of H/G, or bIg[A][B]/G, for first-order with 0.5H<<G.
Case (ii) for bimolecular termination dominant, with H>> GR, we obtain, R=[H/k']%5. a nonlinear
function of bl, or (kebIg[A]B]/kk")05.

3.. Results and discussion

A full numerical simulation is required for the solutions of Eq. (11)-(17), which will be presenetd
elasewhere. We will focus on comprehensive analysis for many features and the enhancement effects
related to the measured data of Mau et al [18], based on the analytic solutions.

3.1 Analytic results

The solutions of the monomer convertion, given by Eq. (1) and (2) depend on R and the
approximate form of the g-factor, g=1/(ks +kz2[B]+kaN+kM'), which could be approximated as
g=1/(kz2[B]), or g=1/ks. We will focus on the more common case of g=1/ks. For the 2-component case of
A/B (or G1/lod), with N=0, the solutions of Eq. (1) and (2) give us the CE for FRP and CP as follows.

Case (A) for unimolecular dominant, R=H/G, time integral of Eq. (1) gives the CE' (for FRP) =1-
M'/M'o, given by [9,23]

CE'(for FRP) =2(k'/k;)Bo[1 — exp(—dt)] (10)

where d=(kz/ks)bIAoc. Therefore, CE'=2k'bIt(AoBo)(1-0.5dt), which is a nonlinear increasing function of
light intensity (I), time (t), and the concenration product (AoBo), in the transient state; In contrast, the
steady-state is given by CE'=2(k'/k2)Bo, which isindependent to the light intensity (I) or Ao, in the case
of N=0. Moreoverr, the CE for CP, is given by half of CE'(FRP), that is CE(for CP)=0.5 CE'(for FRP),
for the case of N=0.

Case (B) for bimolecular dominant, R=[H/k’]*5, we obtain[ ]

CE'(for FRP) =1 — exp[—H'(t)] (11)
H'(t) = (4K /JdBy)[1 — exp(—db)] (12)

which has the special feature that higher light intensity has a lower steady state value than that of
lower intensity. These feature, based on g=1/ks, does not exist when g=1/(k2[B]). The CE(for FRP) in
Eq. (6) gives the CE(for CP) with H'(t) reduced to 0.5H'(t).

For 3-component system of A/B/N, or G2/lod/EDB. We need to solve for [B] and N(t). For the strong
biomolecular case, we obtain N(t)= No exp[-(Q+Q")], Q=(ke/k")dBoH'(t), Q'= K12BoH'(t), with H'(t)=[1-
exp(-dt)]/d. Solving for Eq. (16), and for H'(t)=dt, N(t)=Noexp[-(Q")t], with Q"=Q+Q’, we obtain the CE
for FRP as follows [9]

CE'(for FRP) =1 — exp[—P(t)] (13)
P(t)=H'(t)[1+ HOR] (14)
where the high-orer term HOR is a complex function proportional to the time integarl of (Ki2[B]+
keR)N, which needs numerical integration, having a steady state value proportional to [Ki2Bo+ ke

(Ao/Ib)0>] No. Tthe CE for CP is given by Eq (8), but replacing P(t) to 0.5 P(t).

Based on the CE of eq. (1) to (14), we previously reported, Lin et al [26-28], a general rule having
an optimal conditions of the key parameter P=bICo for maximum convesion efficacy (CE).

5
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Furthermore, the transient and steady-state dependence of CE on the parameter P, are in general
given by a scaling law of P, with m = 0.5 to 1.5, depending on various conditions as discussed in the
present articles. For examples, m=1 for Eq.(10), and m=0.5 for Eq. (11).

3.2 The synergic and enhancement effect in IPN system
3.2.1 Enhancement strategies

As reported by van der Laan et al. [4], the effectiveness of a photoinhibitor in a two-color
system is strongly monomer-dependent, which also requires: (i) a high conversion of blue-
photoinitiation in the absence of the UV-active inhibitor; (ii) a strong chain termination with
significant reduction of blue and UV conversion in the presence of UV-active inhibitor and (iii)
short induction time or rapid elimination of the inhibitor species in the dark (or absence of UV-
light) [22]. Synergic effects have been reported using co-initiator and/or additives and 2- and 3-
wavelength systems [8,10]. Conversion efficiency may be also improved by reduction of the oxygen
inhibition effect [23].

3.2.2 Reduction of oxygen inhibition

As shown by Scheme 4, the kinetic scheme of a 3-component system, A/B/C in the presence of
oxygen, as reported by Bonardi et al [23], and Chiu et al [24]. Under the light exposure, the initiator
[A] is exited to its triplet-excited state T, which could react with additive [B] to produce active radical
(R) and regenerate [A]. The coupling of radical [R] and oxygen [Oz] produces a peroxyl radical [ROO],
which is too stable for the polymerization to proceed. Therefore, an enhancer [B] is used to create a
less stable radical [RO] for extra crosslinks of the monomer, [M]. We note that the co additive [B]
plays a dual-function of: (i) regeneration of [A], and (ii) reducing OIH by generating an extra active
radical [RO] for improved conversion. Without the dual-function enhancer [B], OIH reduces the
radical [R] and lowers the conversion efficacy, in which an induction time is defined for the delayed
rising profile of the conversion curve. In the 3-component system of A/B/C, notations are associated
with Bonardi et al [23] as: [C]= IR-140 borate, [B] = 4-(Diphenylphosphino) benzoic acid (4-dppba),
and [A] = iodonium salt Ar2I+PF6-, with initial concentration of [0.1/2.0/3.0] wt%, and mixed in a
monomer [M]=methacrylate.

A/B/C (dual-function)

Enhance

1 |
(dual-function) Monomer -E

Figure 4. Scheme of (A/B/C) system in which the initiator [A] is excited to its excited triplet state T, which
could react with [B] to regenerate [A], and produce active radical (R). R could initiate crosslink of the
monomer [M] or react with oxygen producing a radical [ROO], which reacts with [C] to produce radical
[RO] for enhanced conversion [24]. See text for more details.

The monomer conversions for FRP is given, respectively, by [24]
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M = —(blg[A] + ks[RO] + K'[RDM (15)

at
where the steady-state radical [ROJ=(ks/ks)([R][O:2]/M), with g= 1/(ks +ki[B]+ko[C]+ k7[M]). We note
that the radical [R] and conversion is a decreasing function of the oxygen initial concentration, as
shown by Eq. (15), whereas conversion is improved by enhancer [C] via its dual function of (i)
regenerating [A], and (ii) generating extra radical [RO], as shown by the second term of Eq. (15),
ks[RO], which depends on oxygen [O:], given by the time integral of ks[R], which is given by a
solution similar to Eq. (8). The conversion efficacy (CE) of FRP is give by the time integral of Eq. (15),
leading to similar formulas as that of Eq. (10) to (14), but having an extra contribution from the

enhancer [C], or the ks[RO] term, which is proportional to k3([R][Oo] exp(-Q), with Q(t) given by the
time integral of ks([R].

3.2.3 Synthesis of nanogold (NG)

Another example of a 3-component system is in G1/lod/amine in gold chloride, reported by Tar et
al [22] experimentally, and by Lin et al for a modeling [23], as shown in Scheme 4. The photoinitiating
systems are mainly based on G1/TEA/Iodonium salt (0.05/1%/1% w/w) to the gold chloride (HAuCls)
added 4wt% in a few drops of DMF, and the PI system was dissolved in EGDA at 93.95 wt%. Scheme
6 shows the proposed kinetics by Tra et al [22]. Using the short hand notations: A= copper complex,
T=excited state, [HLCuCl]*, B=lod; N is triethylamine (TEA), R=[HLCuCl]*, G=Au**, G'= Au*?or Au*..
The monomer (M) is EGDA (for FRP conversion). The associated Chart for Scheme 5, is shown in
Scheme 6 [23].

Cu + (light) >  Cu* (excited state) (r1)
Cu* + Ar2l(+) > Cu(+) + Ar° + Arl (r2)
Cu* + amine > Cu(-) + amine(°+) (r3)
amine(°+) ->  amine® + H(+) (r4)
Cu* + Au(3+) > Cu(+) + Au(2+) (r5)
Cu* + Au(2+) > Cu(+) + Au(1+) (r6)
Cu* + Au(1+) > Cu(+) + Au(0) (17)
amine® + Au(3+) -> amine(+) + Au(2+) (r8)
amine® + Au(2+) -> amine(+) + Au(l+) (19)
amine® + Au(1+) -> amine(+) + Au(0) (r10)

Scheme 5. A proposed kinetics for a system of Cu/lod/amine in gold chloride (HAuCl4) solution,
where G1 (or Cu) is for copper complex (HLCuCl), having an excited state Cu*, which couples with
iodonium salt, Ar2I(+), and amine to produce radicals, (Ar’ and amine?) which lead to FRP. Both Cu*

and amine? can couple with Au(3+) to form Au(2+), then Au(1+), leading to Au(0) and the nanogold
[22].

G1/B/N (Au) system

initiator

Radicals (R,S)

+[5]
Additives (B, N)
Nano-gold (NG) +
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Figure 6. The schematics of a 3-component system, (A/B/N), where A is the ground state of initiator-A, having
an excited triplet state T, which interacts with additives [B] and [N} to produce radicals R and S, which can
interact with the monomer (for FRP), or interact with the gold (G, or Au™) to produce exited-gold (G', or Au*?
and Au™"), which then further couples with T and S leading to the formation of nanogold (NG, or Au’) in the

polymer matrix.

The monomer conversions for FRP and generation of nanogold (NG) are given by [23]

2 = —(kT + KR + K'S)M (16)

d[NG]
dt
Under the quasi-steady-state conditios, dT/dt=dR/dt=dS/dt =dG'/dt= 0, which give solutions:
T=bIg[A], R= kiblgg'[A] [B]), S= keblgg"[A] [N]), G'= (ksT+ksS)/( ksT+keS); with g=1/( kr+ ki[B]+kz[N]+
ksG+kM), g'=1/(k"S+KM), g"=1/(ksG +k"R+K'M). For the case that g=1/(ksG), g'=1/(KM), and
g"=1/(K'M), we obtain the CE of FRP, which has a similar formula as of Eq. (10) to (14). We note that
the FRP is contributed by 3 components: from the coupling of monomer (M) with T, R, and S. The

= (ksT + keS)G' (17)

conversion efficacy is proportional to bI(Ao+ k1 Bo + k2No)/(ksGo).
Production of nanogold, [NG], is given by the solution of Eq. (17), we obtain [23]
[NG](t)= DT E(t) + QE'(t) ] (18)

where Q'=(ksk2/ks)(No/(K'Mo), E(t)=[1- exp(-dt)]/d]; E'(t)=[1- exp(-d't)]/d']; D'= bI(Ao/Go); d'=
d+(ki1/ks)D, D= (ki/ks)d(Ao/Go). We note that [NG](t) has a transient state value [NG]=D'(1+Q't); and
steady-state value, [NG]=D'(1/d + Q'/d'), which is independent to the light intensity.

The additive, [N] (or amine), has dual functions: interacting with T to produce additional radical (S,
or amine?) which leads to FRP; and coupled with G, or Au(3+), to form Au(2+), then G, or Au(1+),
leading to Au(0) and the nanogold (NG). Both FRP efficacy and the production of NG are
proportional to the relative concentration ratios of (Aot+Bo+No)/Go,

3.2.4 Synergic effects in IPN

The synergy effects (for improved CE) in an interpenetrated polymer network (IPN) system
were discussed by Mau et al [24] for the polymerization of a TMPTA/EPOX blend in the presence of
G2/Iod/EDB. Three factors were proposed as follows.

(i) The FRP is at first inhibited by the oxygen in the medium, the OIH effects. However, while the
cationic polymerization (CP) starts immediately which increase of the medium viscosity limiting
the diffusional oxygen replenishment, such that OIH is reduced; (ii) The cationic monomer also acts
as a diluting agent for the radical polymer network allowing to achieve a higher conversion. (iii) the
exothermic property of the radical polymerization also tends to boost the cationic polymerization
that is quite temperature sensitive. As shown by Eq. (8) and (9), the radical (R) is reduced by the
OIH term ks[O:] in G. This OIH effects also supresses the CE of FRP, specialy for the transient
profile (till the oxygen is completely depleted). We note that this OIH does not affect the CE of CP,
given by the radical S, which is independent to oxygen. This theoretical prediction was justified by
the mearsued work of Mokbel et al [19], they reported that the radical for CP is much less sensitive
to OIH than that of FRP.

3.3 General features
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As shown by Eq. (6) and (7) and of Eq. (10) to (15), the following significant features of the system
G2/Iod/EDB in monmer blend of TMPTA/EPOX (for FRP and CP, respectively), are summarized.

(a) Under the steady state condition, bI[A]=RGE in Eq. (1), and d[A]/dt=0, which leads to a prefect
catalytic cycle such that [A] is a constant., [A]=Ao, We note that the REG enhances the conversion
of FRP and CP, serving as a catalytic cycle.

(b) Both radicals of R (or Ar°) and S' (or EDBP) lead to FRP (in monomer TMPTA), and has a higher
conversion efficacy than that of CP (in monomer EPOX), which is produced by only one radical
S (or EDB(+)). As shown by Eq. (6) and (7), the rate function of FRP is about twice of CP, when
N=0. In the presence of N (or EDB), efficacy increases due to the coupling terms of Ki2NT in
both FRP and CP.

(c) Co-additicve [B] has multiple functions of : (i) regeneration of initiator [A] leading to higher
FRP and CP conversion; (ii) producing of radical S'(for FRP), and (iii) producing radical S (for
CP), via the re-coupling with radical [C], produced by[B].

(d) The oxygen inhibition (OIH) effect (or the term k"[Oz]), reduces the free radicals R and S', and
thus the FRP conversion, which is lower in air comparing to in laminate [23]. However, the OIH
effect has much less impact on the CE of CP, as also demonstrated by Mau et al [24]
experimently.

(e) In the IPN system, the synergic effects due to the co-exist of FRP and CP include: (i) CP can
increase the medium viscosity limiting the diffusional oxygen replenishment, such that OIH is
reduced; (ii) the cationic monomer also acts as a diluting agent for the radical polymer network
, and (iii) the exothermic property of the CP polymerization also tends to boost the cationic
polymerization that is quite temperature sensitive. We note that the overall efficacy of both FRP
and CP ate improved via the above described synergic effects, and most importaly, via the
catalytic cycle from the regenaration of the initiator [A], the RGE term in Eq. (1) which leads to
a constant [A], when RGE =bI[A], such that d[A]/dt=0. The present model, for the first time,
confirmed mathematically this importnat faeture, which was hypothesized by experimentalists
[24].

.3.4 New directions

Most of the reported experiments are dealing with a fixed light intensity (I) and fixed
initiator/additive initial concentrations (Co). many of our theoretically predicted features remain to
be explored and confirmed experimentally, including the following new directions/topics: (i) optimal
conditions [26-28] of the key parameter P=bICo for maximum convesion efficacy (CE); (ii) transient
and steady-state dependence of CE on the parameter P, which are in general given by a scaling law
of Pm, where m = 0.5 to 1.5, depending on various conditins as discuused in the present articles, Eq.
(11) to (15); (iii) tehe competing features between FRP and CP, and their dependence on the
concentartion ratios, such as [A][B]/[C]; (iv) available high efficacy under a minimum dose and/or
initiator concentration, for safty issues; (v) enhancements via various strategies of reduction of
oxygen inhibition effects, or production of extra radicals; (vi) methods for maximum initiator
regeneration (RGE), such that catalytic cyle is available under minimum initiator concentration; (vi)
new materials or functional groups for absorption in the visible to near IR range for thick polymers;
and (vii) multi-wavelength system for orthogonal type excitation, which is critical in 3D printing,
speed and resolutions [7,8].

4. Conclusion
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We have presented comprehensive model for various systems of G1/ Iod/EDB, and
BC/Iod/EPOX systems based on the proposed mechanism of Rahal [17], Bonardi {20], Tar et al [20],
and Mau [24]. Analytic formulas are developed to explore the new features including: (i) efficacy of
FRP is an increasing function of the light intensity (I), the effective absorption coefficient (b), and the
concentration sum of Ao(kiBo + 2k2Eo), for transient state. However, CE at steady-state is independent
to the light intensity; (ii) the efficacy of FRP is an increasing function of the amine (EDB)
concentration, in contrast to that of CP which has an opposite dependence; (iii) initiator regeneration
(RGE) provides a catlytic cyle for improved CE for FRP and CP, (iv) In the IPN system, the synergic
effects due to the co-exist of FRP and CP include: (i) CP can increase the medium viscosity limiting
the diffusional oxygen replenishment, such that OIH is reduced; (ii) the cationic monomer also acts
as a diluting agent for the radical polymer network, and (iii) the exothermic property of the CP
polymerization. Finally, we have proposed new directions, such as new materials or function groups
for longer absorption spectrum (in the visible to near IR range) for thick polymers and multi-
wavelength system based on our theoretcal predictions.
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