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Abstract: The synergetic features of a three-component photoinitiating systems (A/B/C) based on the 8 
measured data and proposed mechanism of Liu et al are analyzed. The co-initiators/additives B and 9 
C have dual-functions of : (i) regeneration of photoinitiator A, and (ii) generation of extra radicals for 10 
enhanced conversion efficacy (CE), the synergic effects lead to higher CE for both free radical 11 
polymerization (FRP) and cationic polymerization (CP). The CE of FRP has 3 terms due to the direct 12 
(tyep-I) coupling and two radicals. Therefore, it is always higher than that of CP having only one 13 
radical. The CE of CP has a transient state proportional to the effective absorption constnat (b), the 14 
light intensity (I) and initiator concentration (A0), but a steady state given independent to the light 15 
intensity (I). For the CE of FRP, the contribution from radical R could have two cases: (i) linear 16 
dependence on T'=bIA0, or (ii) nonlinear square root dependence T0.5. The nonlinear feature is due to 17 
the bimolecular termination term of k'R2. The key factors influencing the conversion efficacy are 18 
explored by analytic formulas. The synergetic effects lead to higher conversion of FRP and CP are 19 
consistent with the measured work. However, there are other theoretically predicted new features 20 
(findings) which are either not identified or explored experimentally including: (i) co-initiator [C] 21 
always enhances both FRP and CP conversions, whereas co-initiator [B] leads to more efficient FRP, 22 
but it also reduces CP. The specific systems analyzed are: benzophenone derivatives (A) ethyl 4-23 
(dimethylamino)benzoate (B), and (4-tert-butylphenyl)iodonium hexafluorophosphate (C) under a 24 
UV (365 nm) LED irradiation; and two monomers of trimethylolpropane triacrylate (TMPTA, for FRP) 25 
and (3,4- epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX, for CP). 26 

Keywords: polymerization kinetics; photoinitiator; monomer conversion profile; synergetic effects. 27 
 28 

1. Introduction 29 
Comparing to the conventional thermal-initiated polymerization, there are several advantages 30 

for photopolymerization such as fast and controllable reaction rates, and spatial and temporal control 31 
over the formation of the material, without the need for high temperatures or harsh conditions [1]. 32 
Photopolymerizations using various light with wavelength in UV, visible and near IR have been 33 
studied for both industrial and medical applications. Variety of photoresponsive materials such as 34 
conjugated polymers have been reported for additive manufacturing (AM) and recently for 3D and 35 
4 D bioprinting [3,4]. For 3D photo printings, the key factors include polymerization depth, resolution 36 
precision and speed, in which the monomer conversion efficacy could be improved by various 37 
strategies. The reported conversion enhancing methods include the use of novel materials as 38 
enhancers or co initiators in both single and multiple components [5-8]. Two stage polymerization 39 
under two wavelengths to eliminate the oxygen inhibition effects was also reported experimentally 40 
[9-11]. Sequential network formation has also been achieved with many different types of 41 
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polymerization methods, such as thiol–Michael/acrylate hybrid, epoxy/acrylate curable resins, thiol–42 
acrylate/thiol–acetoacetate thermosets, and thiol–ene/epoxy-based polymers [12-14].  43 

UV light (at 365 nm) have been commonly used in most type-I photoinitiators for the 44 
photopolymerization of (meth)acrylate monomers [1-3]. However, the UV wavelength suffers the 45 
disadvantages of being unsafe to skin and eyes, small penetration depth and larger light scattering 46 
in tissues [1]. Camphorquinone (CQ), due to its good visible absorption properties, is the most 47 
common type-II PI for the polymerization of (meth)acrylates under visible light [15,16].  48 

Various strategies to reduce oxygen inhibition in photoinduced polymerization have been 49 
proposed such as using co-initiators or addition of oxygen scavengers, and the thiol-ene and thiol-50 
acrylate-Michael systems which are insensitive to oxygen [8,9]. Dual-wavelength (red and UV) 51 
photopolymerization was also reported, in which pre-irradiation of the red light eliminated the 52 
oxygen inhibition effect and thus enhanced the conversion efficacy of the UV light [10].  53 

The classical diaryliodonium salts, such as diaryliodonium, suffer low solubility in monomers 54 
and formation of side products due to the release of HF. To overcome this drawback, Kirschner et al. 55 
[15] recently reported a new counter anion-free and fluoride-free aryliodonium ylides (AY) to avoid 56 
the formation of HF and to enhance their solubility. They reported (CQ)/amine/AY as a new and 57 
efficient PI system for the polymerization of methacrylates under air and blue light (477 nm) 58 
irradiation for additional reactions and initiating radicals for improved conversion efficacy. 59 

Various strategies for enhanced conversion were reported including the use of multiple light 60 
wavelength [9-11, 20-21], and co-initiators [12-14, 23].   61 

 Example of dual-wavelength (UV 365 nm and blue 470 nm) system for enhanced conversion by 62 
reducing the oxygen inhibition was reported by de Beer et al [8,9] for the photopolymerization of 63 
methacrylate formulated with camphorquinone (CQ) and ethyl 4-(dimethylamino)benzoate (EDAB), 64 
where CQ is the blue-light active initiator (A), butyl nitrite (BN) is the UV-activated initiator (B), and 65 
EDAB is a co-initiator (or donor D). The photochemical decomposition of BN results in the formation 66 
of nitric oxide (N), an efficient inhibitor of radical-mediated polymerizations, and alkoxide radical (X) 67 
for extra polymerization initiation, besides the initiation radical (R) generated from the blue-light   68 

Example of 2-wavelength (red and UV) system (without the blue-light) for 3D printing was 69 
reported by Childress et al [10], in which a monomer of ethyl ether acrylate (DEGEEA) mixed by zinc 70 
2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine (ZnTTP) as an initiator under a UV-light, where 71 
ZnTTP/DEGEEA has distinct absorption peak at UV-365 nm and red-635 nm, respectively, and thus 72 
it can be independently excited by a UV and a red light, respectively. Lin et al [19] reported the 73 
theoretical modeling for the above described 2-wavelength system [13]. The novel strategy using 3–74 
wavelength of uv, blue and red lights was recently proposed by Lin et al [21] theoretically for future 75 
experimental studies. 76 

Various reported enhancing strategies for photopolymerization including one component (or 77 
monomer) and one-wavelength [15-18,22], two-component and one wavelength 12,14], two 78 
wavelengths [9-11,19,20) and three-wavelength [21]; and three-component, one-wavelength system 79 
[13,23]. We note that all these systems have been theoretically and experimentally studied, except the 80 
3–wavelength systems which was recently proposed theoretically by Lin et al [21]. The synergetic 81 
effects lead to higher monomer conversion can be achieved by co-initiators extra radicals and 82 
multiple wavelengths for reduced oxygen-inhibition.  83 

 84 
This article will present, for the first time, the kinetics of the synergetic features of the 3-initiator, 85 

[A], [B] and [C], system based on the measured data and proposed mechanism of Liu et al [22], The 86 
co-initiator [B] and [C] have dual functions of: (i) regeneration of initiator [A]; and (ii) generation of 87 
extra radicals. The synergetic effects lead to higher conversion for FRP and CP. The key factors and 88 
rate constants influencing the conversion efficacy will be explored by analytic formulas of the 89 
conversion rate functions, derived from a kinetic model for a 3-initiator and 2-monomer system. 90 
While certain features predicted by this article are consistent with the measured data of Liu et al [22], 91 
some new theoretically predicted new finding are explored for future experimental studies. 92 
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2. Methods and Modeling Systems 93 

2.1. Photochemical Kinetics  94 
    As shown by Figure 1, a 3-initiator system (A/B/C) defined by the ground state of initiator-95 
[A], which is excited to its first-excited state PI*, and a triplet excited state T by a quantum yield 96 
(q). The triplet state T interacts with initiator [A] and [B] to produce radical R; and interacts with 97 
co-initiator [C] to produce radical S’and S; in which the coupling of the radicals R" with [C] and 98 
S’ with [B] lead to the regeneration of [A]. Radicals R and S lead to the free radical polymerization 99 
(FRP), and radical S' leads to cationic polymerization (CP), via monomers M and M’. For system 100 
with [A] alone, T, R’ and R could be responsible for FRP, in general. In general, the terminations 101 
of our proposed scheme include the couplings of R+R (bimolecule), R+R’, and R+S', and S+S. I 102 
the two monomers system, (T,R,S) + M (for FRP); S’+M’ (for CP). We will show later that Figure 103 
1 is more general than the proposed Scheme of Liu et al [22]. 104 

                105 

Figure 1. The schematics of a 3-initiator system, (A/B/C), where [A] is the ground state initiator, 106 
having a first excited state PI*, and a triplet state T, which interacts with initiator [A] and [B] to 107 
produce radical R; and interacts with initiator [C] to produce radical S, in which the coupling of the 108 
radical R" with [C] and S’with [B] could lead to the regeneration of [A]. 109 

A specific system reported by Liu et al [22] is shown by the mechanism of Figure 1, where [A] is 110 
benzophenone (BP) photoinitiator, co-initiator [B] is ethyl 4-(dimethylamino)benzoate (EDB), and [C] 111 
is (4-tert-butylphenyl)iodonium hexafluorophosphate (Iod). Under a UV (365 nm) LED irradiation, 112 
[A] transforms from ground state (PI) to excited triple state 1,3PI (shown by r1), which couples with 113 
PI to produce radicals PI-Ho (or R) and PI(-H)o (or R’) (shown by r2). In the presence of EDB, extra 114 
radical EDB(-H)o (or R) and PI-Ho (or R") are produced (shown by r3). T could couple with [C] to 115 
produce aryl radical Aro and PIo+ (r4), where radicals Aro (or S) and EDB(-H)o (or R) lead to FRP and 116 
PIo+ (or S') leads to CP. Furthermore, PI-Ho (or R") could couple with Iod (or C) to produce extra 117 
radical Aro for FRP (r5) and also regenerate PI (or [A]). Radical PIo+ (or S') could couple with EDB to 118 
regenerate PI (or [A]), shown by r6. Associated with the photolysis of BPC1/Iod and BPC1/EDB/Iod, 119 
the photoredox catalytic cycle was proposed in three-component PI/EDB/Iod system (shown by r5 120 
and r6). The regeneration of PI speeds up the photopolymerization and slows down the consumption 121 
of PI in the photolysis experiments. Trimethylolpropane triacrylate (TMPTA) and (3,4- 122 
epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX) were used as benchmark 123 
monomers for FRP and CP, respectively.  124 
    However, we note that our Figure 1 is more general than the following Scheme of Liu et al [22] 125 
which ignored the termination scheme due to the couplings of R+R (bimolecular), R+S, and R+S'. 126 
Furthermore, the measured data of Liu et al [22] for the case of CP was limited to two initiators of [A] 127 
and [C], although 3-initiator systems of [A]/[B]/[C] was studied in FRP. Our modeled system of Figure 128 
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1 and the associated kinetic equations to be shown later include 3-initiator for both FRP and CP. The 129 
mechanism of a 3–initiator and 2-monomer, A/B/C/M/M’system proposed by Liu et al [22] is shown 130 
in the following schematic equations of (r1) to (r6). 131 

 132 

 133 
 134 

Scheme 1. The proposed chemical reactions of a PI/EDB/Amine for a hybrid FRP and CP system 135 
with two monomers of TMPTA and EPOX [22]. 136 

Based on the above schematic equations, the initiator concentration, [A], [B] and [C], and the 137 
monomer M (for FRP) and and M’(for CP) are given by: (detailed derivatios are shown in Apendix)  138 

	"#
"$
	= −(𝑘𝑇 + 𝐾𝑆 + 𝑘′𝑅)𝑀                               (1) 139 

	"#1
"$
	= −𝐾′𝑆′𝑀′                                                                           (2) 140 

Eq. (1) shows that FRP is due to 3 conributions: from the direct (type-I) coupling kTM term; the 141 
radical S and radical R, whereas CP is only from the catonic radical S', shown in Eq. (2). Numerical 142 
simulation is in general required for the solution of M and M', due to the inter-coupling of the 143 
radicals (R,S, S') and additives, [A], [B] and [[C]. We will focus on the synergis effcets based on 144 
analytic formulas, derived in the Appendix.  145 

The steady state radical R, as given by the Appendix, Eq. (A11), is given by the solution of  146 

𝑘′𝑅2 	+ 𝐺𝑅	 − 	𝑃 = 0                                                                  (3) 147 

where G=k"S+k'M, and P= (k1[A]+k2[B]), with T=bIg[A], b is an effective coupling constnat given by 148 
b=83.6a’wq, where w is the UV light wavelength (in cm) and q is the triplet state T quantum yield; a’ 149 
is the mole absorption coefficient, in (1/mM/%) and I (z, t) is the light intensity. 150 

Solving for R, we obtain 151 

𝑅 = 6
271

(−𝐺 + 𝐺2		 + 4𝑘′𝐻	)                                                       (4) 152 

Analytic formulas of R is available under two special cases.  153 

Case (i) for unimolecular termination dominant, or G>>k'P, we obtain R= P/G, which is a linear 154 
increasing function of (k1[A]+k2[B])T/(k"S+k'M).  155 
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Case (ii) for bimolecular termination dominant, with P>> GR, we obtain, R=[P/k']0.5. a nonlinear 156 
function of a square root function, [(k1[A]+k2[B])T/k']0.5. 157 

3.. Results and discussion  158 

3.1 Formulas for conversion efficacy (CE) 159 

    The CE of CP defined by CE'=1-M'/M0', which is the time integral of Eq. (2), we obtain , from Eq. 160 
(A13) of Appendix,  161 

     CE'=[1- k7B0/(K'M0')]K'D(bIC0A0)H(t),                                    (5) 162 

with H(t)=[ 1- exp(-d't)]/d', with a revised d'=k3T'/(kM0)+X', for a non-constant [A]= A0exp(-X't).      163 
It shows that, in the presence of [B], the CP is reduced by a reduction factor of F'= [1- k7B0/(K'M0')]. 164 
The CE' has a transient state proportional to bIt(C0A0), but a steady state given by TE'=K'D(bIC0A0)/d'= 165 
K'D(C0A0)[k3/(kM0)], which is independent to the light intensity (I).  166 

    The CE of FRP defined by TE=1-M/M0, the solution of Eq. (1), which is much more complex and 167 
given by, from Eq. (A14) of Appendix, including the revised factor for T' 168 

    CE= (T"/M0)t+KD'H(t)+ KD"H'(t) + P'H"(t) ,                               (6)   169 

where a revised T"=(bIA0)[1- exp(-X't)]/X'. The above CE has 3 terms: (i) from the direct couplig of T 170 
and M; (ii) coupling of radical S and M, and (iii) coupling of radical S and M, the terms of KD'H' 171 
and KD""H"; and (iii) the last term for coupling of radical R and M, given by P'H"'. For case (i) linear 172 
case, we obtain H"(t)= Pt+P'H"'(t), with H"'=[1- exp(d"t)]/d", with P= k1(A02/M0)T', , P'=k2(B0/M0)T', 173 
and d"= [ k2T'/(kM0)+ 0.5k7k3T't[C0/(kM0K'M'0) ]t. For case (ii) nonlinear square root case, 174 
k'R=[ k'(k1[A]+k2[B])T]0.5, we obtain H"(t)= Vt+V'H"'(t), with V= (k1 (A0M0)T')0.5, , V'=(k2 (B0M0)T')0.5.  175 

3.2 Synergetic effects 176 

As shown by Figure 1, and Eqs. (1) to (6), the following synergetic features of the 3-initiator system 177 
A/B/C are summarized as follows.  178 

(a) Co-initiator [B] has multiple functions of : (i) regeneration of initiator [A] leading to higher FRP 179 
conversion; (ii) producing of extra radical R and radical R"; and (iii) coupling of R" with [C] leads to 180 
radical S, in which both R and S lead to FRP.  181 

(b) Similarly, co-initiator [C] has functions of : (i) regeneration of initiator [A] via the coupling of S' 182 
and [B], leading to higher FRP conversion; (ii) generation of cationic radical S’ for CP conversion; and 183 
(iii) enhancing FRP by producing radical S (as shown by Figure 1).  184 

(c) As shown by Eq. (5) and (6) that CE of FRP has 3 terms, kTM, KSM and k'R. Therefore it is always 185 
higher than that of CP, only one term of K'S'M'.  186 

(d) The presence of [C] alwyas leads to higher FRP via the extra radical S, and the regeneration of [A]. 187 
However, the presence of [B] consumes radical S', and hence reduces the FRP. Therefore the net 188 
enhanced effects of [C] on FRP is governed by the relative strength of regeneration of [A] and the 189 
reduction effect, as shown by our formula in Eq. (5) with a reduction factor F'= [1- k7B0/(K'M0')]. These 190 
non-common features are not explored by Liu et al [22], and could not be easily predicted without 191 
the detailed mathematically efforts.  192 

(e) From Eq. (5), the CE of CP has a transient state proportional to bIt(C0A0), but a steady state given 193 
independent to the light intensity (I). 194 
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(f) From Eq. (6), the CE of FRP, the contribution from radical R could have two cases: (i) linear case 195 
of R on T'=bIA0, or (ii) nonlinear square root dependence T]0.5. However, the contribution from radical 196 
S has linear dependence of T'=bIA0, The nonlinear feature is due to the bimolecular termination 197 
included in the coupling term of k'R2 in Eq. (A5). 198 

(g) For a very weak type-I coupling (or k1[A]<< 1/g, or type-II dominant, d[A]/dt=0, which defines a 199 
perfect regeneration, or [A]=A0 is a constant. In non-perfect regeneration, [A]= A0 exp(-X)t, and the 200 
depeltion of [A] leads to a lower conversion, and a time-dependent light intensity deviating from 201 
the Ber Lambert law. 202 

Above theoretically predicted new findings are not explored in the measured work of Liu et al [22]. 203 

     Figure 2 shows the results based on Eq. (5) for CP conversion re-expressed as CE'=Q[1-exp(-d't)], 204 
with Q=[1- k7B0/(K'M0')]K'D(bIC0A0), for various values of Q and the initiator depeltion rate d'. We 205 
note that larger Q achieves the higher steady-state profile, as shown by Figure 2(A). Furthermore, the 206 
profile rising rates are given by d (proportional to bIA0). Higher light intensity (I), larger initiator 207 
concentration, or stronger absorption (b) leads to a faster depeltion of [A] and hence faster rising of 208 
the conversion profile, shown by Figure 2(B). We note that for the same Q value, the CP conversion 209 
profiles having different d'-values (or bIg) reach the same steady state. However, we have previously 210 
reported different features of FRP [24] that larger d' value reaches a lower steady state conversion 211 
(not shown in this article), which is fundamentally different for FRP and CP profiles. Above 212 
theoretically predicted new findings are not explored in the measured work of Liu et al [22]. 213 

 214 

           215 

        216 
 217 
Figure 2. The calculated CP conversion profiles for various Q and d' values: (A) for fixed d'=0.01, and Q= (0.2, 218 
0.4,0.6, 0.8), for Curves 1,2,3 and 4; and (B) for fixed Q=0.6, and d'= (0.01, 0.02, 0.03, 0.04) for Curves 1,2,3, and 4, 219 
respectively.  220 
 221 
3.2 Analysis of measured results   222 
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      Besides the synergetic effects described in last section, our formulas shown by Eq. (18) to (23), 223 
may be used to analyze the measured results of Liu et al [22] as follows:  224 

      Fig. 3 of Liu et al [22] for cationic polymerization of EPOX showed that BPC1/Iod system has 225 
the highest conversion (44%) due to its highest light absorption. The role of light absorption was 226 
shown by Eq. (A9) and (A10), in which the conversion rate is an increasing function of b, defined by 227 
b=83.6a’wq, where a’ is the molar extinction coefficient, w is the UV light wavelength and q is the 228 
triplet state quantum yield. BPC1-BPC4 have higher molar extinction coefficients, therefore the CP 229 
conversion rate of EPOX for BPC1-BPC4/Iod systems are faster than C5-C8/Iod systems for the same 230 
initial concentration of PI and Iod. Fig. 3 of Liu et al [22] may be compared with our Figure 2(A), 231 
where higher Q value leads to larger steady-state conversion, as also shown by Eq. (5) and (6). 232 

      Fig. 4b of Liu et al [22] showed that higher FRP conversion of TMPTA in the presence of PI/EDB 233 
systems comparing to that of PI alone, shown by Fig. 4a. This enhanced polymerization is due to the 234 
increase of the conversion rate as shown by the additional term k2[B] of Eq. (20). EDB (or co initiator 235 
[B]) as H donor has an effective interaction with PI to generate radicals which promote the free radical 236 
polymerization, so the PI/EDB systems have better polymerization performance than PI alone 237 
systems. Fig. 4d of Liu et al [22] shown that FRP conversion of TMPTA initiated by PI/EDB/Iod (or 238 
A/B/C) systems are better than PI/EDB (or A/B) and PI/Iod (or A/C) systems. This can be easily 239 
realized by our Eq. (1), that the conversion rate is an increasing function of kT+KS+k'R. That is, 3-240 
initiator system is more efficient than that of two (with [B] or [C]=0) and one initiator (with [B]=[C]=0) 241 
systems. In PI/EDB/Iod system, the triple state (T) reacts with PI, EDB and Iod at the same time. There 242 
is a photoredox catalytic cycle in 3-initiator system and the regeneration of PI speeds up the 243 
polymerization, in additional to the free radicals (R,S and S’). Therefore, PI/EDB/Iod systems have 244 
better polymerization performances than PI/EDB and PI/Iod systems. 245 

    Fig. 5 of Liu et al [22] showed that the consumption rate of BPC1 in BPC1/TEOA/Iod system was 246 
slower than BPC1/Iod system. The photoredox catalytic cycle in the three-component system could 247 
regenerate BPC1, as shown by Eq. (1) and (8). Fig. 6 and S1 of Liu et al showed that the consumption 248 
rates of BPC1-BPC4 were faster than C5 and C7 due to the presence of the benzophenone moiety in 249 
BPC1-BPC4 structures which promoted the reaction between PI and amine. The photolysis 250 
demonstrated the benzophenone-carbazole PIs had high reactivity. Higher reactivity of co-initiator 251 
benzophenone leads to higher conversion, as shown by our Eq. (5) and (6).  252 

    Fig. 7 of Liu et al [22] showed the fluorescent properties as the evidence of the interaction capacity 253 
of PIs with additives in the excited singlet state. The role of triple-state quantum yield (q) was also 254 
shown by the b factor of Eq. (20) and (21). The fluorescence experiments demonstrated that 255 
benzophenone-carbazole PIs could be quenched easily by additives. The high electron transfer 256 
quantum yields show that electron transfer occurs effectively between benzophenone-carbazole PIs 257 
and EDB/Iod and therefore, lead to high polymerization conversions. These features are also 258 
predicted by our Eq. (5) and (6).  259 

5. Conclusion 260 

    This article present, for the first time, the kinetics of the synergetic features of a 3-initiator, [A], 261 
[B] and [C], system based on the measured data and proposed mechanism of Liu et al [22]. The co-262 
initiator [B] and [C] have dual functions of: (i) regeneration of initiator [A]; and (ii) generation of extra 263 
radicals. The synergetic effects lead to higher conversion for FRP and CP. These features are also 264 
shown by the measured work of Liu et al [22]. However, there are other theoretically predicted new 265 
features (findings) of this article, which are either not identified or explored by Liu et al [22], including: 266 

(i) Co-initiator [C] always enhances both FRP and CP conversions, whereas co-initiator [B] leads to 267 
more efficient FRP, but it also consumes [C] and thus reduces CP. 268 
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(ii) The contribution of radical R for FRP could have two cases: (i) linear case of R on T'=bIA0, or (ii) 269 
nonlinear square root dependence T0.5. However, the contribution from radical S has linear 270 
dependence of T'=bIA0, The nonlinear feature is due to the bimolecular termination of radical R.  271 

(iii) The steady state conversion profile of CP , as shown by Figure 2 (B), reaches a constant and is 272 
independent to the light intensity, whereas higher light intensity reaches a lower steady state value 273 
for the profile of FRP. 274 
 275 
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 281 
                              APPENDIX   282 
                         Derivation of kinetic equations  283 
 284 
The kinetic equations for our previous 2-initiator and 1-monomer system [24-26] are revised for the 3-285 
initiator and 2-monomer system, A/B/C/M/M’, based on the schematic mechanisms of Eqs. (r1) to (r6), 286 
as follows. Also refer to the definitions shown in Figire 1.  287 
 288 

:[<]
:$
	= −	𝑏𝐼 𝑧, 𝑡 𝐴 + 𝑅𝐺𝐸			                  (A1) 289 

:[E]
:$

= −(𝑘2𝑇 + 𝑘F𝑆′)[𝐵]	                                 (A2) 290 

:[H]
:$

= −(𝑘I𝑇	+	𝑘J𝑅")[𝐶]		                                (A3) 291 

:M
:$
	= 𝑏𝐼 𝑧, 𝑡 𝐴 − (𝑘N + 𝑘6[𝐴]+𝑘2[𝐵]+𝑘I[𝐶] + 𝑘𝑀)𝑇	   (A4) 292 

:O
:$
	= (𝑘6 𝐴 +𝑘2[𝐵])𝑇	 − (𝑘𝑅 + 𝑘"𝑆 + 𝑘′𝑀)𝑅                 (A5) 293 

:O"
:$
	= 𝑘2[𝐵]𝑇	 − 	𝑘J𝑅"[𝐶]			                 (A6) 294 

:P
:$
	= 	 𝑘I𝑇 𝐶 + 𝑘J𝑅" 𝐶 − 𝐾𝑆𝑀 − 𝑘"𝑅𝑆			               (A7) 295 

:P1
:$
	= 𝑘I𝑇 𝐶 	− 𝑘F 𝐵 𝑆1 − 𝐾′𝑆′𝑀′                         (A8) 296 

   where RGE = k5T+k6R"[C]+k7S’[B]+kM, is the regeneration term of of [A]. b=83.6a’wq, where w is 297 
the UV light wavelength (in cm) and q is the triplet state T quantum yield; a’ is the mole absorption 298 
coefficient, in (1/mM/%) and I (z, t) is the light intensity, in mW/cm2. All the rate constants are defined 299 
previously and they are related by the coupling terms. For examples, kj (with j=1,2,3) are for the 300 
couplings of T and [A], [B], and [C], respectively; k6 and k7 are for the couplings of R and [C], and S’ 301 
and [B], respectively; and kT is the bimolecular termination rate of S. The coupling among T,R, S, and 302 
S and M (M’) for polymerization are given by k8, k89, K and K’, respectively. 303 
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     The monomers conversions for FRP and CP given by M and M', resepctively, may be obtained 304 
by the following equations [23] 305 

	"#
"$
	= −(𝑘𝑇 + 𝐾𝑆 + 𝑘′𝑅)𝑀                               (A9) 306 

	"#1
"$
	= −𝐾′𝑆′𝑀′                                    (A10)  307 

which are governed by the interaction of (T,R,S) and M; and S’ and M’, respectively. 308 

     We note that Eq. (1) to (10) are constructed for the specific system of Liu et al [22], in which the 309 
following couplings (or effects) are ignore: oxygen inhibition, couplings of S and S’, R and S, R and 310 
[B], R and [A], S’ and [A]; and the direct coupling of initiators, [A], [B], [C] and the monomers, M and 311 
M’ (type-I processes). For [A] alone, we assume the FRP is mainly due to T and R, and the coupling 312 
of R’ and M is ignored.We also limit the FRP is dominated by the bimolecular termination of S, 313 
whereas CP is dominated by the unimolecular termination of S’. More comlex systems including 314 
above couplings and the oxygen inhibition effects have been reported by Lin et al [26].    315 

     For comprehensive modeling we will use the so-called quasi-steady state assumption [15,18]. 316 
The life time of the singlet and triplet states of photosensitizer, the radicals (R, S and S’), since they 317 
either decay or react with cellular matrix immediately after they are created. Thus, one may set 318 
dT/dt=dR/dt=dS’/dt=dR"/dt=0, which give the quasi-steady-state solutions: T=bIg[A], S’= k3[C]Tg',  319 
S= (k3[C]+k2[B])Tg"; with g=1/(k5+k1[A]+k2[B]+k3[C]+kM), g’=1/(k7[B]+K'M') and g"=1 /(k"R+KM). 320 
Under this quasi-steady-state conditions, RGE =T/g- k1[A]T= bI[A]- k1[A]T, such that d[A]/dt = - 321 
(Ib[A]-RGE)= - k1[A]T. The approximated solution is given by [A]=A0 exp[-X(t)], with X(t) is the 322 
time integral of k1T(t). Therefore, when k1=0, or a very weak type-I coupling with type-II dominant, 323 
d[A]/dt=0, which defines a perfect regeneration, or [A]=A0 is a constant. 324 

The steady state solution of Eq. (A7) is more complex, and is given by the solution of  325 

𝑘′𝑅2 	+ 𝐺𝑅	 − 	𝑃 = 0                                                    (A11) 326 

where G=k"S+k'M, and P= (k1[A]+k2[B])T. Solving for R, we obtain 327 

𝑅 = 6
271

(−𝐺 + 𝐺2		 + 4𝑘′𝐻	)                                         (A12) 328 

Analytic formulas of R is available under two special cases.  329 

Case (i) for unimolecular termination dominant, or G>>k'P, we obtain R= P/G, which is a linear 330 
increasing function of (k1[A]+k2[B])T/(k"S+k'M).  331 

Case (ii) for bimolecular termination dominant, with P>> GR, we obtain, R=[P/k']0.5. a nonlinear 332 
function of [(k1[A]+k2[B])T/k']0.5, a square root function. 333 

   For analytic formulas, we will consider a perfect catalytic cycle of the initiator, or when G"=0, 334 
d[A]/dt=0, or [A]=A0, is a constant. Also for the case that g=1/(kM), g'=1/(K'M') and g"=1/(KM), for 335 
[B]<<K'M', or [B]=0), such that S'= k3[C]T'/(kK'MM'), S= (k3[C]+k2[B])T'/(kKM2), with T'=bIA0. We first 336 
-order solution of [B], using first order of M=M0, and M'=M'0; and [C]=C0 exp(-dt), with d= k3T'/(kM0) 337 
to obtain [B]=B0 exp(-d't), with d'= k2T'/(kM0)+ k7k3T'[C0/(kM0K'M'0)]H(t), with H(t)=[ 1- exp(-dt)]/d, 338 
which allows us to find R, and solve for the efficacy of FRP and CP from Eq. (A9) and (A10) as follows. 339 

    Time integral of K'S' in Eq. (A10) leads to the solution fo CP, M'(t)= M0' - K'D(bIC0A0)H(t), with 340 
H(t)=[ 1- exp(-dt)]/d, and D= k7k3[C0/(kM0K'M'0). Therefore, the CE of CP is given by CE'=1-M/M0 , or  341 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 July 2021                   doi:10.20944/preprints202107.0327.v1

https://doi.org/10.20944/preprints202107.0327.v1


 10 of 12 

	 10	

CE'=K'D(bIC0A0)H(t),                                                   (A13) 342 

which has a transient state proportional to bIt, but a steady state given by CE'=K'D(bIC0A0)/d= 343 
K'D(C0A0)[k3/(kM0)], which is independent to the light intensity (I). (A13) is for the case that 344 
g’=1/(k7[B]+K'M')=1/(K'M'), when [B]=0. The second-order solution of S' , in the presence of [B], leads 345 
to a revised CE"= [1- k7B0/(K'M0')] CE', with a reduction factor F'=1- k7B0/(K'M0'). Above fomula is 346 
based on a perfect regeneration case. If we If we include the second-oder solution [A]=A0 exp[-X't], 347 
with X' is the time average of X(t), the Eq. (A13) needs a revised H(t)=[ 1- exp(-d't)]/d', with a revsied 348 
d'=d+X'. 349 

    Similarly, the time integral of K'S' in Eq. (A9) leads to the solution for FRP given by   350 

CE= (T'/M0)t+KD'H(t)+ KD"H'(t) + P'H"(t) ,                               (A14)   351 

 with H'(t)=[ 1- exp(-d't)]/d' ; D'= k3(C0/Q)T', D"= k2(B0/Q), with Q=(kK'M'0). And H"(t) depends on 352 
the solutions of R given by Eq. (A12) as follows. For case (i) R= [ (k1[A]+k2[B])T/(k'M)[ 1- k"S/(k'M0)], 353 
we obtain H"(t)= Pt+P'H"'(t), with H"'=[1- exp(d"t)]/d", with P= k1(A02/M0)T', , P'=k2(B0/M0)T', and d"= 354 
[ k2T'/(kM0)+ 0.5k7k3T't[C0/(kM0K'M'0) ]t. For case (ii) k'R=[ k'(k1[A]+k2[B])T]0.5, we obtain H"(t)= 355 
Vt+V'H"'(t), with V= (k1 (A0M0)T')0.5, , V'=(k2 (B0M0)T')0.5. We note that all all the 4 terms in Eq. (A14) 356 
have transient state proportional to T't (or bItA0). In comparison, the steady state of H(t)=1/d', 357 
H"'(t)=1/d", which are independent to the light intensity (I). Similar to the CP case, we may include 358 
the second-oder solution [A]=A0 exp[-X't], with X' is the time average of X(t), then Eq. (A16) needs a 359 
revision factor such that T' is revised to T"=T'[ 1- exp(-X't)]/X', which has a steady state solution 360 
independent to the light intensity (I). 361 

   362 
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