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Abstract

The exposure of a photopolymerizable liquid (e.g., multifunctional thiol-ene) to ultraviolet radiation often leads to a propagating

wavefront of network formation that invades the unpolymerized material from the illuminated surface of the photosensitive material. We

theoretically describe this light-driven frontal photo-polymerization (FPP) process, which is the basis of many commercially important

fabrication methods, in terms of an order parameter f(x,t) characterizing the extent of monomer-to-polymer conversion, the temporally and

spatially evolving optical attenuation m(x,t) of the medium, and the height h(t) of the resulting solidified material. The non-trivial aspects of

this frontal polymerization process derive from the coupling of m(x,t) and the growing non-uniform network f(x,t) and we consider limiting

situations in which the optical attenuation increases (‘photodarkening’) or decreases (‘photobleaching’) in time to illustrate the general nature

of FPP front propagation and the essential variables on which it depends. Since FPP fabrication of complex three-dimensional structures

containing components having different material characteristics would greatly extend the practical utility of this method, we explore the

influence of nanoparticle (silica, titania, and multi-wall carbon nanotube) additives on FPP front propagation. We also characterize the

influence of temperature on the kinetics of FPP since this factor can often be controlled in practice. The experiments elucidate basic physical

aspects of FPP and are well described by our model with a sensible variation of relevant physical parameters (optical attenuation and

chemical rate constant) governing frontal growth. Our results are of interest both from the standpoints of complex structure fabrication and

for understanding the fundamental nature of the FPP process.

Published by Elsevier Ltd.
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1. Introduction

It is common practice to form solid network materials by

photopolymerization. The conversion process from a liquid

to a solid does not occur uniformly in this fabrication

technique because of the attenuation of light within the

photopolymerizable material (PM) and this process is

normally accompanied by non-uniform monomer-to-poly-

mer conversion profiles perpendicular to the illuminated

surface [1–4]. Physically, these conversion profiles propa-

gate as travelling waves of network solidification that

invade the uncross-linked medium exposed to ultraviolet
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(UV) radiation if the process occurs in the presence of

strong optical attenuation and limited mass and heat

transfer. The frontal aspect of the polymerization process

is apparent in the photopolymerization of thick material

sections and has counterparts in degradation (including

discoloration) processes in polymer films exposed to UV

radiation where the breaking rather than the formation of

chemical bonds is often the prevalent physical process.

Frontal photopolymerization (FPP) is a versatile method of

polymer synthesis. This type of solidification process is

widely used in diverse fabrication processes, ranging from

photolithography of microcircuits to dental restorative and

other biomedical materials, and numerous coatings appli-

cations (paints and varnishes, adhesives and printing inks)

[4]. We have recently explored the use of FPP in the

fabrication of microfluidic devices [5,13].

At the outset, we emphasize that FPP is a distinct mode

of polymerization from thermal (TFP) and isothermal (IFP)

frontal polymerization, which are autocatalytic reaction

processes. While these polymerization methods also involve
Polymer 46 (2005) 4230–4241
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wavelike polymerization fronts, the front propagation is

sustained by the thermal energy released from an exother-

mic polymerization reaction. In TFP, the reaction is initiated

by a localized heat source and the rate of front propagation is

governed by both the rate of thermal diffusion and the non-

linear T dependence of the polymerization rate constants. In

IFP, polymerization occurs in a viscous fluid or gel matrix

that inhibits chain termination (Trommsdorff or ‘gel’ effect)

and the reaction develops into self-sustaining front through

the introduction of a ‘seed’, much like a crystallization front

in a super cooled liquid initiated by introducing a nucleating

agent. Pojman et al. [6] reviewed these autocatalytic frontal

polymerization reactions.

A number of photoinitiation and FPP models have been

recently reported in the literature [7–13] Some treatments

account for photochemical reaction details with various

degrees of complexity, including initiator photolysis, chain

initiation, propagation and termination. Particular emphasis

has been given in the past to following the evolution of

photoinitiator concentration in the special case of photo-

bleaching radical polymerization. Some of these previous

treatments include additional diffusion mechanisms for the

monomer [10] or initiator [8,11] and particular mass and or

heat transfer processes [10,12] that occur in conjunction

with photopolymerization. The utilization of such models

requires the determination of numerous parameters describ-

ing the kinetic coefficients and transport properties, and

their coupling as these variables are changed.

Given the complexity of these systems, we seek to utilize

a ‘minimal’ FPP model based on physical observables

relevant to fabrication processes utilizing this method. In

particular, we are concerned with two basic FPP character-

istics and their evolution in time: (1) the position of the

solid/liquid front, which defines the patterned height and (2)

the light transmission of the PM layer. Our model involves a

system of coupled partial differential equations describing

the extent of monomer-to-polymer conversion, f(x,t), and

the light attenuation Tr(x,t) as a function of the distance

from the illuminated surface x and time t.

Before describing our mathematical model, we illustrate

the physical nature of FPP through some concrete examples

of this fabrication method in Section 2. The parameter space

requiring exploration is large so we adopt a combinatorial

approach to cover this parameter space efficiently. Since,

the light attenuation Tr and exposure time t or (‘dose’) are

basic control variables for FPP, we construct an array of

photopolymerization fronts of common cross-sectional

shape, where each front is developed for a fixed t and Tr.

(A previous paper explored the influence of varying the

formulation of the thiol-ene PM13). The effect of tempera-

ture and its significance to front propagation is also explored

with combinatorial experimentation. Moreover, since it is

attractive to form complex multi-component three-dimen-

sional objects by this method, it appears relevant to modify

the mechanical, thermal and electrical properties of the

polymerized material. This region of the parameter space
governing FPP is briefly explored by adding nanoparticles

of various types to the photo-polymerizable material. Silica,

titania and carbon nanotubes are taken to be representative

particles that are widely appreciated to modify mechanical,

optical and electrical properties and we thus focus on these

widely available and utilized filler materials. In these initial

nanoparticle studies, we are primarily concerned about

whether it is possible to generate FPP fronts as in the

unfilled material and, if so, whether the theoretical frame-

work, developed for the PM alone, provides an acceptable

description of the photo-polymerization of these complex

mixtures.

Photo-polymerization front movement depends sensi-

tively on the optical attenuation of the medium and its

evolution after exposure to UV radiation. Since these

properties can vary widely with the photopolymerizable

material, temperature, additive composition, etc., we treat

various cases that arise in practice in Section 4—the optical

attenuation of medium decreases (photobleaching),

increases (photodarkening) or remains unchanged (photo-

invariant polymerization) with irradiation. Our analysis

indicates that the FPP fronts can propagate with a constant

velocity over long times when photobleaching is prevalent,

but logarithmic front displacement dominates in the case of

photodarkening. Some of these types of photopolymeriza-

tion have been investigated experimentally and approxi-

mately analytically by Rytov et al. [7].

The FPP model is compared to the combinatorial time–

temperature study and nanoparticle filler experiments in

Section 5. This comparison shows that the FPP model is

remarkably robust, with the T and the filler particles

changing the rate constant for the FPP reaction and the

average optical properties of the medium. Even in the

extreme case of multi-wall carbon nanotubes, we found that

we could effectively photopolymerize the nanoparticle filled

polymer matrix, although the thickness was limited by the

large optical attenuation of carbon nanotubes.
2. Experimental

2.1. Materials and equipment

We utilize a multifunctional thiol-ene based pre-polymer

(optical adhesive 81, Norland Products) as model photo-

polymerizable material (PM) for this study. The thiol-ene

PM is optically clear, UV curable at 365 nm (UVA), has a

relatively low viscosity (3 Pa s) and a good adhesion to glass

and metal surfaces. Multifunctional thiol-enes can be UV

photopolymerized into highly cross-linked solid structures

[15,16] at ambient conditions, with minimal oxygen

inhibition. FFP kinetics of the neat system have been

characterized at room temperature [13]. In this work, we

investigate the effect of temperature and of the addition of

nanoparticles. Three representative nanoparticle types were

considered: fumed amorphous silica Aerosil OX 50 (40 nm
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SiO2 hydrophilic particles) and fumed titania Aeroxide P 25

(21 nm TiO2 hydrophilic particles) were obtained from

Degussa; multiwall carbon nanotubes CNT (grown by

catalytic decomposition of hydrocarbons in a chemical

vapor deposition reactor [17]) were kindly donated by Eric

Grulke (University of Kentucky). Composite liquid mix-

tures were prepared by mechanically stirring 0.01–1%

(mass fraction) of nanoparticles into the neat PM, followed

by sonication at 45 8C for 24 h using a tabletop 40 kHz

sonicator Bransonic 1510 (Branson). Mixture homogeneity

was found to be satisfactory by optical microscopy [14].
2.2. Combinatorial photopolymerization

The experimental setup [14] is depicted in Fig. 1. It

consists of a long wavelength UVA source, a photomask,

and the PM confined between two surfaces separated by a

gasket. The UV source is a 365 nm Spectroline SB-100P

flood lamp, equipped with a 100 W Mercury lamp (Spectro-

nics), and placed 50 cm from then specimens. Photomasks

consisted of 10!10 or 3!9 arrays of transparent squares

(2 mm!2 mm) on a black background. The thiol-ene PM

works as a negative photoresist and, therefore, imaged areas

become insoluble upon sufficient optical exposure

(‘development’). The masks were designed with Canvas

7.0 (Deneba) and printed on transparencies (CG3300, 3 M)

using a black&white Laserjet 8000N printer (Hewlett

Packard). The bottom surface was a 10 cm silicon wafer

(4 inch, Wafer World), chosen for its high thermal

conductivity, and the top surface was a transparent glass

slide (75 mm!50 mm!1 mm, Corning 2947). Both sur-

faces were cleaned using an oxygen plasma (Anatech-

SP100) for 3 min at 60 W prior to use. The gasket material

was cut from a 3 mm thick slab of thermally cross-linked

poly(dimethylsiloxane) elastomer (Sylgard 184, Dow Corn-

ing). The PM was poured onto the silicon surface to fill in

the gasket material, and then covered with a glass slide. The

assembly was placed on the temperature stage and the

photomask applied.

Our temperature gradient stage [18] consists of an
Fig. 1. Schematic of the experimental setup showing the collimated UV source, p

and silicon, in this case). (a) Combinatorial approach for investigating photopolym

exposure gradient. The temperature stage is equipped with a heat source and a

photomasks generates discrete light exposure steps. (b) Cross-section of panel (a) i

to the photomask.
aluminum plate equipped with a moveable heat source

and heat sink, and insulated with ceramic (Macor) supports.

We use a VWR 1165 heated/refrigerated circulator as the

cold source and a 200 W cartridge heater with a Micromega

CN77000 controller (Omega) as the heat source. The

individual heat source/sink temperatures were set to be

identical for isothermal experiments and were different

during gradient temperature (DT) experiments. The sample

temperature across the stage was measured using a surface

thermocouple (type K, CO1 Omega) with a Fluke 52

thermometer and a non-contact infrared thermometer

(Oakton).

Photopolymerization was carried out under a fume hood,

with a light intensity of (210–250) mW/cm2. Using manual

sliding shutters over the photomask, exposure times of the

square slits in the array were varied in steps, yielding

discrete UV dose intervals across individual samples.

Combinatorial temperature/dose arrays (a ‘library’) were

produced by imposing a temperature gradient orthogonal to

the exposure time discrete steps, as indicated in Fig. 1. The

UV dose (J/cm2)hTrI(xZ0)t administered to each slit was

computed from the incident light intensity I(xZ0) (W/cm2),

exposure time t (s) and transmission Tr of the optical mask

and glass slide [Tr(mask)z80% and Tr(glass)z94%]. The

light intensity was measured with a digital radiometer

Spectroline DRC-100X equipped with a DIX-365A UV-A

sensor (Spectronics) before and after each experiment.

Standard dose uncertainties are less than 5%, due to

instrument resolution and intensity fluctuation. After UV

exposure, the pattern was developed with a solvent rinse

(acetone and ethanol) and by gently blowing compressed air

(or nitrogen gas), thoroughly removing uncross-linked

material. The remaining gel-like, percolated structure was

then flood exposed to UV light, for a dose approximately 50

times the first, fully cross linking the material into a hard

solid with S1 GPa modulus. An optional thermal cure at

50 8C for 12 h enhanced the adhesion to the glass substrate.

The topography of the photopolymerized patterns was

evaluated by profilometry, using a Dektak 8 profilometer

(Veeco, CA), equipped with a 12.5 mm stylus and operating
hotomask, photopolymerizable material (PM) and confining surfaces (glass

erization kinetics, involving a temperature gradient and an orthogonal UV

heat sink, which maintain a linear T-gradient. A sliding shutter over the

llustrating the growth of a polymerization front induced by light, orthogonal
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at 10 mg force and 500 mm/s scanning speed. For patterned

heights above 1 mm (beyond profilometer’s height range), a

digital caliper (Digit-cal MK IV, Brown & Sharpe) was

employed. Measurement uncertainty is better than 5%, as

estimated by one standard deviation.

The time evolution of the transmission of the neat

thiol-ene PM during photocuring was investigated in

real time. Sheets of prepolymer, with thicknesses from

90 mm to 1 mm, were confined between glass slides and

allowed to photopolymerize between the UV source and

radiometer. The sample transmissions (measured at

20 8C) were computed from the Beer–Lambert law,

taking into account the attenuation of the glass slides:

TrðxÞhIðxÞIðxZ0ÞK1TrðglassÞK2Zexp½KmðtÞx�.
3. Frontal polymerization induced by Light

We first establish the basic nature of the frontal
Fig. 2. (a) Combinatorial frontal photopolymerization patterns generated by

varying the exposure time (bottom to top) and temperature (right to left)

through an imposed photomask/shutter and T-gradient. The top panel

shows an array of the neat thiol-ene PM exposed to UV dose 4–300 mJ/cm2

(corresponding to exposure times of 30 s to 36 min at 230 mW/cm2) on a

linear T-gradient spanning 16–35 8C. The inset (right panel) magnifies the

sample series corresponding to 23.5 8C; the dashed square indicates a

pattern washed away during development (falling below a necessary critical

dose). (b) The bottom four panels show a detail of polymer/nanoparticle

arrays photopolymerized isothermally (20 8C) with increasing UV dose.

Particle loading ranges from 0.01 to 1 mass fraction, as indicated. A double

sliding shutter, consisting of two orthogonally stacked light blocking

sheets, generates discrete light exposures (numbered). The patterned

structures are 2 mm!2 mm squares of various heights (20 mm to 1.6 mm).
photopolymerization (FPP) with some examples. Fig. 2

shows micrographs of arrays of FPP fronts grown in the

form of a square (2 mm!2 mm) cross-section. A combi-

natorial array of front samples is shown in Fig. 2(a), in

which 100 exposure conditions, defined by temperature and

UV dose, are evaluated. A temperature gradient, from right

to left, was applied using a heat source and a heat sink

separated by a conductive metal plate, which supports the

PM. The temperature field was measured and T was

assumed constant in each patterned region. The time

exposure steps were fixed by a manual sliding shutter,

orthogonal to the T-gradient. The interface between the

polymerized solid and the liquid pre-polymer, characteristic

of frontal polymerization, is evident after ‘development’

(selective washing away of the unpolymerized material). A

representative isothermal (TZ23.5 8C) series of fronts,

produced with UV doses ranging from 4 to 300 mJ/cm2, is

magnified in Fig. 2(a) (right panel). The dashed square

indicates a feature that received the minimum dose (4 mJ/

cm2) which was washed away upon development,

suggesting a ‘threshold’ UV dose for frontal growth. (Our

model of frontal photopolymerization, described in the next

section, predicts such a threshold.) The combinatorial

library also shows that growth is viable at slightly higher

temperatures, with the same UV dose. These results are

discussed later in light of our FPP model.

Fig. 2(b) demonstrates that FPP fronts can be used to

solidify samples with various dispersed nanoparticles. The

optical and mechanical properties of these composite

photopolymerized materials are clearly modified from the

thiol-ene matrix, thus verifying that fillers can be incorpor-

ated into FPP to good practical effect.

These results demonstrate that the patterned height h(t) is

a function of the UV dose (or exposure time), temperature,

and optical attenuation constant (altered by the nanoparti-

cles). This feature dimensions (including the height) are,

however, largely insensitive to the development procedure,

implying a sharp solid–liquid boundary [13], expected for a

frontal process. Fig. 3 shows profiles of FPP fronts after

different exposure times for the neat thiol-ene PM and a

filled composite (1% mass fraction) with titania nanopar-

ticles. We observe that while the rate of FPP growth is

significantly diminished, the sharpness of the FPP features is

largely preserved in the presence of the nanoparticles.
4. Frontal photopolymerization (FPP) model

Photopolymerization begins with the absorption of light,

which generates the reactive species responsible for chain

initiation. The addition of a strongly light-absorbing

photoinitiator modifies the optical properties of the medium

and its consumption in the course network formation, in

conjunction with network formation and the formation of

photopolymerization by-products, leads to an evolving

optical attenuation. The consumption of the photoinitiator



Fig. 3. Comparative FPP front profiles as a function of dose for the

photopolymerized thiol-ene PM with and without nanoparticle additives,

obtained by stylus profilometry. (a) Neat thiol-ene array, corresponding to

the inset of Fig. 2(a) (23.5 8C); the UV dose ranges from 4 to 216 mJ/cm2,

yielding structure heights of (0–1200) mm. The patterns shown with dashed

lines correspond to heights exceeding 900 mm (the profilometer vertical

range), where the front position was determined with a caliper. (b)

Profilometer scan along an array of patterned photopolymer loaded with 1%

titania nanoparticles, corresponding to UV doses of 16–440 mJ/cm2

resulting in structures 40–130 mm height. The absorption and scattering

due to the particles slow down the growth, but the sharpness of the features

is largely preserved for patterns at these length scales.
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alone can be expected to lead to a reduction of the optical

attenuation in the UV frequency range (‘photobleaching’),

but the resulting polymer network can have an increased

optical attenuation so that the net optical attenuation can

increase upon photopolymerization (‘photodarkening’).

Moreover, the addition of nanoparticle additives will also

change the optical properties of the medium from those of

the unfilled material in a non-trivial fashion. We thus

develop a model of photopolymerization that does not

presume either photobleaching or photodarkening as a

general consequence of photopolymerization. The nature of

the polymerization front development has distinct features

in these physical situations that we discuss in separate

sections below after summarizing our general model.

As mentioned earlier, a number of photopolymerization

models have recently addressed the complex chemistry and

reaction kinetics of FPP [1–4,7–12]. Since a full description

of this chemistry is difficult, especially in commercial PM

formulations where the composition is somewhat uncertain,

we instead opt for a coarse-grained photopolymerization

model [13]. Our model presumes that the state of the

material is governed primarily by the existence of

polymerized and unpolymerized material in the PM and

the change in average optical properties that result from

photopolymerization. While our model has mathematical

similarities with classic theories of photo-polymerization

[19,20], it directly focuses on observable properties of FPP

rather than the concentration of the various chemical species

involved. In particular, our main variables of interest are the

FPP front position h(t), as defined, for example, by the solid/

liquid interface, the light transmission Tr(x,t) of the PM

layer and the optical attenuation constants (m0, mN) of the

monomer and the fully converted material, respectively.

Our coarse-grained description of the
photopolymerization front propagation is developed in a

parallel fashion to previous phase-field descriptions of

ordering processes such a crystallization and dewetting

where propagating fronts are also observed [21,22]. The

extent of polymerization f(x,t) is then introduced as an

‘order parameter’ describing the extent of conversion of the

growing polymerization front. The field variable f(x,t)

describes the average ratio of photopolymerized to unpo-

lymerized material at a depth x (the illuminated surface

xh0 defines the coordinate origin) into the PM and satisfies

the limiting relations f(x,t/0)Z0 (no polymer) and

f(x,t/N)Z1 (i.e., full polymerization) for all xO0. The

second field variable Tr(x,t) describes the average optical

transmission of the photopolymerizable medium.

We model the evolution of the photopolymerization

process by introducing appropriate rate laws. The rate of

change of f(x,t) is taken to be proportional to the light

intensity I(x,t) [J cmK2], the amount of material available

for conversion 1Kf(x,t) and the reaction conversion rate K

[cm2 (Js)K1],

vfðx; tÞ

vt
ZK½1Kfðx; tÞ�Iðx; tÞ: (1)

Once photopolymerization has commenced, the material

is considered to be a two-component system (consisting of

reacted and unreacted material) whose components do not

generally have the same optical attenuation coefficient m

[mmK1]. In our mean-field model, we take the material to be

defined by a spatially varying and temporally evolving

average optical attenuation, �mðx; tÞhm0½1Kfðx; tÞ�CmNf

ðx; tÞ where m0 and mN are the attenuation coefficients of the

unexposed monomer (m0) and fully polymerized (mN)

material, respectively. The variation of �mðx; tÞ leads to an

evolution in the light intensity (or transmission) profile with

depth according to the generalized Beer–Lambert relation,

vIðx; tÞ

vx
ZK�mðx; tÞIðx; tÞ; (2)

where the usual Beer–Lambert law for a homogeneous

material, IðxÞZ Ið0ÞexpðK�mxÞ, is recovered for short and

long times as �mðx; t/0ÞZm0 and �mðx; t/NÞZmN.

The idealization of the FPP evolution modeled by Eqs.

(1) and (2) neglects the fact that numerous chemical

components are actually generated in the course of

photopolymerization and ignores the presence of additives

and impurities that are often present in the photopolymeriz-

able material. Thus, it is not clear a priori whether such a

simple order parameter treatment of FPP is suitable.

Judgement of the adequacy of our approach must be

decided by comparison to measurements performed over a

wide range of conditions. We next consider the final basic

observable property of the FPP process, the position of the

photopolymerization front.

As in ordinary gelation, we can expect solidification to

occur once f exceeds a certain ‘critical conversion fraction’

fc (/1). Since the liquid material can be simply washed
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away after any exposure time, the height h(t) at which

f(x,t)ZfC demarks the surface of the photopolymerized

material after curing and washing. This defines the position

of FPP front in a concrete way and we adopt it below. It

should be appreciated that solidification by FPP involves a

combination of gelation and glass formation effects since

the glass transition of PM generally increases strongly with

the degree of polymerization. This coupling of network

formation and glass formation should influence the T

dependence of fc and we explore this effect in Section 5.

Eqs. (1) and (2) define a system of non-linear partial

differential equations whose solution depends on four

material parameters: the short and long-time attenuation

coefficients, m0 and mN, the conversion rate KI0 and the

critical conversion fc. The former two parameters can be

measured independently with a series of transmission

measurements of uncross-linked and fully cross linked

specimens of different thicknesses. K is determined by the

polymerization chemistry and fc is a structural variable, yet

both can be obtained as fitting parameters. The former has

been the focus of much of the previous research [7–12,16,

19,20], and is not discussed in the present paper. For

convenience, we use dimensionless intensity, i.e., trans-

mission Tr(x,t)hI(x,t)/I0 of a layer of thickness x at time t to

represent our results.

The coupled non-linear differential Eqs. (1) and (2) have

not yet been solved analytically, apart from special limits

that are briefly summarized in the next section. These

exactly solvable cases include ‘total photobleaching’ where

m0O0 and mNZ0 and ‘photo-invariant polymerization’ in

which the optical properties of the medium do not change in

the course of polymerization (i.e., m0ZmNh �m). Front

propagation is quite different in these different physical

situations and we briefly describe the nature of FPP in these

limiting regimes, as well as some other physically relevant

cases (treated computationally because of the difficulty of

analytic solution), to identify basic features of FPP that can

be recognized experimentally. Rytov et al. [7] is one of few

previous papers to study these different types of FPP, both

by analytic modeling and experiment.

4.1. Total photobleaching (m0O0, mNZ0)

The initiator of the photopolymerization reaction often

absorbs light strongly and the absorption of radiation can

expected to lead to a reduction of the optical attenuation

upon UV radiation through the chemical degradation of this

reactive species. If this were the only species contributing to

the optical attenuation of the medium, then the photo-

polymerized material would become increasingly transpar-

ent to UV radiation, becoming perfectly transparent to the

radiation at infinite times. This is evidently an idealized

model of photopolymerized materials, but most theoretical

discussions of photopolymerization [4,7–12] are restricted

to this limiting case based on the assumption that the PM

initiator dominates the optical attenuation.
The case of perfect optical absorption is one of the few

limiting cases in which a limiting exact solution can be

readily obtained and this solution is instructive into basic

features of FPP. In this case, the PM has a positive

attenuation constant (m0O0) and the attenuation of the

polymerized material equals, mNZ0. From Eqs. (1) and (2),

the conversion fraction f(x,t) for perfect photobleaching

equals,

fðx; tÞZ ½1KexpðKKI0tÞ�=½1KexpðKKI0tÞ

Cexpðm0xKKI0tÞ�; (3)

which can be written equivalently in terms of the coordinate

z of the moving front as,

fðx; tÞZ 1=½1Cexpðm0zÞ�; (4a)

zZ xKxp; xp Z fKI0tC ln½1KexpðKI0tÞ�g=m0: (4b)

The conversion fraction is only positive for xO0 so

that f(x,t) is implicitly multiplied by a Heaviside step

function H(x). Notably, the special solution of Eqs. (1) and

(2) given by Eq. (3) was obtained long ago by Wegscheider

[19], although the physical interpretation of these

equations differs in his treatment which models the

concentration of reactive species, rather than the extent of

photopolymerization.

Eqs. (4a) and (4b) implies that f(x,t) propagates as a

moving sigmoidally-shaped front whose position is defined

by xp. At long times (t/N), the front translates linearly in

time with a constant rate KI0/m0 so that the velocity of the

frontal propagation is proportional to the photochemical

reaction rate K and light intensity I0, and is inversely

proportional to the initial optical attenuation m0. We note

that the conversion fraction is zero for x!0 for all time so

that f(x,t)Z0 for t/0C since xp approaches KN in this

limit. As time increases, the front position rapidly emerges

from KN and crosses into the positive x axis where f(x,t)

can be positive. From Eqs. (4a) and (4b), we see that this

event occurs for the special time defined by the transcen-

dental equation,

KI0tZKln½1KexpðKKI0t�g=m0: (5)

The UV transmission Tr(x,t) is similarly exactly

calculated as [23],

Trðx; tÞZ 1=½1KexpðKKI0tÞCexpðm0xKKI0tÞ�; (6)

This expression reduces to Beer–Lambert relation, Tr(x,t/
0C)Zexp[Km0(x)], for the photopolymerizable material at

short times and Tr(x,t) frontally propagates into the medium

with increasing time. [Tr(x,t) for air is unity in our model so

that Tr(x!0,t)h1.] All of space thus becomes ‘transparent’

to UV radiation (i.e., mZ0) in the limit of infinite times for

total photobleaching, i.e., Tr(x,t/N)Z1.

The location of the FPP front can be defined as the

inflection point in f(x,t), which is defined by the position of

the (unique) maximum in Kdf(x,t)/dxZfx. By this
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definition, the width of the front x can be correspondingly be

defined as the reciprocal of the magnitude of fx at the front

position,

xZ 1=jfxðmaxÞj: (7)

This definition is suitable for any symmetric front shape for

which f(x,t)z1⁄2 at the inflection point and we note that

f(x,t) exactly equals 1⁄2 for total photobleaching. The front

position can also be defined by f(x,t) reaching some

threshold value dictated by the physical nature of the

material. This front definition [13] leads to a time translation

of the front according to the same relation as Eqs. (4a) and

(4b).

4.2. Photo-invariant polymerization (m0O0, mNZm0)

Another important exactly solvable limit of our FPP

model involves the situation in which the optical attenuation

of the polymerized medium is taken to be unchanged from

the pure monomer. This situation is a reasonable approxi-

mation if the monomer is the predominant component of the

photopolymerizable material and if its optical properties

(and density) are insensitive to conversion. In this case of

ideally photo-invariant polymerization, the conversion

fraction equals,

fðx; tÞZ 1Kexp½KKI0expðKm0xÞt�: (8)

(Curiously, 1Kf(x,t) is the Gumbel function [24] of

extreme value statistics.) Eq. (8) can be written in the

coordinate frame z of the moving front as,

fðx; tÞZ 1Kexp½KexpðKzÞ�; (9a)

zhðxKxpÞ; xp Z lnðKI0tÞ (9b)

As mentioned in the last section, the position of the FPP

front can also be defined through the threshold condition for

f(x,t) and it is this type of front definition that is more

convenient in the discussion of our measurements. Specifi-

cally, we define the height h(t) of the FPP front by the

condition f(x,t)ZfC:

hðtÞhxðfZfCÞ (10)

so that fcZ1Kexp½KKI0expðKm0hÞt�. Thus, we may infer

that the height h(t) of the front grows logarithmically with

time, as in the case of xp,

hðt;m0;KI0;fcÞZ
lnðt=tÞ

m0

; (11a)

tðKI0;fCÞh
ln½1=ð1KfCÞ�

KI0
: (11b)

The expression for h(t) in Eqs. (11a) and (11b) is restricted

to tOt since the solidification front does not form

instantaneously with light exposure. An induction time t

is required for f to first approach fc and for the front to

begin propagating. Notice that the slope of ln(t) factor,
describing the growth of h(t) in Eq. (11a) and (11b), depends

only on the optical attenuation m0 rather than the rate of

reaction and that the intercept governing the initial front

growth is governed by t which depends on the rate constant,

optical intensity and fc. Traveling wavefronts with a

logarithmic displacement in time occur in diverse contexts

[25].

The transmission Tr(x,t) does not evolve in time photo-

invariant polymerization so that Tr(x,t) simply decays

exponentially with depth (x) according to Beer–Lambert

relation, Tr(x,t)Zexp(Km0x).

It is important to realize that Eq. (11a) and (11b)

describes the initial FPP growth for an arbitrary optical

attenuation of the polymerized material. (mNO0). More-

over, Eq. (11a) and (11b) describes the long time asymptotic

growth provided that mN is replaced by its non-vanishing

counterpart mN for the fully polymerized material. These

extremely useful approximations arise simply because

mN(x,t) is slowly varying in these short and long time

limits. The crossover between these limiting regimes can be

non-trivial and is addressed below. In many practical

instances, however, the time range is restricted to the initial

stage governed by Eq. (11a) and (11b).

4.3. Partial photobleaching (m0O0, mN!m0)

The limits of perfect photobleaching and photo-invariant

polymerization are ideals that can only approximately apply

in practice. In general, the optical attenuation of the

polymerized material is always greater than zero and can

be either greater or lesser than the monomer. We first

consider the case where mN small (mNZ10K4 mmK1) so

that a constant velocity front propagation occurs over an

appreciable time. The initial optical attenuation constant m0

and fc are chosen to roughly match the magnitude found in

the experiments described in the next section, m0Z10 mmK1,

fCZ0.02 (or 2%) and KI0Z1 sK1. Our approach must be

numerical since Eqs. (1) and (2) are not readily solved

analytically, despite their apparent simplicity of form. These

results are obtained by a finite difference solution of Eqs. (1)

and (2), using IGOR Pro 4 (WaveMetrics), in which depth

and time intervals of 10K3!x!7.6 mm and 10K3!t!
250 s were sampled in logarithmic increments.

The transmission in the case of partial photobleaching

remains nearly exponential, but the surface from which the

attenuation occurs translates into the material in the course

of photopolymerization at a nearly constant rate. The

conversion fraction f(x,t) exhibits a simple sigmoidal form

and translates uniformly in time with a shape that remains

invariant in form, although the full front does not pass into

the positive real axis until a sufficient time passes. In Fig.

4(c), we show the derivative Kdf(x,t)/dx as function of

time, the position of the peak defining the front position and

its height the peak the reciprocal interfacial width [Eq. (7)].

Finally, Fig. 4d shows the front positions as defined by fC

and the inflection point in f(x,t). The inset shows that front



 

 

 

Fig. 4. Partial photobleaching. FPP front characteristics for partial photobleaching photopolymerization obtained numerically with parameters m0Z10 mmK1,

mNZ10K4 mmK1, KI0Z1 sK1 and fCZ2% (time steps sampled logarithmically). (a) Transmission profile evolution, (b) Propagation of conversion profile, (c)

Differentiated conversion profile, defining inflection point as measure of front position, (d) Front position obtained from inflection point position (df/dxZ0)

and height of the polymerized sample (obtained from critical conversion fC criterion). Note the front propagation is nearly linear in time at long times (since

mNz0) for both the transmission and the conversion fraction and that the front shape is invariant in time, after an induction time. The height of the

polymerization front (fC) exhibits non-trivial kinetic features (a log-to-linear crossover) that are absent from the kinetics defined by the inflection point in the

conversion profile (which emanates after full conversion at the surface).
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position as defined by the solidification front h(t) grows

logarithmically at short times, but the front propagation

crosses over to linear growth at long times. The front

defined by the inflection point, exhibits a different scenario.

The front movement develops sharply at long times and

propagates linearly at the outset. This effect arises since a

fairly long induction time exists before the inflection point

of f passes onto the positive axis.
4.4. Partial photodarkening frontal photopolymerization

(m0O0, m0!mN)

It is possible that the reactive products generated by the

photoinitiator or the polymerization of the monomer to

increase the optical attenuation so that the cross-linked

material becomes increasingly opaque to (UV) radiation

with increasing time. We find that this case is the most

common situation in all of our FPP measurements,

regardless of the presence of nanoparticles, or T. Fig. 5

illustrates our numerical solution obtained for a representa-

tive photo-darkening example using the realistic model

parameters: m0Z1 mmK1, mNZ10 mmK1, KI0Z1 sK1 and

fcZ0.02 (or 2%), covering 10K3!x!20 mm and 10K3!
t!106 s depth and time intervals in logarithmic increments.

(Note how photobleaching growth of the network height h(t)

is much faster with similar physical parameters). The

transmission Tr(x,t) as a function of depth for various curing

times is computed in Fig. 5(a). In the short and long time

limits, the usual Beer–Lambert law holds and the intensity

decays exponentially in x, with attenuation coefficients m0
and mN, respectively. At intermediate times, there is a

crossover between these two asymptotic regimes. (An

attempt to fit experimental transmission results with the

simple Beer–Lambert law would result in an unphysical

(s1) intercept for infinitely thin films, symptomatic of the

necessity of accounting for the variation in m in the course of

photopolymerization.) The spatio-temporal variation of the

conversion fraction f(x,t) is shown in Fig. 5b and the

derivative Kdf(x,t)/dx of is shown in Fig. 5(c). As in

the total photobleaching case, the front position as defined

by the inflection point is insensitive to crossover effects

because of the late time for the development of this feature.

The displacement in time is logarithmic after a short

induction time. However, the front position h(t)hx(fZfc)

defined by a 2% conversion exhibits a more interesting

crossover. As anticipated from Eq. (5), the front moves

logarithmically at ‘short’ times where �mðx; t/0Þzm0 and

crosses over to a slope determined by �mðx; t/NÞzmN,

respectively, as the monomer interconverts to the network

material. Thus, the front moves faster initially (f1/m0) and

slows down (f1/mN) at later times.
5. Experimental results and discussion

In a previous paper [13], we investigated the comparison

of the model described above to a series of commercially

available thiol-ene PM formulations. These measurements

compared quite favorably to our FPP model for the case of

partial photodarkening. In the present work, we perform a



Fig. 5. Partial photodarkening FPP modeled numerically with parameters m0Z1 mmK1, mNZ10 mmK1, KI0Z1 sK1 and fCZ2% (time steps sampled

logarithmically). (a) Transmission profile evolution, (b) Propagation of conversion profile, (c) Differentiated conversion profile, with the inflection point

demarking one measure of front position, (d) Comparison of front kinetics obtained by the inflection point position (df/dxZ0) and critical conversion fC

criteria. The latter corresponds to the position obtained experimentally from height of the polymerized sample. The attenuation coefficient m increases in the

course of time toward a well-defined larger value at large times, mN. The time invariant FPP front moves logarithmically in time, in contrast with the linear

kinetics of total photobleaching (Fig. 4). The height h(t) exhibits two logarithmic dependences, after induction time t: an early regime governed by the optical

attenuation of the monomer (faster 1/m0) and a later regime governed by the optical attenuation of the polymerized material (slower 1/mN). The inflection point

position departs after full conversion at the surface (induction time tI), moving with a 1/mN logarithmic prefactor.
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temperature study on one of these formulations (designated

as r81 in our previous paper), and consider how the FPP

process is modified by the presence of commonly utilized

nanoparticles (silica, titania and (multi-wall carbon

nanotubes).

5.1. FPP dependence on temperature

During photocuring, the initial homogeneous PM under-

goes a complex spatio-temporal change, emanating from the

illuminated surface and resulting in a depth- and time-

dependent local transmission. It is important to first

establish how the optical attenuation properties evolve in

time so that we know what type of FPP formation should

occur in our system. Measurements of the integrated

transmission of specimens of constant thickness as a

function of dose (Fig. 6(a)) indicate that the transmission

progressively drops with exposure, corresponding to the

case of photodarkening. The transmission dependence upon

photocuring was studied by monitoring in-situ the trans-

mitted light intensity of a layer of PM of constant thickness

during FPP. Layers of pre-polymer were confined between

transparent glass windows with spacers of defined dimen-

sions: (90, 180, 198, 160, 400, 650, 1000 and 1475) mm. A

large UV dose window was probed, ranging from 0.01 mJ/

cm2 to over 100 mJ/cm2, and this experimental series was

performed isothermally, at 20 8C. The inset shows fitted

curves describing of thickness-dependent transmission

before [Tr(0)] and after [Tr(N)] a long UV exposure

(until Tr(dose) reaches a plateau), in the usual Beer–
Lambert representation. There is clearly a drop in m in the

photopolymerized material so that the partial photodarken-

ing model applies to the data. Photodarkening of these PMs

is caused by fluorescence emission in the visible range that

is concurrent to photoinitiation and this effect will

eventually disappear after even longer exposure times

[26]. Further discussion of transmission characteristics of

these FPP fronts are described in our previous paper [13].

Fig. 6(a) serves as a reminder here of this basic aspect of the

FPP process in our thiol-ene PM.

Next, we discuss a series of combinatorial experiments

carried out to determine the dependence of the patterned

feature height h(t) on the administered UV dose and

temperature T. FPP was carried out through a photomask,

consisting of an array of 10!10 squares (2 mm!2 mm), as

described above. The T range investigated spanned from 16

to 73 8C, using two linear gradient samples. A thick layer

(3 mm) of PM was then confined inside a PDMS gasket on a

silicon wafer and covered with a glass slide and photomask.

Each slit was UV exposed for increasing amounts of time

using a sliding shutter at fixed light intensity. The top glass

plate (where the cross-linked material is patterned) was then

slowly lifted, leaving the majority of the uncross-linked

material on the bottom surface. The uncross-linked material

on the glass plate was removed upon development, and the

patterned structures were flood UV exposed, as described

above.

The temperature study was accomplished with only

two combinatorial samples, each with 100 distinct experi-

mental data points, defined by parameters (dose, T). The two



Fig. 6. Influence of temperature on ‘photodarkening’ FPP kinetics. (a) Transmission change during light exposure for various sample thicknesses, ranging from

90 mm to 1 mm (measured at 20 8C), establishing the photodarkening nature of the process. The inset depicts a Beer–Lambert plot (log transmission as a

function of thickness) the initial and final stages, yielding parameters m0 and mN. (b) Frontal kinetics measured at several temperatures (5% standard

uncertainty) obtained from two combinatorial specimens, linearly sampling (16–34) 8C and (36–73) 8C. The lines are logarithmic fits to individual sets of data,

demonstrating the validity of log frontal kinetics which is accelerated with increasing temperature. The inset replots the measurements in a semi-log

representation establishing that slope (i.e., logarithmic prefactor) is largely unchanged, while the intercept decreases with increasing temperature. (c) Fitting

parameters of measurements in (b) to a logarithmic growth law hðdoseÞZ iC ð1=m0ÞlnðdoseÞ, where i stands for intercept (Eqs. (12a) and (12b)). Temperature

effects are manifested primarily by an increase in the intercept i, which is a function of the kinetic constant K and critical degree of conversion fC, while the

slope is controlled by the optical attenuation m0 in the photodarkening FPP model.
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T-gradients were mapped into T(p)Z0.3152pC16.4 8C and

T(p)Z0.653pC35.64 8C, where p stands for sample

position along the gradient (0%p%56.6 mm). The gradient

linearity was better than the regression parameter R2O0.99.

The temperature T of each sample was interpolated from the

expression above and has an uncertainty better than 0.5 8C.

The exposure times ranged from 30 s to 37 min, and the

light intensity was (230–245) mW/cm2, thus covering a 4–

330 mJ/cm2 dose window (with 5% standard uncertainty

based on one standard deviation). The resulting patterned

posts were topographically mapped by profilometry and the

front position (i.e., the maximum height) was also measured

with a caliper (Fig. 3). Our method of locating the ‘cure

depth’ or ‘front position’ h(t) is tangibly defined measuring

the thickness of the solidified material after UV exposure

and subsequent development (washing away the unsolidi-

fied thiol-ene PM). This criterion [13,27] is suitable for

characterizing and controlling feature depth in fabrication

and prototyping since the dimensions of the solid material

are the primary concern.

In the present paper, we use UV dose (the product of

exposure time and light intensity, dosehI0!t) and time t

almost interchangeably. This relation is established from

Eq. (1), which is invariant under the formal replacement, tZ
dose/I0. As a control measurement in our previous work

[13], we carried out cure depth h experiments with various

fixed incident light intensities I0 and exposure time intervals

t and found that all the data superimposed using the time–

dose relation. Thus, the conversion rate does not appear to

depend on I0 [4,27].

Fig. 6b collects height h(t) vs. dose experimental

observations for a range of T for the thiol-ene PM. The

data shows that h(t) grows more rapidly at elevated T and

the inset compares the growth is effectively logarithmic in

each case, consistent with the photodarkening model. The

time regime here does not extend to long enough times [13]
to attain the crossover observed in Fig. 5(d). The patterned

height grows, therefore, logarithmically with time, which is

interpreted within the first growth regime of our photo-

darkening model [similar to photo-invariance Eq. (11a) and

(11b)], according to

hðdoseÞZ 1=m0 lnðdoseÞC i; (12a)

iZKln
ln½1=ð1KfCÞ�

K

� �
=m0: (12b)

as discussed in Section 4.2. We observe from the inset of

Fig. 6(b) that the slopes of the curves are nearly invariant to

changes in T, but the intercept i changes. This result is

expected from our FPP model since the slope of the

logarithmic growth is entirely determined by the optical

attenuation constant m0. The intercept i depends on the rate

constant and the critical conversion fraction fC, both of

which should depend on T. A fit of the data to the FPP model

indicates supports these predictions of the FPP model, the

slope of the logarithmic curves is nearly constant 1/

m0z0.31 mm, corresponding to m0z3.2 mmK1 (which

appears to decrease slightly with temperature, likely

associated to a decrease in density). The intercept increases

nearly linearly with T over this limited T range, following

iz0.0085TC1.4336. The data could be fitted to an

Arrhenius form expected for the rate constant K, but we

avoid this procedure until we have a better understanding of

the T dependence of fC. These observations show that the

FPP model can be used to understand the T dependence of

FPP and the parameters governing the photopolymerization

process. At even high T and light dose (typically above

65 8C and 250 mJ/cm2) the planarity of front propagation

appears to be somewhat disrupted, likely due to frontal

instabilities that we will report separately [28].

The T dependence of i rationalizes the qualitative

observations of Fig. 2(a): posts patterned with low UV



Fig. 7. Influence of nanoparticle additives on ‘photodarkening’ FPP.

Isothermal (25 8C) frontal kinetics of the neat (7) thiol-ene matrix is

considerably slowed down in presence of mass fractions: (:) 1% silica,

(,) 1% titania, (C) 0.1% CNT and (B) 0.01% CNT nano-fillers (average

height uncertainty is less than 5%, measured by one standard deviation).

The primary effect of the additives is to decrease the logarithmic slope

describing the FPP growth. This effect is expected from our model in which

the optical attenuation alone (in fact, 1/m0) governs that slope. The strong

optical attenuation of carbon nanotubes and titania slow down growth more

efficiently, as anticipated. Our FPP model successfully describes frontal

growth in these multicomponent mixtures, despite the microheterogeneity

of the photopolymerizable material.
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dose at lower temperatures were washed away upon

development, indicating the existence of a critical dose for

the frontal polymerization to initiate.

The frontal kinetics of a FPP material is defined by only

four parameters in the framework of our model: m0, mN, K

and fC. The attenuation coefficients can be determined

independently with a set of Tr vs. thickness experiments of

the neat and fully polymerized material (Fig. 6(a)). K may

be determined by the time (or dose) dependence of the Tr,

for various thicknesses. Finally, the conversion threshold fC

is obtained by fitting the experimental height vs. dose

measurements. We previously obtained [13] KZ0.55 cm2/J

and fCZ0.32% for this thiol-ene PM formulation at TZ
20 8C.

5.2. FPP with nanoparticles

Next, we demonstrate the applicability of the FPP model

to the case when small amounts of nanoparticles are added

to the thiol-ene PM. This series of measurements was

performed at constant T (TZ25 8C), following the same

experimental protocol as the neat thiol-ene PM. An array

(3!9) photomask was employed and light exposure was

varied in both directions (instead of temperature) with a

double shutter, following the sequence indicated in Fig.

2(b). Particle loading varied from 0.01 to 1% and its upper

limit was set by a decreasing light transmission, which

lengthens experimental time. Measurements were per-

formed for a range of common nanoparticle additives-

silica, titania and multiwall carbon nanotubes-known for

their capacity to modify mechanical, conductivity and

optical properties.

The impact of the filler additives on the front develop-

ment is shown in Fig. 7. As in the thiol-ene matrix alone, the

growth remains logarithmic in all cases. The primary effect

of the nanoparticle additives is to modify the slope of the

logarithmic growth. This result is expected since the filler

particles modify the optical attenuation of the medium,

which governs the slope of the logarithmic growth

according to the FPP model. The slope change is smallest

for the silica particles (1% mass fraction) and the dilute

(0.01%) nanotube dispersions, but the effect becomes quite

pronounced for higher concentrations of CNT (0.1%) and

titania (1%) particles, where the changes in the optical

properties are strongly modified. In fact, the optical

attenuation of the media may be determined by the frontal

kinetics alone, from the logarithmic growth slope. Accord-

ingly, we obtain m (1% SiO2)z4.3 mmK1, m (1% TiO2)-

z36.0 mmK1, m (0.1% CNT)z18 mmK1, m (0.01%

CNT)z5.0 mmK1.

Our FPP model seems to provide a good description of

these multicomponent mixtures, despite the microhetero-

geneity of the photopolymerizable material. We have

previously demonstrated the use of FPP in 3D rapid

prototyping (3D-RP) and fabrication of complex structures,

with particular emphasis in microfluidics [5,13,29–31]. The
addition of nanoparticles emerges as a useful method to

modulate the rate of FPP and opens possibilities in 3D-RP of

structures with varied material properties, such as optical

elements, wires, electrodes, resistors and other circuit

elements, etc. The present results are quite encouraging

for device manufacture and suggest a wide applicability of

our FPP model.
6. Conclusions

We have developed a model frontal photopolymerization

(FPP) that directly addresses the kinetics of the growth front

position and the change in optical attenuation in time under

general circumstances, including the variation in tempera-

ture and loading with nanoparticles to change the properties

of the photopolymerized material. This model involves an

order parameter f(x,t) describing the extent of conversion of

monomer to polymer (solid) and the extent of UV

attenuation, Tr(x,t). Many aspects of the photopolymeriza-

tion process derive from the changing character of the

optical attenuation m in the course of PM exposure to UV

light and we illustrate how this effect can lead to significant

changes in the kinetics of front propagation. Specifically, the

fronts are observed to propagate linearly in time, when m of

the polymerized material is very small (photobleaching),

while a logarithmic front growth is found for photopoly-

merization when the optical attenuation remains nearly

unchanged (photo-invariant FPP).
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In the measurements described in the present paper, we

generally observe an increase in the optical attenuation in

time (partial photodarkening). A series of combinatorial

experiments with varying temperature demonstrates that the

front height generally increases with temperature and is well

described by logarithmic growth at all T. The log prefactor

is found to be nearly independent of temperature, while the

induction time for FPP initiation increases with T. This is

consistent with our model, which predicts that the log

prefactor depends entirely on the optical attenuation at short

times (relevant to the measurements considered) and the

induction time is temperature dependent, primarily through

the rate constant, K.

We also explored the influence of nanoparticles on FPP

growth and found that logarithmic kinetics is preserved.

However, the slope on the log prefactor depends strongly on

nanoparticle type and concentration but the induction is

largely unchanged. These findings are consistent with our

FPP model. These two series of measurements show that the

FPP growth can be independently tuned by either modifying

the rate constant (e.g., by varying T or the formulation [13])

or optical properties (e.g., nanoparticle additives) of the PM.

Our experimentally validate FPP model should be a useful

tool in the design and fabrication of diverse multicomponent

structures by FPP.
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