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The active centers responsible for cationic photopolymerizations are essentially non-terminating, and
continue to propagate after the illumination is ceased. In this contribution, the mobility of the long-lived
cationic active centers is investigated for the cure of epoxides containing carbon black nanoparticles.
Concentration profiles for the cationic active centers produced during illumination were coupled with an
analysis of the active center reactive diffusion during the post-illumination period, revealing that
migration of the active centers leads to cure beyond the illuminated depth. A kinetic analysis yielded
predicted cure times for coatings of varying thickness and carbon black loading, showing good agree-
ment with experimental results obtained for photopolymerizations of cycloaliphatic diepoxide coatings
containing a monodisperse carbon black with mean hydrodynamic radius of 29.2 nm. These results
indicate that the long lifetimes and reactive diffusion of cationic active centers may be used for effective
curing of coatings containing carbon black nanoparticles. This comprehensive approach could be applied
to other opaque nanocomposite systems.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Photopolymerization is well established as an effective method
for curing transparent films and coatings. However, photo-
polymerization reactions are hindered by the presence of particles
and fillers which directly compete with the photoinitiator by
absorbing the incident radiation [1]. This results in increased light
attenuation in coatings and films containing nanoparticles or
pigments. Nanoparticles are commonly used to improve the abra-
sion resistance and toughness of polymers; however these mate-
rials generally must be thermally cured [2e5]. The spatial and
temporal control of the initiation reaction afforded by the use of
light, rather than heat, to drive the polymerization offers a number
of important process advantages. For this reason, a number of
investigators have pursued methods for effectively photocuring
acrylates or epoxides containing nanoparticles. For example, many
investigators have reported the photopolymerization of nano-
composites containing iron oxide nanoparticles [6], functionalized
organoclays [7], and functionalized silica [8,9]. Sangermano and
collaborators found that the presence of the functionalized orga-
noclays had little effect on the photopolymerization kinetics [7],
and Chemtob et al. reported that the high UV-transmittance of
nanosilica fillers ensures photopolymerization of the monomer
þ1 319 335 1415.
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while maintaining optical transparency in the cured film [9]. San-
germano and collaborators [10,11] recently reported hybrid photo-
polymerization/solegel reaction processes to produce coatings
containing nano-scale inorganic domains. In this clever approach,
the inorganic domains are produced in situ, after the UV curing
step, and the investigators demonstrated that coatings with desir-
able scratch resistance, toughness, clarity, and refractive index
could be obtained.

In the photopolymerized nanocomposites discussed above, the
presence of the nanoparticle does not prevent light penetration
either because the system is transparent, or the thickness of the
coating is not large enough to cause significant light attenuation. In
contrast, this contribution examines photopolymerizations of
systems in which the presence of the nanoparticle prevents suffi-
cient light penetration to the desired depth of polymerization.
Specifically, cationic photopolymerizations of epoxide systems
containing carbon black nanoparticles are investigated. Cationic
polymerizations are attractive for this purpose due to the long
lifetime and mobility of the cationic active centers. Unlike free
radicals, cationic active centers are not inhibited by oxygen and are
essentially non-terminating, and therefore have been shown to
remain active long after irradiation has ceased and may lead to
further polymerization in the illuminated region (dark cure). Dark
cure in cationic photopolymerizations of epoxide monomers has
been characterized by a number of investigators [12e14]. In addi-
tion, cationic active centers may lead to “shadow cure” in unex-
posed depths and regions shaded by opaque constituents or fillers.
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For example, in a recent contribution, Ficek et al. [15] characterized
the diffusion of the cationic active centers in photopolymerizations
of cycloaliphatic epoxides, and demonstrated that the cure can
continue for several hours to extend deep below the illuminated
surface in unfilled systems.

This contribution provides a theoretical and experimental
investigation of cationic photopolymerizations of epoxide coatings
containing carbon black nanoparticles. The fundamental differen-
tial equations describing the polychromatic photoinitiation process
[16,17] are solved to obtain profiles of the concentration of active
centers as a function of time and depth. Here the differential
reaction/diffusion equations which describe the consumption of
photoinitiator and production of active centers are coupled to the
differential absorption equation which accounts for the poly-
chromatic absorption by all system components, including the
carbon black. During the illumination period the active centers are
preferentially generated at the surface to produce a concentration
gradient that leads to diffusion into the regions of unexposed
monomer. Using the active center concentration gradient at the end
of the illumination period as the initial condition for the differential
diffusion equation allows the active center concentration profile to
be determined long after the illumination has ceased. Coupling
these concentration profiles with the propagation rate equation for
low to intermediate conversions allows the cure time, or time for
macroscopic property development, to be predicted for a required
conversion. In this manner, experimental cure times for cationically
polymerized epoxide coatings containing carbon black are
compared with theoretical predictions of cure time.

2. Experimental

2.1. Materials

The cationically polymerizable monomer 3,4-epoxy-cyclo-
hexylmethanyl 3,4-epoxy-cyclohexanecarboxylate (EEC, Sigma
Aldrich) was used in these experiments. The photoinitiator used in
these experiments was (tolycumyl)iodonium tetrakis (penta-
fluorophenyl) borate (IPB, Secant Chemicals). The carbon black
studied was CB-35 (NIPex 35, Degussa Engineered Carbons, LP).
Methanol and propylene carbonate solvents were used for UV/
Visible spectroscopy.

2.2. Carbon black dispersion and size characterization

The carbon black used in this study is a commercial furnace
black designed for chemically prepared toner applications because
of its ease of dispersion. Furnace blacks generally exhibit a hydro-
phobic, non-polar, basic character. Propylene carbonate was
selected as a solvent for carbon black spectral measurements
because it is a polar aprotic solvent in which the nanoparticles
exhibit good dispersion. The size and monodispersity of CB-35
carbon black in propylene carbonate was characterized using
dynamic light scattering (DLS). Experiments were carried out with
a DynaPro 99P instrument (Protein Solutions) equippedwith a 1 cm
pathlength cell. Samples were analyzed using the Dynamics soft-
ware provided with the instrument. The DLS results showed the
sample to exhibit a monodisperse and unimodal distribution of
particle sizes with a mean hydrodynamic radius of 29.2 nm.

2.3. UV/Visible spectroscopy

The absorbance spectra for the monomer, photoinitiator,
photolysis products, and carbon black were determined in 1 nm
increments using an 8453 UVeVisible spectrophotometer (Agilent
Technologies). For the monomer and photoinitiator, the spectra
were obtained for dilute solutions (10�2M and 10�3M respectively)
in propylene carbonate (a non-polymerizable solvent which app-
roximates the monomer) placed in an air-tight, quartz cell to
prevent any changes in concentration due to evaporation of the
solvent. To obtain the absorbance spectra after photolysis, the
photoinitiator samples were illuminated with a 200 Watt HgeXe
arc lamp (Oriel Light Sources) until there was no change in the
absorbance spectrum. For carbon black spectra, the nanoparticles
were dispersed in propylene carbonate (∼1 g/L) by mixing on a stir
plate for at least 24 h prior to analysis.

2.4. Raman spectroscopy for characterization of the propagation
rate constant

The propagation rate constant for cationic polymerization of the
cycloaliphatic diepoxide used in this study was determined inde-
pendently for the neat monomer using Raman Spectroscopy.
Raman spectra were collected using a holographic fiber-coupled
stretch probehead (Mark II, Kaiser Optical Systems, Inc.) attached to
a modular research Raman spectrograph (HoloLab 5000R, Kaiser
Optical Systems, Inc). A sample containing EEC monomer with
photoinitiator was placed inside a sealed 1 mm ID quartz capillary
tube. A 200 mW 785 nm near-infrared laser through a 10� non-
contact sampling objective with 0.8 cm working distance was
directed into the sample to induce the Raman scattering effect.
Photopolymerization was initiated by simultaneously illuminating
the sample with a 100 W high pressure mercury lamp (Acticure
Ultraviolet/Visible Spot Cure System, EXFO Photonic Solutions,
Inc.). The output of the lamp was filtered for 250e450 nm wave-
lengths, resulting in an overall irradiance of 100 mW/cm2 in this
range. The Raman peak at 790 cm�1 was used to determine the
epoxide conversion [18]. The effective propagation rate constant,
kp, was determined using a previously published procedure [19].

2.5. Photopolymerization of coatings

The time required for the coatings containing CB-35 to reach
a tack-free cure was investigated over a range of loadings and illu-
mination times. For these experiments, solutions containing
96e99 wt% EEC, 1 wt% IPB, and 0e3 wt% carbon black were mixed
together for 24 h in dark conditions. The solutions were then spread
onto aluminum substrates using a draw bar to achieve the desired
uniform coating thickness (40 or 80 mm). The coated panels were
then illuminated for various times, using a 200 W HgeXe arc lamp.
The outputof the lampwaspassed throughawaterfilter to eliminate
infrared light, resulting in an overall irradiance of 50.0mW/cm2. The
wavelength range of interest was determined to be 295e307 nm,
corresponding to the overlap between thephotoinitiator absorbance
spectrum and the lamp emission spectrum. The irradiance in this
rangewas determined to be 5mW/cm2,measured using a calibrated
miniature fiber optic spectrometer (USB4000, Ocean Optics, Inc.).
The photopolymerization was carried out under atmospheric
conditionsandat roomtemperature. After exposure, thepanelswere
stored at room temperature. The cure time required formacroscopic
propertydevelopmentwasdeterminedbycharacterizing the surface
tack and the adhesion to the substrate at regular intervals. Once full
property development was achieved, the thickness of the coating
was obtained by a micrometer (micro-TRI-gloss m, BYK Gardner).

3. Results and discussion

3.1. Photoinitiator, photolysis product, and carbon black absorptivities

A number of investigators have shown that free-radical photo-
initiators typically exhibit significant photobleaching [21e23] since
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the absorption of the photolysis products is lower than that of the
original photoinitiator. Photobleaching is important for photo-
curing of thick systems since it allows light to penetrate deeper
beneath the illuminated surface upon production of active centers
[24e28]. Photobleaching during cationic photopolymerizations has
received considerably less attention in the literature, and the degree
of photobleaching of most cationic photoinitiators has not been
characterized. Table 1 shows the molar absorptivity as a function of
the incident wavelength (for the wavelengths of interest in this
study) for the both the original cationic photoinitiator (IPB) and the
photolysis products. This table illustrates that, although the IPB
photoinitiator exhibits some photobleaching upon photolysis, the
molar absorptivity of the photolysis products is significant (average
34% of the photoinitiator absorptivity).

The optical properties of the nanoparticle fillers play an
important role for the potential photopolymerization of nano-
composite coatings. In general, nanoparticles or pigments may
reduce light penetration by absorption, scattering or reflection of
the incoming light, therefore the radiative flux in a nanoparticle
filled system can be characterized by accounting for these effects.
This has been accomplished for highly reflective additives, such as
titanium dioxide, by describing the specular and diffuse reflectance
using a four-flux model [29]. In one study of Pigment Red 254, Jahn
and Jung [30] found the reflectance contribution to be negligible for
particles smaller than 100 nm. Similarly, for a matrix containing
carbon black, Tesfamichael et al. [31] found that the contribution of
the reflectance was insignificant for incident wavelengths below
500 nm. The system under investigation meets both of these
criteria since the mean particle hydrodynamic radius is less than
30 nm and the initiating light falls in a narrow wavelength region
where the UV photoinitiator absorption overlaps with the 200 W
HgeXe arc lamp emission (295e308 nm). These observations
suggest that the reflectance and scattering effects can be neglected
for the small, monodisperse carbon black particles used in this
study. This assumption was further confirmed by measuring the
absorbance of the carbon black at different positions between the
emission beam window of the UV/Visible spectrophotometer and
the detector window. Spectra were collected at three different
positions within this window, 6 cm increments over a range of
12 cm. The spectra at all positions were identical, confirming that
the reflectance/scattering contributions can be neglected for this
particular system. To confirm that the absorption is linearly
dependent upon the CB-35 loading, the direct transmittance in the
wavelength range of interest (295e308 nm) was measured as
a function of carbon black mass concentration. The linear correla-
tion coefficient for a plot of the absorbance as a function of
concentration was 0.9999, with an effective absorptivity of
22.9 L/g-cm, which remains constant over the incident wavelength
Table 1
Napierian molar absorptivities (L/mol-cm) for photoinitiator (3i) and photolysis
products (3p) for incident wavelengths.

l (nm) 3i 3p 3p/3i

295 2736 1046 0.38
296 2537 936 0.37
297 2352 839 0.36
298 2175 753 0.35
299 2005 677 0.34
300 1844 610 0.33
301 1688 549 0.33
302 1544 496 0.32
303 1409 450 0.32
304 1282 410 0.32
305 1164 373 0.32
306 1054 342 0.32
307 954 315 0.33
range. This value for the absorptivity of CB-35 was used throughout
the remainder of this paper.
3.2. Determination of the active center concentration profiles
produced during illumination

An accurate description of the spatial photoinitiation profiles
produced during the illumination step is necessary to predict the
depth of cure in a nanoparticle filled system. The evolution of the
light intensity gradient and the corresponding active center
concentration profiles were found using the following set of
differential equations for polychromatic illumination, including
diffusion of the initiator and photolysis products:
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Here, z is the direction perpendicular to the illuminated surface,
with z¼0 at the illuminated edge. The subscript j is an index with
a different value for each wavelength of light under consideration;
Ci(z,t) is the initiator molar concentration at depth z and time t;
Cp(z,t) is the photolysis productmolar concentration at depth z and
time t; I(z,t) is the incident light intensity of a specific wavelength
at depth z and time t with units of mW/cm2; 3i is the initiator
Napierianmolar absorptivity at a specific wavelength with units of
L/mole-cm; 3p is the photolysis product Napierian molar absorp-
tivity at a specific wavelength with units of L/mole-cm; aCB is the
carbon black Napierian absorptivity at a specific wavelength with
units of L/g-cm; CCB is the carbon blackmass concentration in units
of g/L; 4i is the quantum yield of the initiator at a specific wave-
length, defined as the fraction of absorbed photons that lead to
fragmentation of the initiator; NA is Avogadro’s number; h is
Plank’s constant; v is the frequency of light in units of inverse
seconds; Di is the diffusion coefficient of the initiator in units of
cm2/sec; and Am is the absorption coefficient of the monomer and
the polymer repeat unit with units of 1/cm. Note that theNapierian
absorptivities are used because they are most natural for the
differential version of the absorption equation (Equation (3)). The
quantum yield for IPB is 0.7 and the diffusion coefficients are
1 �10�7 cm2/s [32].

For a polymerization system of thickness zmax which is illumi-
nated at the planar surface in which z ¼ 0, the following initial and
boundary conditions apply [16,17]:

Ciðz;0Þ ¼ Co (4)

Cpðz;0Þ ¼ 0 (5)

vCi;p
vz

¼ 0 at z ¼ 0 and z ¼ zmax (6)

Ið0; tÞ ¼ Io (7)

Equation (4) states that the initial initiator concentration, Co, is
uniform throughout the depth of the sample. Similarly, Equation (5)
indicates that the initial photolysis product concentration is zero
throughout the sample. Equation (6), theno-fluxboundarycondition,
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indicates that there is no transport of initiator or photolysis product
across the illuminated surface or the opposite boundary (typically an
interface with a substrate). Finally, Equation (7) states that the light
intensityon the illuminatedsurface is constant andequal to the initial
intensity, Io.

3.2.1. Active center profiles for infinitely thick systems
To demonstrate the effect of the carbon black nanoparticles on

the photoinitiation process, it is useful to examine simulation
results for an infinitely thick systemwhere zmax ¼N. Simultaneous
solution of Equations (1)e(7) yields profiles of light intensity and
initiator concentration as functions of depth at various instants in
time for an infinitely thick system. Fig. 1 contains plots of the light
intensity as a function of depth for two different EEC systems: one
unfilled (Fig.1A) and the other containing 3wt% CB-35 (Fig.1B). The
figure illustrates that the presence of the carbon black has a marked
effect on the initial light intensity gradient in the sample. In the
system containing carbon black, the light intensity drops to a value
of essentially zero in less than 60 mm. In contrast, for the unfilled
case the initial light intensity is still 75% of the incident value at
a depth of 60 mm, and retains more than 10% at a depth of 500 mm.
The photobleaching described in Table 1 leads to the change in the
gradient with increasing illumination time for the unfilled system
(Fig. 1A), and is negligible for the system containing carbon black
(Fig. 1B) due to the strong absorption by the nanoparticles.

Since the rate of consumption of the photoinitiator at a given
depth increases with increasing total light intensity (as described in
Equation (1)), the initial rate is highest at the illuminated surface,
and is zero anywhere in which the total light intensity is zero.
Therefore, a photoinitiator concentration gradient will be estab-
lished immediately upon illumination, and will evolve with time in
a manner described by the simultaneous solution of Equations (1)e
(7). For example, Fig. 2 shows profiles of the photoinitiator
concentration as a function of depth with increasing illumination
time for the cationic photopolymer systemwith and without 3 wt%
CB-35. These results illustrate that in the system containing carbon
black (Fig. 2B), the photoinitiator is depleted rapidly at the surface
of the sample where the light intensity is highest, but the photo-
initiation reaction does not extendmuch beneath the surface due to
the light attenuation caused by the strongly absorbing carbon black
nanoparticles. As a result, the system containing CB-35 exhibits
sharp gradients in both the light intensity (Fig. 1B) and the initiator
Fig. 1. Profiles of the initial total light intensity summed over initiating wavelengths (2
concentration (Fig. 2B). Compared to the unfilled system (Fig. 2A),
this steep concentration gradient results in a stronger driving force
for diffusion of the photoinitiator, therefore the diffusive contri-
butions during illumination are much more important for the
system containing carbon black. Diffusion of the photoinitiator
during the illumination period is responsible for the concentration
change that takes place at depths where the light intensity is zero
(depths greater than 60 mm). The local rate of active center gener-
ation is equal to the product of the local initiator concentration and
the local light intensity summed over the initiating wavelengths
[16,17].Since the cationic active centers are essentially non-termi-
nating, and each photoinitiator molecule leads to the formation of
a single active center molecule, the cationic active center concen-
tration, CAC, at a given depth, z, and time, t, can be determined from
the integrated form of the rate equation:

CACðz; tÞ ¼
Zt
0

Ciðz; tÞ
X
j

½Iðz; tÞ�jfj3ijdt (8)

Fig. 3 shows the evolution of the active center concentration
profiles during the 5 min illumination time for two different
loadings. The 3 wt% CB-35 system in Fig. 3B shows the active center
concentration profiles within the first 300 mm of an infinitely thick
system, resulting from the light intensity shown in Fig. 1B and the
photoinitiator concentration shown in Fig. 2B. These results are
compared with the active center concentration profiles for a 2 wt%
CB-35 system shown in Fig. 3A. The concentration of active centers
generated at the illuminated surface of the sample is slightly higher
for the 2 wt% system. The concentration drops off quickly to a value
of zero within the firstw200 mm of sample depth for the 3 wt% CB-
35 system. Diffusion of the propagating active centers during the
illumination period are neglected, since the illumination period for
these systems are very short compared with the post-illumination
periods studied in the remainder of this contribution.

3.2.2. Active center profiles for coatings containing carbon black
For coatings of a finite thickness, the active center concentration

profiles predicted during the illumination period differ from those
for an infinitely thick system due to the no-flux boundary condition
at the interface between the coating and the substrate. Fig. 4 shows
the active center concentration profiles throughout the depth of an
80 mm thick coating during 5 min of illumination for 2 wt% CB-35
95e308 nm). A) no pigment, B) 3 wt% CB-35. Monomer: EEC, Initiator: 1 wt% IPB.



Fig. 2. Profiles of photoinitiator concentration after 2 min illumination. A) no pigment, B) 3 wt% CB-35. Monomer: EEC, Initiator: 1 wt% IPB.
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(Fig. 4A) and 3 wt% CB-35 (Fig. 4B). In contrast to the infinitely thick
case (Fig. 3), the concentration gradients for the 80 mm coatings are
not as steep at a given illumination time. This arises from the fact
that the diffusion of the active centers is confined to the finite
thickness of the coating, therefore the concentration at the inter-
face increases more rapidly with time. For example, the active
center concentration at the bottom of the 80 mm thick 2 wt% CB-35
coating after 5 min of illumination is 0.012 mol/L (from Fig. 4A),
whereas the value at the position of 80 mm depth in the infinitely
thick system (Fig. 3A) is 0.005 mol/L. The comparison between
Fig. 4A and B reveals the effect of the carbon black loading on the
active center concentration profiles. An increased loading decreases
the active center concentration at a given location and time, due to
the effect of the carbon black on the light intensity gradient.

The effect of the interface no-flux boundary condition on
resulting active center profile becomes more pronounced as the
coating thickness is reduced, as illustrated in Fig. 5. Fig. 5A and
b show the active center concentration profiles at specific illumi-
nation times (2 min and 5 min respectively) for coating thicknesses
ranging from 40 mm to infinitely thick, for 2 wt% CB-35. The figure
illustrates that the active center concentration profiles for the
Fig. 3. Profiles of active center concentration for infinite thickness during 5 min of ill
infinitely thick systems decrease relatively sharply and reach
a value of zero concentration at a depth of 140 mm for a 2 min
illumination time and 220 mm for an illumination time of 5min. The
profiles for the infinitely thick case provide an asymptotic limit for
the coatings of finite thickness. Specifically, the active center
concentration profiles approach those of the infinitely thick case as
the coating thickness is increased or the illumination time is
decreased. The figure also illustrates that the active center
concentration profile becomes more uniform throughout the
thickness of the coating as the thickness is decreased or the illu-
mination time is increased. These trends arise from the fact that the
diffusion of the active centers is confined to the finite thickness of
the coating. In the case of the 40 mm thick coating, the concentra-
tion is nearly uniform throughout the thickness of the coating after
5 min of illumination.

3.3. Post-illumination diffusion of active centers in coatings
containing carbon black

During the illumination period, active center profiles decrease
sharply with depth, resulting in a concentration gradient and
umination. A) 2 wt% CB-35, B) 3 wt% CB-35. Monomer: EEC, Initiator: 1 wt% IPB.



Fig. 4. Profiles of active center concentration for 80 mm thick coatings during 5 min of illumination. A) 2 wt% CB-35, B) 3 wt% CB-35. Monomer: EEC, Initiator: 1 wt% IPB.
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therefore a driving force for diffusion. Diffusion of the active centers
during the post-illumination period is described by Fick’s Second
Law

vCACðz; tÞ
vt

¼ DAC
v2CACðz; tÞ

vz2
(9)

where CAC corresponds to the concentration of active centers, and
DAC is the diffusion coefficient of active centers in cm2/sec. The
initial condition for the active center concentration as a function of
depth is the profile obtained by applying Equation (8) at the end of
the illumination period for each desired depth increment. In
addition, the no-flux boundary condition indicates that there is no
transport of initiator or photolysis product across the illuminated
surface (z ¼ 0) or the substrate boundary (z ¼ zmax).

vCacðt; zÞ
vz

¼ 0 at z ¼ 0 and z ¼ zmax (10)

The diffusion coefficient for active centers generated by the IPB
photoinitiator in the cycloaliphatic diepoxide containing 1 wt%
Fig. 5. Profiles of active center concentration for 2 wt% CB-35 pigmented coatings rangin
Monomer: EEC, Initiator: 1 wt% IPB.
carbon black was determined using a previously described exper-
imental protocol [15], and was determined to be 1 � 10�7 cm2/s,
which is a reasonable value for reactive diffusion in which the
active centers migrate by propagating with unreacted monomers.
Reactive diffusion has been identified as the primary mode for
active center mobility in free-radical polymerizations of multi-
functional acrylates [33] and cationic polymerizations of divinyl
ethers [19,34].

Numerical solution of Equations (9) and (10) yields profiles of
the active center concentration diffusing with increasing post-
illumination time into a coating of finite thickness. Fig. 6A and B
show the active center profiles for an 80 mmcoating containing 2wt
% and 3 wt% CB-35, respectively, with increasing post-illumination
time. As shown in Fig. 4, the active center concentration profile
exhibits a gradient at the end of the illumination period. Fig. 6
indicates that the active center concentration becomes uniform
throughout the thickness of the 80 mm coating within 10 min post-
illumination due to diffusion of the active centers. The comparison
between Fig. 6A and B illustrates that the final uniform active
center concentration increases as the carbon black loading is
g from 40 mm to infinitely thick. A) 2 min of illumination, B) 5 min of illumination.



Fig. 6. Active center concentration profiles diffusing post-illumination in pigmented coating (80 mm thick). A) 2 wt% CB-35, B) 3 wt% CB-35. Monomer: EEC, Initiator: 1 wt% IPB,
Exposure time: 5 min.
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decreased since a higher fraction of the photoinitiator undergoes
photolysis as the competitive absorption by the CB-35 is decreased.

Shorter illumination times were used to demonstrate the post-
illumination diffusion of active centers in a 40 mm thick coating
containing carbon black. According to the results shown in Fig. 5,
the active center concentration profile was nearly uniform
throughout the thickness of the coating after 5 min of illumination.
But after only 3 min of illumination, the active centers produced
near the surface of the coating were able to diffuse post-illumina-
tion, as shown in Fig. 7A and B, for 2 wt% and 3 wt% CB-35 loadings,
respectively. Because the active centers have only half the thickness
to diffusewithin, the concentration profile becomes uniformwithin
half the time (5 min post-illumination) compared with the 80 mm
coatings in Fig. 6 (10 min post-illumination).

In industrial coatings applications, the cure time required to
reach macroscopic property development (tmpd) is especially
important since it determines when coated substrate may undergo
additional process steps that involve contact with the surface. At
Fig. 7. Active center concentration profiles diffusing post-illumination in pigmented coatin
Exposure time: 3 min.
this time, the exposed surface of the coating must be tack-free, and
the cure on the bottom of the coating, where it interfaces with the
substrate, must be sufficient to ensure effective adhesion. For
systems polymerized cationically, the time required to achieve cure
at the bottom determines the tmpd, since there is no oxygen inhi-
bition at the exposed surface and the light intensity is the lowest at
the bottom of the sample. For this reason, a conservative criterion
of a 35% epoxide conversion at the bottom interface was estab-
lished to predict the tmpd. The tmpd was estimated by obtaining the
active center concentration profiles at the bottom interface using
Equation (8) (for the illumination period) and 9 (for the shadow
cure period) and entering these profiles into the integrated form of
the polymerization rate equation for cationic polymerization

Ztmpd

0

CACdt ¼ �kpln
�
mf

mi

�
(11)
g (40 mm thick). A) 2 wt% CB-35, B) 3 wt% CB-35. Monomer: EEC, Initiator: 1 wt% IPB,



Fig. 8. Active center concentrations vs. time for various CB loadings at bottom interface of 80 mm thick coating. Monomer: EEC, Initiator: 1 wt% IPB, Pigment: 1e3 wt% CB-35,
Exposure Time: 5 min.
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where tmpd is the cure time required to reach macroscopic prop-
erty development, mf/mi is the ratio of final monomer concentra-
tion to initial monomer concentration, and kp is the effective
propagation rate constant. As noted in the experimental section, kp
was estimated using Raman spectroscopy. Experimental conver-
sion data were combined with model predicted active center
concentration data corresponding to the Raman experiment, using
Equation (11), to determine a value of the effective rate constant kp
of 0.1 L/mol-sec for EEC conversions below 35% (in this range of
conversion, the effective propagation rate constant can be expec-
ted to remain constant, independent of conversion). This value is
consistent with literature reported kp values for ring-opening
polymerizations [20].
Fig. 9. Comparison of predicted with experimental cure times (tmpd) at bottom interface of 4
1 wt% IPB, Pigment: 2 wt% CB-35.
Fig. 8 contains plots of the active center concentration at the
bottom interface as a function of time for 80 mm EEC coatings
containing three different CB-35 loadings. In this figure, the system
is illuminated for the first 5 min (active center concentration given
by Equation (8)), while the final 10 min correspond to shadow cure
(the active center concentration is determined by solving Equations
(9) and (10)). The figure illustrates that the active center concen-
tration reaches a plateau when the concentration becomes uniform
throughout the thickness of the coating. Increasing the carbon
black concentration leads to a reduced active center concentration
at the bottom interface at any given time, including the plateau
value when the active center concentration is uniform throughout
the depth. As explained previously, this trend arises from the
0 mm and 80 mm thick coatings for varying illumination times. Monomer: EEC, Initiator:



Fig. 10. Predicted cure times (tmpd) at bottom interface of coatings pigmented with 1e3 wt% CB-35. A) 40 mm thickness, B) 80 mm thickness. Monomer: EEC, Initiator: 1 wt% IPB.
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competitive absorption by the carbon black which reduces the total
number of active centers created during illumination.

The data shown in Fig. 8 were integrated numerically to esti-
mate the post-illumination cure time (tmpd) by applying Equation
(11), using the independently measured propagation rate constant
described in the experimental section. However, Equation (11) is
only valid if the carbon black neither catalyzes nor inhibits the
reaction. Depending upon the method of preparation and surface
treatment, the surface electronegativity of the carbon black can
vary from strongly acidic to strongly basic. Based upon a standard
test for characterizing the acidity or basicity of pigments such as
carbon black, the CB-35 used in this study was reported to be basic
(a pH of 9 from the ISO 787-9 test method was reported by the
manufacturer [35]). For cationic photopolymerizations of coatings
containing carbon black, a basic carbon black is preferable to ensure
that the system has a desirable shelf-life. Formulations used in
these experiments were stable over several months. However, due
to this basicity, the CB-35 carbon black acts as an inhibitor to the
cationic photoinitiator in addition to absorbing the initiating light.
Therefore, the active center concentration used in Equation (11)
was taken to be the theoretical concentration shown in Fig. 8
minus an inhibited active center concentration which is propor-
tional to the carbon black loading. The value of the inhibited
concentration was found to be 0.003 mol/L for each 1 wt% loading
of carbon black.

Fig. 9 shows a comparison between the experimentally deter-
mined tmpd values and the theoretical values calculated using the
procedure described above. In this figure, each data point corre-
sponds to at least three independent experiments with the stan-
dard deviation indicated by the error bars. Recall that the tmpd

corresponds to the time after the illumination has ceased during
which the long-lived active centers continue to react and diffuse
into the thickness of the coating. Fig. 9 illustrates that the predicted
shape of the relationship between the post-illumination time
required for macroscopic property development and the illumi-
nation time is in agreement with the experimental results. In
addition, the data illustrate some interesting effects of illumination
time and coating thickness. The illumination time is an important
process variable since it determines the number of active centers
produced, and therefore available for diffusion and cure. For this
reason, the tmpd decreases with increasing illumination time,
especially at short illumination times. As the coating thickness is
increased, the required cure time increases significantly at a given
illumination time.
The time for macroscopic property development is of significant
practical importance since it corresponds to the earliest time in
which the polymerized ink or coating can be subjected to further
processing steps without risk of damaging the surface or losing
adhesion to the substrate. Using the analytical approach described
above, the effects of the illumination time and the carbon black
loading on the post-illumination tmpd were investigated more
thoroughly. Fig. 10 contains plots of the tmpd as a function of the
illumination time for three different CB-35 loadings (1, 2, and
3 wt.%) and two different thicknesses (40 and 80 mm in Fig. 10A and
B respectively). Recall that active centers are produced (and poly-
merization occurs) during the illumination time, and that the long-
lived active centers continue to propagate after the illumination has
ceased. The post-illumination tmpd will have a value of zero if the
system cures during the illumination time (for example, the 1 wt%
CB-35, 40 mm, 5 min illumination time case). For this reason, all of
the plots will approach a value of zero as the illumination time is
increased. If the illumination time is too short to produce enough
active centers, the post-illumination tmpd will go to infinity. The
threshold illumination time required to cure the coating increases
with increasing CB-35 loading due to the inhibitory effect of the
basic carbon black. Comparison between Fig. 10A and B shows that
the thicker coatings require longer illumination times for a given
post-illumination tmpd.

4. Conclusions

In this contribution, the ability of long-lived cationic active
centers to effectively cure coatings containing carbon black has
been investigated. The slightly basic, monodisperse carbon black
nanoparticle with a mean hydrodynamic radius of 29.2 nm used in
these studies was found to act as a mild inhibitor of the cationic
photopolymerization. The light intensity gradient and photo-
initiator concentration gradient for polychromatic illumination
were determined for the systems containing carbon black. The
strong absorption by the carbon black resulted in sharp light
intensity gradients. Consequently, the photoinitiator diffusion
during the illumination period was found to have a marked effect
on the resulting active center concentration profiles. Analysis of the
active center reactive diffusion during the post-illumination period
revealed that migration of the active centers leads to cure beyond
the illuminated depth. The propagation rate equation coupled with
the active center concentration profiles yielded theoretical cure
times for the carbon black nanocomposite coatings. The coating
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thickness and carbon black loading were found to be important
variables in the time required for macroscopic property develop-
ment. The long lifetimes and mobility of cationic active centers
result in effective photopolymerization coatings containing carbon
black, and this comprehensive approach could be applied to other
opaque nanocomposite systems.
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