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ABSTRACT: For free-radical photopolymerization with a photobleaching initiator, constant chain
propagation and termination rate constants k, and k;, and termination occurring only by recombination,
we account for Beer—Lambert attenuation and initiator consumption to predict how spatial variation of
the final chain length distribution (CLD) depends on Kp, ki, incident light intensity I, layer thickness L,
photoinitiator absorption coefficient as and initial concentration Ca o, and quantum yield of photoinitiator
consumption ¢, for a typical value (107*) of the initial ratio of initiator and monomer concentrations Ca o/
Cwm,o. We show how spatial variation of the final CLD depends on initial absorbance y = aaCaoL and a
parameter 8 = kp[fCa ol (poaloke)]¥?, where f primary radicals are produced per photoinitiator molecule
consumed. For small y, the number-averaged mean chain length increases with depth at each § and
with § at each depth. The chain length at which the CLD achieves its maximum value, along with a
measure of polydispersity (half the CLD width at half-maximum, divided by the number-averaged mean),
increase with depth at small 8 and decrease with depth at large 3, with the CLD having its minimum
nonuniformity at intermediate . Front-to-rear CLD variation increases as y increases. At small g,
nonuniformity is confined to a progressively smaller portion of the front of the layer as y increases, while
for large S, spatial variation is more evenly distributed. The results are discussed in terms of
spatiotemporal variation of initiation and monomer conversion. Examples from the literature are used

to illustrate the degree of CLD nonuniformity that can be expected in experiments.

Introduction

Understanding the dependence of molecular weight
or chain length distributions on reaction conditions in
photopolymerizations is important in predicting the
relationship between processing parameters (e.g., pho-
toinitiator concentration, incident light intensity, reac-
tion time, layer thickness) and material properties.

Photoinitiation in strongly absorbing or thick layers
can be highly nonuniform and lead to highly nonuniform
monomer conversion rates, as recognized long ago.! We
recently considered the effects of optical attenuation and
photoinitiator consumption on spatiotemporal variation
of initiation? and monomer conversion?® rates in systems
with photobleaching initiators. In that work, we dis-
cussed studies of the sensitivity of material properties
and performance to spatial variation of monomer con-
version, cross-linking, and other sources of heterogene-
ity (e.g., pools of unreacted monomer), as well as
previous work on nonuniformity in photopolymeriza-
tions, especially at high initial absorbance (e.g., high
initiator concentration or deep layers). We also pre-
sented detailed results on the spatiotemporal variation
of the concentration of a photobleaching initiator, the
photoinitiation rate, and the completeness, uniformity,
and rate of monomer conversion in free-radical photo-
polymerizations in such systems. Here, we focus on
predicting the chain length distribution (CLD) and its
variation with depth in a layer of photopolymerized
material.

As discussed earlier,>3 standard treatments of free-
radical photopolymerization kinetics ignore spatiotem-
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poral variation of initiator or monomer concentrations.
Recent computational simulations of photopolymeriza-
tion in specific monomer/initiator systems, including
simulations accounting for spatial variation of monomer
conversion,*®> have not predicted CLDs. Studies of
spatial variation of properties in photopolymerized
materials have been limited to nonuniform monomer
conversion (primarily “depth of cure”®), primarily in
dental applications.”~*? Nonuniformity is important in
localizing photopolymerization to thin layers in three-
dimensional structures fabricated by microstereophoto-
lithography,13-16 and might also play a role in “under-
cutting” in postexposure wash-off in proofing and print-
ing applications involving photopolymers and contribute
to difficulties in layer separation of multilayered pho-
topolymer films.

Our previous work?3 suggests that at high initial
absorbance, nonuniform photoinitiation rates and mono-
mer conversion will give rise to nonuniform CLDs. The
only related work of which we are aware is the experi-
mental study of Mateo et al.,’®* who showed how the
intrinsic viscosity of poly(methyl acrylate) increased
with decreasing concentration of a photobleaching ini-
tiator. Those authors pointed out that at high initial
absorbances, light absorption is localized near the
optical entrance, leading to high concentrations and
termination rates of primary radicals, and lower mo-
lecular weights there. Like other quantities, spatial
variation of the CLD and its moments cannot be
predicted by kinetic models that ignore nonuniform
photoinitiator consumption and monomer conversion.
While nonuniform monomer conversion in photopolym-
erization experiments has been reported,?° we are aware
of no reports of spatial variation of CLDs.
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Table 1. List of Notation

quantum yield of initiator consumption

symbol quantity definition units
Cj concentration of species j M
Cjo initial concentration of species j M
no. of primary radicals created per photoinitiator molecule consumed

1 light intensity einsteins m2s71
lo incident light intensity einsteins m—2s71
kp propagation rate constant M-1s1
Kt termination rate constant Kemn (M = N) M-1s1
Ke,mn termination rate constant for reaction of RMy* and RMp* M-1s1
L layer depth m
M; molecular mass of species j g mol—1t
Mn no.-averaged molecular mass g mol—1t
MW mass-averaged molecular mass g mol~—t
Rinit initiation rate M st

i dimensionless concentration of species j Cj/Cio
wj mole fraction of species j eq 19
X dimensional coordinate m
Xmax chain length at which w is maximum
Xn no.-averaged mean chain length
z dimensionless coordinate x/L
oA absorption coeff of photoinitiator M~tm-t
B dimensionless “kinetic” parameter kp[f Cao/daaloki)]?
r measure of polydispersity
y initial absorbance aaCa ol
€ extinction coeff of photoinitiator M-Im-t
0 right-hand side of eq 24
o k0! (KpSwm)
T dimensionless time Plooat
¢
g

Here, we use our earlier results on nonuniform
photoinitiation and monomer conversion?2 as a founda-
tion to study how spatial variation of the CLD depends
on initial photoinitiator and monomer concentrations,
light intensity, propagation and termination rate con-
stants, layer depth, photoinitiator absorption coefficient,
and quantum yield of photoinitiator consumption. We
employ a standard kinetic model, with propagation and
termination rate constants independent of the degree
of conversion. We discuss mechanistic sources of uncer-
tainty, cessation of illumination before complete ex-
haustion of initiator, and implications for experiments.
Beyond insight into systems of practical interest, the
calculations provide a benchmark to which results for
more complex kinetics (e.g., accounting for autoaccel-
eration or autodeceleration) can be compared.

Model

We consider the same mechanism?22 discussed in our
earlier work on the completeness and uniformity of
monomer conversion,3 viz.

A fR 1)

R+ M- RM" )

RM" + M->RM, " i=1 3)
RM; + RM;’ Ly RM, ;R i,j=0 @)

in which all light absorption is by the photoinitiator A,
whose photolysis leads to f primary radicals R*. We take
the chain initiation and propagation reactions, egs 2 and
3, to have the same rate constant k,, which together
with the termination rate constants ky,; j, is independent
of chain length and degree of conversion of the mono-
mer, M. We assume that termination occurs solely by
recombination, (4), with no disproportionation. The fac-
tor f accounts for the possibilities that initiator pho-

ratio of initial photoinitiator concentration to initial monomer concentration

tolysis can lead to one or two primary radicals, or that
some primary radicals neither initiate chains nor re-
combine with a radical chain or another primary radical.

Neglecting diffusion?® and convection?*2% which some-
times occur in photopolymerizations, we obtain the
kinetic equations

aC,
5t = =l (X,)Cy (5a)

ICk.

e Tl (x,)Cp — K,ClyCre — 2K 0oCir —

Z Keo, ICrCrn: (5D)
£

ICru,

= kpCM[CRMH' o CRMi'] B CRM;Z kt,i,jCRMj' o
=
j=i

2Ky;iChu: 121 (5)

at

aCy ®
—=-kC Crne (5d)
ot p MJ; RM,
BCRMiR [i12]
ot =J: kt,j,i—j CRMJ_.CRMH. i>0 (5e)

where [i/2] is the largest integer not exceeding i/2, and
Crmy and Cgr- both represent the primary radical con-
centration. Defining k¢ = Ky,i,j for i = j, we take Ky =
ki/2, as discussed in standard texts,?:22 and note from
(4) that ke j = ki, ji. Here, aa is the absorption coef-
ficient?® of the initiator, C; is the molar concentration
of species |, and the dependence of the light intensity
1(x,t) on position and time is explicitly indicated. A list
of notation is provided in Table 1. We neglect any
dependence of k,, ki, and a.a on temperature, equivalent



6348 Terrones and Pearlstein

to assuming that the process is isothermal or that these
three parameters are insensitive to temperature varia-
tion.

As in our earlier work,2® we assume that light
absorption can be modeled with a single value of o in
(5a), corresponding to monochromatic irradiation or to
aa being constant over the range of actinic wavelengths.
We consider a layer of thickness L illuminated normal
to the z = 0 surface and assume that the moieties
resulting from initiator photolysis are transparent at
the actinic wavelength(s). Photobleaching initiators are
particularly attractive, as they can provide high local
initiation rates as a “front” propagates through the layer
in the direction of the incident beam,? allowing thick
sections (up to several centimeters) to be cured rap-
idly.20.28.29 We assume that Beer’s law

1(x.t) = 1, exp[—a, [ CA(X 1) dx] (6)

describes the variation of light intensity along the beam
path, from its incident value |, at the optical entrance.
Limitations of this model are considered in the Discus-
sion.

We assume that at t = 0, initiator and monomer
concentrations are uniform throughout the layer, and
no other species are present. Thus

Ca(x,0) = Cyp (7a)
Cu(x,0) = Cpo (7b)

Summing (5b) and (5c¢) and making the usual steady-
state approximation for the total radical concentra-
tion,132122 which is reasonable if the radical lifetimes
are small compared to the time scales for initiator
consumption and monomer conversion, we obtain the
total radical concentration

ZCRMJ. = \/fpol (X, )C /K, ®)
£

from which it follows that

o
o = ~kp/fpoal(C,lk, Cy 9)

Thus, within the limitations of the steady-state ap-
proximation on the radical concentrations, local conver-
sion of monomer can be determined by solving (5a) and
(9), subject to the initial conditions (7a,b). Since mono-
mer is consumed by (2) and (3), derivation of (9) requires
that the summation in (8) begin with j = 0 (the primary
radical concentration).

To nondimensionalize these equations, we introduce
a dimensionless time 7 = ¢l,aat, position z = x/L,
concentrations S; = C,/Cy (I = A,M), and initial absor-
bance y = aaCaol. As shown earlier, the dimensionless
initiator concentration is given in terms of these vari-
ables by?

Sa=[1+e e -1 (10)
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while the dimensional rate of formation of primary
radicals is given by

—vZ
fpoalge™ “Cpo

Ri.i = fpo,1C, = (11)
init ATA [1 + efyz(e‘[ _ 1)]2
where the light intensity can be written as
I e‘L'—yZ
| 2 (12)

14 e e’ — 1)

The local total radical concentration given by (8) is
proportional to the square root of the initiation rate
given by (11), whose variation (e.g., traveling-wave
behavior at large initial absorbances) was discussed
earlier.?

The Kinetic equation (eq 9) for monomer concentration
can be written in dimensionless form as

Sy p (722 S 13)
M—-—p—= 1
o 1+e e —1) "

subject to the initial condition

Sy(z.0) =1 (14)
where
fCro 1¥2
ﬁ B kp ‘paAIokt] (15)

is seen from eqgs 5a and 9 to be the first-order rate
constant for monomer conversion divided by the first-
order rate constant for photoinitiator consumption, both
evaluated at z =7 = 0.

Analysis

The variation of monomer conversion can be found
from solution of (13) subject to the initial condition given
by (14). Since v and 5 depend on Cao and aa, but only
B depends on Kp, ki, and o, it will prove useful to think
of § as a kinetic parameter. The solution of (13) and (14)
is given by?

SM(Z!‘C) =

z _ aN\12p 12
exp| - 2B € - 1)¥%(e 1)]}

(1 _ e*yz)lIZ arctan eyZ — 1+ er/Z
(16)
as can be verified by substitution.

The dimensionless instantaneous local concentration
of “dead” polymer RM;R is defined by

Srmg(Z:7) = Crupr(z7)/Cpnp, 120 a7)

which can be written as

Cmpo pr 12
| 3 Koy Seu 2.7 Sa, 12.8) .
A J=

ol,o
i>0 (18)

Srmp(2:7) =
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upon integration of (5e). The mole fractions of dead
chains can be defined by

Srmgp(2:7)
Wrmr(Z:7) = , 120 (19)

Sy(z,7) + ) Spur(z,7)
M J; RMJR

in which we neglect primary and chain radical concen-
trations in the denominator. This is an excellent ap-
proximation, except possibly when the number of moles
of stable species is very small (e.g., when nearly all
monomer at a given z has been converted into a small
number of long polymer molecules), and the number of
radicals is significant. (This is not an issue in the results
presented below, which pertain to the final state, for
which radical concentrations are zero.) We note that
WrwmiR IS defined as the number of moles of dead polymer
with chain length i, divided by the number of moles of
all stable species present, including any unreacted
monomer.

In terms of mole fractions, the number- and weight-
averaged molecular weights are defined by

;(jMM + ZMR)WRMJR(Z!T)
M, (z,7) = — (20a)

Wy (z,7) + ) Wryr(Z,7)
M J; RM]R

and

Z(jMM + ZMR)ZWRMJR(Z'T)
M,(27) = ———

MpWi(z,7) + Z(jMM + ZMR)WRMjR(ZvT)
I~ (20b)

respectively, where My, and Mg are the formula masses
of the monomer and primary radical moieties in polym-
erized material, and

Su(z,7)
Wy (z,7) = (22)

Su(z,7) + ) Spmr(z,7)
M JZ) RMR

In what follows, we will use the number-averaged
chain length

0

J;jWRMjR(ZrT)

X, (z,7) (22)

ZWRMjR(ZvT)
=

which allows us to present results for general values of
Mwm and Mg. Note that since the denominator in (19) is
independent of the chain length index, X, will be
independent of the unreacted monomer mole fraction
Wy, even though the mole fractions wrmr depend on wi.
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Making the steady-state approximation for each i in

(5¢) and introducing the dimensionless variables defined
above, we find

S, ke &

= Spme 121 (23)
SRMi‘ KpSwm 15 :

Summing (5c¢) over i, adding (5b), making the steady-
state approximation for the total radical concentration,

and nondimensionalizing radical concentrations by di-
viding by Cy 0, we obtain

ZSRMj. = VgLl /(kCh o) €7 72SA(z,T)  (24)
£

where £ = Ca0/Cmpo and we have used (10). Defining 6
as the right-hand side of (24), we obtain

SRMi—l‘

Srm; = 71 keI, Sy)

i1 (25)

from (23). Summing (5c) over the index, we get

Se. = k" (26)
R k,Sut+k#
from which we find that
o0
Speppr=————, 120 27
RM; (1+O')I+l ( )
where o(z,7) = ki0/(kpSm). From (18), it follows that
Seu o (2.0) Cwmo fl [ilz]k o*(z,t")0%(z,7") g
RM;R ,7) = Z I 7',
PIRING - J[l + o(z,7')]"?
i>0 (28a)
(i + DCy ok fr Xz, 7)0% (") ,, .
= f L dr’, 1= 0
291,00 Vo [1+ o(z,1")]
(28b)

so that the summation in the denominator of (19) can
be written as

* s ) C.oKe
Z,7) =
; RMR 20l

Jo Pz, 0)0%(zr) %
® j+1
Z) ———d7’ (29a)
= [1+ o(z,7)]

ING e %[1 — S\
(29b)

_ CM,Okt
2¢IoaA

where we have again used (10).
Using (29b), we can now rewrite the mole fractions
(19) as

Cok(i +1) o 02(2,1’)02(2,1’) ,
291500 Jo [1+ o(z,7)]'"?
Su(z) + 1 — S\z.0)]

Wrmr(Z:7) =

i1 (30)
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After some analysis, it can be shown that the number-
averaged chain length is
2[1 + (€77 — 1)e”]|'1 -
fEl—e™
—2p arctan[(e”” — 1)"4(e™ — 1)/(e™ + e"* — 1)]
eXp (l _ e—’yZ)l/Z

in(z,r) =

(1)

from which it follows that the final number-averaged
chain length (i.e., when all initiator has been consumed
and monomer conversion has ended) is
1)12
)] (32)

— vz _
1— exp 25 arctan[Ee
(1 —e yz)l/2

It can be shown that the weight-averaged chain length
grows without bound as monomer is completely con-
verted. This divergence is not unique to our model and
has been noted for other polymerization models and
CLDs since the work of Flory,3® where for the “most
probable” distribution, the number-averaged molecular
weight is well-behaved at all conversions, while the
weight-averaged molecular weight diverges as monomer
is completely converted.

As g — 0, the final number-averaged chain length
vanishes asymptotically like

Xn(2,00) =

2
fe

4p arctan[(e” — 1)"]
ﬁ 1- e—yz)1/2

Xn(2,00) ~ (33)

We also see from (32) that in(z,oo) has the small-y
Taylor series expansion

X (2,00) = %{1 - e*zﬁ[l - % + O(yzzz)]} (34)

from which it follows that X (z,) approaches a z-
independent constant as y — 0. For a particular initiator
with a given aa, this is the appropriate limit as either
the initial initiator concentration Ca or layer thickness
L vanishes. We also note that

= o _2(1-e
Nim X(z.) = lim X(z,0) = =—7— (39
and
lim X (g0 = 22— €7 36
yzlgw n(zy )_ fC ( )

Finally, we define a local polydispersity measure
I'(z) as half the width of the final CLD at half of its
maximum value, divided by X, (z,»). Unlike the usual
“polydispersity index,” T" is well-defined even when the
mass-averaged chain length is unbounded. It also varies
continuously with the final CLD, including when the
maximum of the final CLD moves to zero chain length.

Results

For a range of y and 8 and the typical value £ = Ca o/
Cwmo = 1074, the final mole fractions wrwmr Were obtained
by evaluating (30) as t — o, with the range of temporal
integration being transformed to a finite one by a
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logarithmic change of variable. Gauss—Kronrod adap-
tive quadrature with error estimation at the Kronrod
points was used, with sufficient quadrature points to
make the magnitude of the relative error less than 10-°.
In what follows, references to CLDs, mole fractions, and
monomer conversion pertain to the final state unless
otherwise indicated.

We organize the results according to the initial
absorbance y, the dominant parameter in determining
CLD nonuniformity. For y = 1 and 10, and several
values of the kinetic parameter 3 between 0.05 and 100,

we show X,(z,%), Xmax(z,%) (the chain length for which
the mole fraction is largest at each z), and the polydis-
persity measure I'(z). At each vy, these results are
followed by presentation of final CLDs as functions of
chain length k at six uniformly distributed values of z.
The values of y cover the range in which light intensity
is initially reduced to 1/e of its incident value at x = L
and 0.1L (or equivalently to 1/e and e~10, respectively,
at x = L) and provide insight into the entire range of
initial absorbances. The range of 3 covers behavior from
very small to very large ratios of the rates of polymer-
ization and initiation. The ranges of y and j considered
encompass values pertinent to the experiments consid-
ered in the Discussion.

y = 1. For y = 1 and a range of 3, Figure 1a shows

that X,, increases monotonically with z and g, ap-
proaching a uniform (z-independent) limit as  — co. For
f=2, the limit is 1/¢, as seen from (32). As 3 decreases,
the layer-averaged degree of monomer conversion de-
creases, and conversion at z = 1 relative to z = 0
increases. As discussed earlier,® the latter effect is due
to the fact that monomer conversion occurs at lower
radical concentrations downbeam than near the optical
entrance, which leads to longer chain lengths due to
slower net recombination. When S is small, not all
monomer is converted, with more remaining at z = 0
than at z = 1. This leads to the spatial variation in

Yn(z,oo) shown in Figure la, and to the predicted
dependence on 5. The approximately linear dependence

of X,(0,) on  at small j is consistent with (33). Aside
from slight curvature at intermediate 5, the y = 1
results agree well with the low-absorbance limit (34).

Figure 1b shows that Xmax increases with z at small

B, and that its z variation follows that of X,. Monomer
conversion also increases with z due to downbeam
conversion at low radical concentrations.3 (As shown in
Figure 2a of ref 3, monomer conversion for y = 1 and
= 0.1 increases from 18% at z =0 to 20% at z = 1.) As
f increases, so does Xmax(z,). At = 0.6018, we have
dXmax/dz = 0 at z = 1. For 0.6018 < g < 1.0207, the
largest Xmax occurs in the interior of the layer, and
moves toward z = 0 as f§ increases. For 5 > 1.0207, Xmax
decreases with z at each g, and with j at each z. The
large-$ results are understood by noting that at suf-
ficiently high 3, monomer conversion downbeam of the
propagating front occurs at very low radical concentra-
tions, leading to most of the monomer being incorpo-
rated into a small number of long chains before most of
the initiator has been consumed. Continued illumination
leads to initiator being consumed under conditions
where little monomer remains. In that case, primary
radicals and radical chains recombine at increasingly
short chain lengths, leading to a large number of very
short dead chains. These effects are strongest at the rear
of the layer, where radical concentrations are lowest and
initiator consumption occurs later than farther upbeam.
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Figure 1. Spatial variation of Yn(z,oo), Xmax(Z,%0), and I'(z) for
y=1and ¢ = 10"*for selected values of . (a) X, (z,»): (——)
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As shown in Figure 1b, this leads at each z to reduction
of Xmax @s [ increases, with an increasing fraction of
monomer being incorporated into a decreasing number
of long-chain polymer molecules. Thus, at each z we see
that Xmax — 0 as § — o, and also as § — 0.

Figure 1c shows that I', our measure of polydispersity,
increases slowly with z for small S, varying by only
about 10% over the layer for f = 0.01. As j3 increases,
so does I', whose dependence on z becomes even weaker.
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For g = 0.7, T is essentially uniform, varying by less
than 2% over the layer. For larger g, T ultimately
decreases and becomes a monotonically decreasing
function of z, with the degree of nonuniformity increas-
ing as S increases. The maximum degree of polydisper-
sity corresponds to a situation in which T is essentially
uniform over the thickness of the layer. The rapid
decrease of I" with increasing j is due to the rapid shift
of the final CLD to small k as f increases, as shown
below. As indicated by the high-f results in Figure 1c,
the width of the CLD decreases more rapidly with j
than does X, (z,%).

For y = 1, Figure 2a—g shows the predicted CLDs
over a range of 5, in each case at six uniformly spaced
z-locations from the front of the layer (z = 0) to the rear
(z = 1). For g = 0.05, Figure 2a shows that the CLD
and Xmax shift to larger chain lengths k and smaller mole
fractions, respectively, as one moves from the front to
the rear. The value of k at the maximum, as well as the
value of Wrmr(z,0) there, vary nearly linearly with z.
We also note that the mole fraction is nearly indepen-
dent of z near k = 670, decreasing with z at smaller k
and increasing with z at larger k. Mole fractions vanish
at high k for every z.

Figure 2b shows that if 5 is doubled to 0.1, the CLDs
shift to larger k (note the different scale for the ordinate,
compared to Figure 2a), as does the chain length at
which Wrwm,r(z,2) is nearly independent of z. The de-
pendence of the CLDs on k is nearly “self-similar,” with
2WRrMuR(Z,0;8 = 0.1) ~ Wrmr(Z,0;5 = 0.05) being an
excellent approximation at each z to the relationship
between the two CLDs. The overall increase in dead
polymer mole fractions at all but the smallest chain
lengths can be associated with increased conversion of
monomer as f increases, while the shift to larger k can
be associated with the larger ratio of the polymerization
rate to the initiation rate at larger £.

For 5 = 0.5, Figure 2c shows that the CLDs depend
less strongly on z than at smaller . This is attributable
to the much higher (and somewhat more uniform)
degree of monomer conversion, compared to the 5 = 0.1
case.® Unlike the CLDs for smaller 3, there is no range
of k for which wgrm,r(z,0) decreases with increasing z.
Rather, wgm,r(z,2) is nearly independent of z for k <
2600, and increases monotonically with z for k > 2600.

For g = 1, Figure 2d shows that wgrm,gr(z,) increases
with z at all k, and that at small k (less than Xax(z,))
the dependence on z is considerably stronger than for
= 0.5. Consistent with Figure 1b, Xmax is nearly inde-
pendent of z for 5 = 1. Comparison to Figure 3a of ref 3
shows that although monomer conversion for § = 1 is
only slightly nonuniform (varying between 86% and 91%
through the layer), the mole fractions of dead polymer
are significantly nonuniform, varying by more than 35%
near Xmax(z,%) and by much more at large k.

As S increases to 2, Figure 2e shows that the CLDs
have become much more nonuniform, and have shifted
to smaller k, relative to the § = 1 case. As presaged by
the 8 = 1 results, Xmax Now decreases with increasing z.
We see that wrmr(z,) is an increasing function of z
for all k. For § = 4, Figure 2f shows that the CLD has
become even more nonuniform, with distributions being
more strongly peaked at small k near the rear of the
layer than at the front. The maximum values of
WrMR(Z,%) (i.€., for kK = Xmax(z,%)) differ by more than a
factor of 7 between the front and rear. These effects are
clearly consequences of significant monomer conversion
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at low radical concentrations, long before most down-
beam initiator has been consumed.

At the largest 8 (100), Figure 2g shows that monomer
conversion is so complete prior to exhaustion of initiator

that most primary radicals recombine with each other,
leading to Xmnax = 0. (Note the logarithmic scale for the
mole fractions.) A fully logarithmic plot over the range
1 < k =< 10° shows that mole fractions decrease nearly
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inversely with k at each z, with power-law fits to the k
dependence over this range giving exponents of —1.002
atz=0and —1.083 at z = 1.

y = 10. For y = 10, Figure 3a shows that the plots of
X,(z,0) have considerably more curvature than for y =
1, particularly for intermediate 5. This is due to greater
localization of absorbance and initiation near the front
of the layer at higher y, with the consequence of lower
radical concentrations, and hence slower recombination,
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in a larger part of the remainder of the layer. Put
differently, as y increases, conversion of a significant
fraction of monomer occurs under conditions of low
radical concentration in a larger rear portion of the
layer. For each 3, we also note that the values of

X, (1,0) are greater than at y = 1. (Values of X, n(0,00)
are necessarily independent of y.) Figure 3b shows that,
at each 3, variation of Xmax with z is considerably greater
than for y = 1. These consequences are again due to
greater degrees of nonuniformity in the initiation rate,
monomer conversion rate, and radical concentrations as
y increases.

For y = 10, Figure 3c shows that the maximum T is
achieved at a smaller 3 (= 0.3) and I" varies much more
over the layer at each g, than for y = 1. Unlike the
results for y = 1, there appears to be no  for which T’
increases monotonically with z. For y = 10, the degree
of polydispersity becomes increasingly nonuniform as
B increases. However, the maximum value of " is nearly
identical for y = 1 and 10, and for each g, the polydis-
persity over most of the layer is lower at y = 10 than at
y = 1. As shown below, the rapid decrease in I" with z
as [ increases is due to the rapidly increasing fraction
of downbeam monomer conversion that occurs at low
radical concentrations. This leads to formation of a small
number of long chains before significant initiator is
consumed, and to a large number of short chains when
initiator is consumed later.

The CLDs for y = 10 are shown in Figure 4a—g. At
the smallest § (0.05), Figure 4a shows that as z
increases, Xmax increases and wWrm,r at Xmax decreases,
as for y = 1 (Figure 2a). The CLDs broaden downbeam,
with the half-width at half-maximum increasing from
423 at z = 0 to 688 at z = 1, and T" increasing slightly
from 0.44 to 0.48 from front to rear. Unlike the y =1
case, shifts in Xmax at y = 10 are no longer ap-
proximately linear in z, and spatial variation of CLDs
is largely localized to the front of the layer. For 5 = 0.05
and 0.1, Figure 4a,b shows that the CLDs at z = 0.4,
0.6, 0.8, and 1 are nearly independent of z, correspond-
ing to attainment of the large-z asymptote farther
upbeam than for y = 1. The z = 0 CLDs are necessarily
independent of y, while sufficiently far downbeam,
comparison to results for y = 5 (not shown) demon-
strates that the CLD is nearly the same for y =5 and
10. At intermediate depths (e.g., z = 0.2), the maximum
of the CLD is smaller for y = 10 than for y = 5, and
occurs at a larger k. For small g, transition from the
y-independent CLD at z = 0 to the downbeam CLD
occurs in a progressively smaller range of z as y
increases. For f = 0.1, Figure 4b shows that the CLD
at each z is considerably broader than for f = 0.05 and
decays less rapidly with increasing k.

For y =10 and 8 = 0.5, Figure 4c shows that at Xmax,
WRrMR INCreases as z increases, unlike the behavior for
B =0.05 and 0.1. The decrease in Xmax With increasing
z for z 20.2 also differs from the behavior predicted for
y = 1, for which Xmax increases with z. These results
are evidently due to the fact that, as 3 increases, a larger
fraction of the initial downbeam monomer is converted
before significant local initiator is consumed, so that by
the time significant incident light intensity reaches
downbeam initiator, relatively little monomer remains.
Thus, as g increases, an increasing fraction of down-
beam initiation leads to relatively short chains. This
trend becomes more pronounced for larger 3, as shown
in Figure 4d—ffor 8 =1, 2, and 4. As indicated by Figure
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movement of their maxima toward smaller k occurs

3b, for § = 1, Xmax shifts to smaller k at each z. This
after monomer conversion is essentially complete and

considerable narrowing of the downbeam CLDs and
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is a reflection of the fact that, as 3 increases, an
increasing fraction of initiation at each z leads to small
chains.

For = 0.5 and 1, comparison of parts ¢ and d of
Figure 4 to results for y = 5 shows that the CLDs at z
> 0 now depend on y, unlike the § = 0.05 and 0.1 cases.
Thus, for these larger values of the kinetic parameter,
downbeam CLDs depend on v, 5, and z. Note that for y
=10 and = 1, Figure 3c of ref 5 shows that at the end
of reaction (i.e., when all initiator has been consumed),
an essentially uniform 95% of initial monomer has been
converted over 0.4 < z < 1, and that farther upbeam,
the converted monomer fraction gradually decreases to
about 87% at z = 0. On the other hand, Figure 4d shows
that at z = 1, the peak mole fraction wgrmr (at X) is
more than 50% higher than at z = 0.4, and is more than
a factor of 5 higher than at z = 0. These results show
that the CLD can be much less uniform than the
monomer conversion profile.

Figure 4e,f shows that, as 8 increases further, the z
> 0 CLDs shift to smaller chain lengths and the mole
fraction at Xmax(z,) increases. For § = 100, Figure 49
shows, as for y = 1, that the CLD falls off nearly
inversely with k at each z. At each z, monomer conver-
sion is so fast that essentially all initiator is consumed
under conditions of very low monomer concentration,
so that almost all primary radicals recombine with each
other. As for y = 1, Xmax = 0 at each z. A logarithmic
plot shows that the CLD again falls off nearly inversely
with k for each z.

Thus, at each z, the maximum mole fraction (at Xmax)
initially decreases and then rapidly increases with
increasing . For example, at z = 1, the mole fractions
at Xmax(1,0) are 6.4 x 1078, 4.3 x 1078,6 x 1078, 3.4 x
1077, 2.6 x 1075 and 0.022 at 8 = 0.05, 0.1, 0.5, 1, 2,
and 4, respectively. The rapid increase at larger 5 is a
direct result of the strong 5 dependence of the rate of
early downbeam monomer conversion at this high initial
absorbance. As a result, by the time sufficient light has
penetrated to consume downbeam initiator, most of the
local monomer has been converted, leading to progres-
sively more small chains. This is illustrated more clearly
for y = 10 than at smaller values of y due to reduced
downbeam optical penetration at larger y.

Discussion

Mechanistic Sources of Nonuniformity. The re-
sults described above clearly demonstrate that nonuni-
form photoinitiation at nonzero values of the initial
absorbance y can give rise to CLDs with significant
spatial nonuniformity. For a fixed value of { = Ca ¢/Cwm 0,
the final degree of nonuniformity depends on y and
dimensionless kinetic parameter 5. More generally,
nonuniformity of the final CLD will also depend on ¢.

Three related factors contribute to nonuniform CLDs.
First, attenuation has the effect of spatially localizing
initiation, to a degree that increases rapidly with y.?
Specifically, due to attenuation, initiator consumption
is initially more rapid near the optical entrance (z = 0)
than downbeam. In fact, initiator consumptionatz =1
= 0 is faster than at any other point at any other time.
Second, as a consequence, initiator consumption near
the optical entrance initially gives rise to, and occurs
at, high concentrations of primary radicals and radical
chains, resulting in higher rates of the termination
reactions (4) than at any point downbeam or at any later
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time. The higher overall termination rate leads to a final
mean chain length smaller at z = 0 than anywhere
downbeam, as reflected in the monotonic increase of

X, (z,%) with z shown in Figures l1a and 3a. Third, for
any vy, the fraction of downbeam monomer converted
under conditions of very small radical concentration
increases dramatically as 8 increases. The effect be-
comes more pronounced as y increases, since at any
sufficiently early time, the downbeam initiation rate and
radical concentration both decrease monotonically as y
increases.

Within the limitations of our model, the results
confirm our earlier conjecture® that the molecular
weight distribution (or CLD) will vary from point to
point, especially at high values of g and y, in large part
due to “beyond-the-front” polymerization at low radical
concentrations.

Cessation of Illumination before Initiator Ex-
haustion. The final CLDs presented above correspond
to those when all initiator has been consumed and
monomer conversion ends. In fact, many photopolymer-
izations are stopped before exhaustion of initiator.31.32
This is a particularly attractive strategy at large 3,
where monomer conversion can be essentially complete
well before initiator is exhausted. Beyond reducing
processing time, this approach will also reduce the large
mole fractions of short chains predicted at high values
of B (see especially Figures 2g and 4g), to an extent
depending on when illumination ceases, as shown below.

For moderately large values of the initial absorbance
(y = 10) and Kinetic parameter (6 = 100), Figure 5a,b
shows the temporal evolution of the CLDs at z = 0 and
1. When 90% of the monomer has been converted within
the layer (at which time only 2.18% of the initiator in

the layer has been consumed), X, at z=0is 9.63 x 10%.
As reaction progresses, the CLD approaches the asymp-
totic form shown for z = 0 in Figure 4g, with the mole
fraction decreasing essentially inversely with k. The

values of Yn fall off with conversion, initially slowly to
8.84 x 104 7.92 x 104 and 6.82 x 10* at monomer
conversions of 91.41%, 93%, and 95%, respg:tively, and

then rapidly to the asymptotic value of X, ~ 10* at
100% conversion (see (35)). The asymptotic mole fraction
at each k is approached earlier as k increases. Figure
5b shows that the behavior at z = 1 is similar, but even

more precipitous, with X, shifting from 1.20 x 102 at
90% monomer conversion to 1.06 x 108, 7.98 x 107, and
4.17 x 107 at 95%, 99%, and 99.99% monomer conver-
sion, respectively, before falling rapidly to X, ~ 10* at
100% conversion. Comparison of parts a and b of Figure
5 shows that for each overall fractional conversion
considered, the CLD reaches its asymptotic form over
a much wider range of k at z =1 than at z = 0.

Implications for Experiment. The results pre-
sented above show that the final CLD can have much
greater spatial nonuniformity than the degree of mono-
mer conversion. For y = 1 and 8 = 4, Figure 2f shows
that wrwm,,.r(2,) varies by a factor of 3.6 betweenz =0
and 1, and that wgrmr(z,) varies by a factor of more
than 11, where 246 and 69 are the chain lengths at
which the final CLDs achieve their maxima at z = 0
and 1, respectively. The ratio wgm,r(0,9)/Wrm,r(1,%) can
be larger or smaller than these values, depending on K.
Comparison to the initiator (Figure 2b of ref 2) and
monomer (Figure 6a) profiles shows that those quanti-
ties are much less nonuniform. On the other hand,
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Figure 3b of ref 2 and Figure 6b show that the degrees
of nonuniformity in the rates of initiator consumption
and monomer conversion, respectively, are intermediate
between the initiator and monomer concentration dis-
tributions on the one hand, and the final CLDs on the
other.

These results demonstrate that CLD nonuniformity
cannot be evaluated or predicted solely on the basis of
the spatial variation of monomer conversion or photo-
initiator consumption. If spatial variation of CLD-
dependent properties in the photopolymerized material
is of interest, our results strongly suggest that spatial
variation of the CLD or its appropriate moments be
directly measured.

Relationship to Previous Work. Absent previous
work on spatial variation of CLDs, we confine our
remarks here to the degree of CLD nonuniformity
expected in previous free-radical photopolymerization
experiments and simulations involving photobleaching
initiators, in which nonuniform monomer conversion
has been observed or predicted.

Mateo et al. investigated photopolymerization of
methyl acrylate initiated by 4-(dimethylamino)-4'-iso-
propylbenzophenone, which photobleaches over most of
the range of actinic wavelengths.1® For the “unstirred”
case (i.e., with no mass transfer), the initial absorbance
that gives rise to the maximum initial layer-averaged
photopolymerization rate in such a system has been
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estimated by Lissi and Zannoco® and Terrones and
Pearlstein® to be y = 2.21 and 2.51, respectively. For
the values of 5 (~ 0.1) in the experiments of Mateo et
al., the results in Figure 2a (for y = 1) thus provide a
lower bound on the degree of CLD nonuniformity, which
is expected to be significant.

More recently, Goodner and Bowman#* included at-
tenuation and initiator consumption in a one-dimen-
sional unsteady photopolymerization model incorporat-
ing a kinetic scheme with chain termination by recombi-
nation, and accounting for diffusion-limited propagation
and termination at high monomer conversion. They
considered 3 mm layers of 2-hydroxyethyl methacrylate
at two concentrations of an initiator (2,2-dimethoxy-2-
phenylacetophenone; DMPA) for which the absorbance
of the layer is unchanged during reaction, and at one
concentration of a hypothetical photobleaching initiator
with the same absorption coefficient as DMPA. Contour
plots of photopolymerization rate and one plot of frac-
tional conversion of monomer showed clear evidence of
nonuniformity at high initiation rates. If one neglects
variation of propagation and termination rate “con-
stants” at high conversion, the kinetic model can be
accommodated by ours. For the photobleaching initiator
case of interest here, the parameters used by Goodner
and Bowman correspond to y = 22.5 and = 28.8. For
this large initial absorbance and large kinetic param-
eter, our model predicts significant CLD nonuniformity
over the front part of the layer, with computed values
of the mole fractions decreasing monotonically with
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increasing k at each z, and monotonically with z at each
nonzero k. The variation is essentially confined to the
front 40% of the layer, with the mole fractionsatz =0
exceeding those at z = 0.4 by factors increasing mono-
tonically with k from 3.38 for k = 0 to 5.62 for k = 100.

Burdick, Peterson, and Anseth?° recently reported
spatially nonuniform monomer conversion in photo-
polymerization of methacrylated sebacic anhydride
monomer initiated by benzoin ethyl ether (BEE) in
layers 1 cm thick. To estimate the degree of CLD
nonuniformity in their work, we again need values of y
and f. Using the extinction coefficient of BEE (780 M~1
cm~1)34 at an unspecified (but apparently UV) wave-
length, and the initiator concentration (0.1%) of Burdick
etal., we get y = 7. With regard to j, it appears that Kk,
and k; in (15) have not been independently reported for
this monomer. Hence, we use the approximate eq 4 of
Burdick et al. to write

_o dS,,/dt|"?
k' |R Swu

init

37

where Rjnit is the layer-averaged initiation rate. We then
approximate the second factor in the bracket by a value
of the ordinate shown in Figure 3 of the paper of Muggli
et al.,?® who measured the DMPA-initiated photopolym-
erization rate of the same monomer and reported results
in terms of a quantity with the units of a first-order rate
constant. In the cited figure, we chose the ordinate value
of 0.01 s71, corresponding to the maximum value at the
lowest DMPA concentration (0.1%) and the intensity
closest to that used by Burdick et al. (The choice of the
lowest DMPA concentration is motivated by the fact
that high concentrations of nonbleaching initiators, such
as DMPA, lead to significant “internal filtering” effects
and lower layer-averaged polymerization rates than
photobleaching initiators with comparable absorptivities
and quantum yields.) Finally, we approximate the layer-
averaged initiation rate using eq 23b of ref 2. We neglect
the exponential term, which leads to negligible error for
the large value of y in ref 20. We take the quantum yield
to be unity, set f = 2 (two radicals per initiator molecule
photolyzed), and use L = 2 mm, giving § = 0.6. (Layer
depths of 1, 2, and 3 mm were mentioned by Burdick et
al., and since L appears as LY2, the choice made
corresponds to an error of no more than 42% in j.) For
y =7 and g = 0.6, computation shows that Xmax varies
nonmonotonically with z, between 2500 and 3500. The
final mole fractions at Xmax(z,») vary by more than a
factor of 2, with the variation spread nearly uniformly
over the layer, while for k > 10, the 2-fold variation in
final mole fractions through the layer is essentially
confined to the forward 20%.

Dependence on Ratio of Initiator and Monomer
Concentrations. Like previous kinetic models of free-
radical photopolymerization, our model® predicts that
the fractional conversion of monomer at any position
and time is independent of initial monomer concentra-
tion, Cy 0. As noted earlier,? this follows from the linear
differential equation, eq 9, or from its dimensionless
counterpart, eq 13, and is a property of the full set of
equations, eq 5a—d.

On the other hand, as pointed out previously,® we
expect that the CLD, and hence a number of physical
properties, will depend on Cy 0. Since the rates of change
of individual radical species concentrations ((5b) and
(5¢)) are not proportional to Cy, relative rates of
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constituent reactions of (5) will depend on Cp o, as will
ratios of radical concentrations. Thus, since the overall
rates of termination reactions are proportional to prod-
ucts of pairs of radical concentrations, the CLD will shift
to larger k as Cy increases, if all else (including Ca o)
is held constant. In dimensionless terms, the CLD will
shift to larger k as ¢ increases.

Limitations of the Kinetic Model. Our model
neglects dependence of the propagation and termination
rate constants on the CLD, radical chain lengths, and
degree of monomer conversion, which can be important
in a number of systems.36:37 The present model is
nonetheless useful for at least three reasons. First, as
pointed out by Russell,?® chain-length dependent ter-
mination often leads to only small deviations from the
predictions of “classical” (constant k, and ki) models.
Second, even when chain-length dependent termination
is significant, a constant k, and k; model against which
comparison can be made is desirable. Finally, since
dependence of these rate constants on the extent of
reaction is due to reduced radical diffusion rates in the
polymerizing medium, more detailed formulations will
need to account for dependence of kinetics on the CLD
rather than simply on the extent of monomer conversion
or the lengths of diffusing radical chains, since widely
different CLDs can correspond to exactly the same
degree of monomer conversion. Thus, for each i in (3)
and each combination of i and j in (4), the rate constants
can be expected to depend on the local CLD of the
medium through which recombining radicals diffuse.
Such a model would go well beyond and be considerably
more complex than standard treatments of “chain length
dependent kinetics”.3940 Development of a photopolym-
erization model predicting CLD nonuniformity lays the
necessary groundwork for that.

Nonuniform temperature distributions due to heating
by light absorption and exothermicity can significantly
affect polymerization Kinetics, through an Arrhenius-
like temperature dependence of “elementary” rate con-
stants, as well as through the viscosity of the medium
in which radicals and monomer must diffuse to react.
Thermal nonuniformity has been considered in simula-
tions of monomer conversion.54! Effects on CLDs are
unexplored.

We have neglected diffusion in the species equations,
(5), and assumed that all of the chemistry ensues from
photolysis of a photobleaching initiator, absorbing at a
single wavelength or with the same absorptivity over a
range of wavelengths. Miller et al.*2 have presented a
model accounting for effects of diffusion and wavelength-
dependent absorption on initiator concentration distri-
butions in photobleaching media. Effects on monomer
conversion and CLDs are unknown. Diffusion of a given
species should be unimportant when D < Lcnar?/tenar,
where D is the diffusion coefficient, and Lcnhar and tenar
are a characteristic length and time, respectively. If we
take Lchar and tenar to be the layer thickness and
duration, respectively, then initiator diffusion in a low-
viscosity solvent (D ~ 1076 cm?2 s~1) will be unimportant
in a 1 mm layer if the reaction time is less than 10* s,
and in a 100 um layer if less than 100 s. There are thus
many systems for which D < L¢har?/tchar-

At high primary radical concentrations, primary
radical recombination with either a primary radical or
radical chain will be important, and the assumption of
equal termination rate constants might lead to signifi-
cant errors, as discussed previously.37:43
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Finally, our model assumes that the local rates of
initiator consumption and photon absorption are linear
functions of the local light intensity (viz., eq 5a and the
differential equation 9l/0x = — aaCal that gives rise to
eq 6, respectively), and so is not appropriate for describ-
ing recently developed micro- and nanofabrication pro-
cesses initiated by two-photon absorption.1718

Conclusions

For free-radical photopolymerization with a photo-
bleaching initiator and constant propagation and ter-
mination rate constants, we have shown how the final
chain-length distribution in a layer depends on position
over a range of the initial absorbance y = aaCaol
and on a second dimensionless kinetic parameter § =
kp[fCa o/ (poalok)]¥?. The results show how the chain
length distribution can be much more nonuniform than
the fractional monomer conversion profile. The chain
length distributions can be related to the spatiotemporal
variation of initiation rate, with “downbeam” conversion
of monomer at very low radical concentrations playing
an important role. For several photopolymerization
experiments described in the literature, considerable
nonuniformity in the chain-length distribution can be
expected.
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