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A model is developed to describe the migration mechanism of monomers during the lithographic
preparation of polymer gratings by ultraviolet polymerization. The model is based on the Flory—
Huggins theory: a thermodynamic theory that deals with monomer/polymer solutions. During the
photoinduced polymerization process, monomer migration is assumed to be driven by a gradient in
the chemical potential rather than the concentration. If the chemical potential is used as the driving
force, monomer migration is not only driven by a difference in concentration, or volume fraction,
but also by other entropic effects such as monomer size and the degree of crosslinking of the
polymer network, which is related to the ability of a polymer to swell. Interaction of the monomers
with each other or the polymer is an additional energetic term in the chemical potential. The
theoretical background of the model is explained and results of simulations are compared with those
of nuclear microprobe measurements. A nuclear microprobe is used to determine the spatial
monomer distribution in the polymer gratings. It is shown that two-way diffusion is expected if the
monomers are both difunctional and have the same size. In some cases, if one monomer is
considerably smaller than the other, it can eventually have a higher concentration in the illuminated
regions, even when it has a lower reactivity. The model is used to simulate the grating formation
process. This results in a calculated distribution of the monomer volume fractions as a function of
position in polymer gratings. An excellent agreement with the nuclear microprobe measurements is
obtained. ©2004 American Institute of Physic§DOI: 10.1063/1.16884583

I. INTRODUCTION gions. This is achieved by swelling of the growing, weakly
crosslinked, polymer in the illuminated regions due to suc-

Optical applications for functional polymers are found in tion of monomers from the dark regions, while differences in
data transport, storage and d'SP'é‘Y%'” this article polymer  iher monomer properties such as the rate of consumption
gratings are discussed. Essential for these devices is that tha}ﬁe to polymerization cause concentration variations. This

have some sort of distribution in either the refractive index . . . .
mechanism describes the formation of a grating and shows

or the film thickness. Patterned ultraviol&tV) illumination . . . . - . :
is a technique that is used to prepare polymer structures havariations in thickness, together with relative differences in

ing a modulation in monomer unit concentration from a ho-the concentration of the monomers. Second, when two di-

mogeneous mixture of two monomers. Some regions are jfunctional monomers are used, two-way diffusion, induced
luminated by UV light and polymerization is started, while by differences in reactivity, describes the formation of a film

other regions remain dark. If desired, one can vary the lightvith a constant thickness and variations of monomer unit
intensity gradually. Monomer migration, induced by differ- concentrations. The more reactive monomer is depleted
ence in properties of the monomers, during this polymerizafaster in the illuminated regions. This induces a concentra-
tion process results in lateral differences in monomer contion gradient that initiates a diffusion process, in which the

centration. If two monomers with an intrinsic difference in ,qre reactive monomer moves to the illuminated regions

refractive md_ex are used, thesg concentration r_nod_ulatlongnd the less reactive monomer moves to the dark regions. No
correspond directly to a modulation of the refractive index. . . . . .
. : : . S swelling of the illuminated regions is observed, due to the
As shown in previous articlél® this monomer migration

process depends on the differences in the properties of th(iz‘(osslmkmg gb!I|ty of th.e m_onomers. In I|tera_1tur<_a, _several

monomers. First, when a monofunctional and a difunctionaMedels describing the diffusion of monomers in similar sys-

which both monomers diffuse towards the illuminated re-sion of reactive monomers in a polymer mattixiowever,
these models predict that the most reactive monomer always

dAuthor to whom correspondence should be addressed; electronic mair.mg_ﬁateS .towards the .reglons of maximum UV intensity
c.m.leewis@tue.nl while earlier nuclear microprobe measurements on polymer
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gratingé® suggest otherwise. There, several gratings wereesults in monomer migration. After the patterned illumina-
prepared from combinations of 2-chloroethylacrylate,tion, the samples were turned over and illuminated uni-
hexafluorobisphenol-‘A-diacrylate and 1,3-t8smetha- formly, long enough to fix the film. The polymer gratings
cryloxypropy)-1,1,3,3-tetramethyldisiloxane, which are de- thus created were suitable for analysis.
noted further as Cl-monoacrylate, F-diacrylate, and Si- The samples were studied Wia 3 MeV proton scanning
dimethacrylate, respectively. It was shown that, for a mixturemicroprobe with a spot size of about }an.® Chlorine and
of the Cl-monoacrylate and the F-diacrylate, the former hadilicon were detected by proton induced x-ray emission
the higher final monomer unit concentration in the illumi- (PIXE), fluorine by proton induced gamma-ray emission
nated region despite its lower reactivity. Furthermore, thick{PIGE), and carbon and oxygen by Rutherford backscatter-
ness variations of 10%—-25% between the illuminated andhg spectrometry(RBS). The detection angles and solid
nonilluminated regions occur. These effects are not predictedngles for PIXE and RBS were 135°, 18 msr and 147°, 11
by the models present in the literature. msr, respectively. For PIGE, the detection angle is 90° and
When dealing with the reaction/diffusion process, thethe solid angle times the efficiency is about 0.1 msr. In this
first thing one has to consider is that the driving force ofway, the areal density, i.e., the mass per unit area of the film,
monomer migration is the chemical potential of this mono-of all elements, except hydrogen, is determined as a function
mer rather than its concentration. To find an expression foof the position. More details about the microprobe analysis
the chemical potential, it is necessary to consider the thermand a correction for ion beam induced damage are found in a
dynamics of mixing polymers and monomers. The Flory—previous articl€. The monomer-unit concentration was deter-
Huggins theory ! describes the thermodynamics of mix- mined as a function of the position in the sample.
tures of polymers and solvents, polymers, and monomers and Reaction rates of a number of mixing ratios of the dif-
of two mutually different polymers. The theory yields ex- ferent monomers were measured with differential scanning
pressions for the chemical potentials of monomers in mix-calorimetry (DSC) with a Perkin—Elmer Photo-DSC 7 with
tures with and without polymer, which can be utilized to shutter control under nitrogen atmosphere. Oxygen inhibition
model our grating formation. It further considers the degreeof the initiation, i.e., the photoinitiator reacts first with oxy-
of crosslinking of the polymer in relation to the urge to swell gen instead of the monomers, was therefore reduced, result-
of a polymer network in solution, which is the situation in ing in an earlier start of the reaction and less photoinitiator
the illuminated regions. With these chemical potentials, itdepleted by the oxygen compared to the situation of the grat-
thus is possible to determine whether the liquid monomeréng preparation process. The intensity of the UV light source
flow to the illuminated or to the dark regions. However, anwas 2 mW/cr at a wavelength of 370 nm. The photoinitia-
entropic term in this chemical potential related to the mono+tor (Irgacure 651 concentration was 0.5 mass % for all
mer size may play an important role in systems of two monosamples. The temperature was eitfier 25 or 65 °C, which
mers of significantly different sizes. Monomer size and shapeorresponds to the temperatures used in the grating prepara-
effects in the Flory—Huggins chemical potential are sometion process.
times called “size entropy™? In the current article, it is The sample and a reference sample were kept at a con-
shown that this may be the explanation why, in some casestant temperature during the whole experiment. For the first
the less-reactive monomer is found to have the higher monaminute, a shutter was kept in front of the UV light source.
mer unit concentration in the illuminated regions of the final After t=1 min, both the sample and the reference sample
structure. were irradiated with the UV light source. After exposure, the
In this article, a static and a dynamic reaction/diffusionshutter was closed and eventual shifts in the baseline were
model are presented that describe the grating preparatiathecked for 1 min. During the experiment, the difference in
process incorporating monomer reactivity, monomer sizeheat flow rate to keep both samples at the same temperature
monomer crosslinking ability, surface tension, and diffusionwas measured. This heat then corresponds to the heat re-
coefficients as a function of the monomer conversion. Withleased during polymerization. All graphs in this chapter were
the model, it is possible to simulate the production of actuatorrected for a baseline, which were determined from DSC
devices, which means that the monomer unit concentrationsalibration measurements of the polymerized matétiahis
as a function of the position in the sample are simulatedwas done for the same time as the measurement itself to ease
These concentrations are compared with values that are deemparison between the two measurements.
termined experimentally with the nuclear microprobe.

Il. EXPERIMENT lll. THEORY

Cells for photopolymerization were prepared from two First, a static reaction/diffusion model is explained,
glass slides, one of which contained a patterned photomaskhich shows the thermodynamic basis of the driving force
consisting of different areas with grating periodicities rang-for diffusion. The theoretical description of the model for the
ing from 10 to 1000um. The cells are filled with the mono- preparation of polymer gratings is explained. Two cases are
mer mixture containing 0.1 wt % of photoinitiatéirgacure  considered: a one monomer and a two monomer system.
651). The samples were then illuminated through the photd&Second, a dynamic model is developed that refines the static
mask by an UV light sourcéhilips PL10W/10 or TL-4W.  model with real values of reaction rate constants, diffusion
Polymerization is initiated in the illuminated regions, which coefficients and additional effects.
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A. The static model psak— . 9=0. 4

There is thermodynamic equilibrium if the monomer chemi-
1. One monomer cal potentials are the same in both the illuminated and the

In the case of a system of only one monomer, only tWodark regions. If thls_ls not the case, mlgrat!on of 't.he.mor.lo—
er occurs in principle until thermodynamic equilibrium is

components have to be considered, i.e., the monomer and tHeS" © )
polymer. The system is divided into an illuminated and aestabllshed. If there are no crosslinks, the last term of &q.

dark region. The monomer chemical potentials at a certaiﬁquals_ zerore=0). For any val_u_e 95%'_ in the absence of )
time in the polymerization process in both the iIIuminatedcrOSS“nkS' thermodynamic equilibrium is approached by mi-

and the dark region are given by Refs. 9 and 11, assuming %ration of all monomer to the illuminated regions. For a non-
' ’ ro crosslink density, the equilibrium value @f, can be

constant temperature, a constant ambient pressure, and a 6 . e O
stant total volume of the system calculated for givem and monomer diffusion would cause
as much as possible monomer to migrate from the dark to the
ilum aum Y1 ilum illuminated regions, to obtain this equilibrium volume frac-
p )tep —ep tion.
P Two assumptions apply. First, it is assumed that there are
no changes in volume of segments, which means that a
, monomer unit has the same volume whether it is polymer-
ized or not. Polymer swelling at a certain position can there-
(1)  fore only occur when there is a net increase in the number of
dark 0 monomer units at that position. Second, it is assumed that the
p1—p1=0. 2 polymer is homogeneously mixed even for very dilute poly-
Here, u? is the chemical potential of an unmixed phase ofmer solutions, although then the polymer segments are not
monomer 1 andp, is the volume fraction of the polymer. distributed homogeneously. These assumptions, however, are
Here,¢,=1—¢;, with ¢, the monomer 1 volume fraction. not expected to have a significant effect for the overall pro-
The number of segments of the monomer and the polyme¢€ss.
molecules are given by, andv,, respectively. Here, a seg- Interestingly, ifn/N, were given by the expression be-
ment is a volume unit that corresponds to the smallest mondow, the chemical potentials would already be equal on both
mer unit in the system, and should not be confused with dhe liquid side and the mixed side, and no monomer diffusion
monomer unit in general in a system that contains monomer#/ould take place. Then, there is no net gain in mass in the
of different sizes,y;, is the Flory—Huggins interaction pa- illuminated regions and no swelling is possible
rameter, which accounts for energetic interaction between

pi'" = pd=KT In(1- ¢

n 1 illum
illumy 2 e p
+x1plep vt v | ———
p Np (plFI)Ium 2

segments. The effective number of internal chdirs, be- ne 1 _|n(1_¢|rljlum?_¢|pllum (5)
tween two crosslinksis given byn,, and is twice the effec- Np 1 go'F')'”m

tive number of crosslink$,since in an ideal network each ilum 2

crosslink corresponds to four chain enbls.is the total num- #p

ber of segments of thédry) polymer. n./N, can thus be

regarded as twice the crosslink density. The last term of Eq.

(1) can be derived assuming swelling of the polymer is al- ~ When a grating is preparédrom a mixture of two

lowed only in thez direction***In the literature, it is dis- monomers, three components have to be considered, i.e., the

cussed whether the factor of 1/2 should be rem&vadthe  two monomers and the polymer, even though the composi-

last term or not® For the basic ideas of the theory, this is of tion of the polymer depends on the position in the sample

minor importance. and the reaction time. Following again the Flory—Huggins
The third term within the brackets can be left out, sincetheory, the chemical potentiaﬂ'”m of monomer 1 is given

the number of segments of the monomers is far less than thgy the following expression%:

number of segments of the polymer chains,i1g&<v,. In

the case of a free-radical chain-addition polymerization this iilum _

is even true in the very early stages of polymerization, since K1

the full polymer chain is formed in a time fragment much

smaller than the total polymerization time. For now, all in- o ihum ium ilum

teraction parameters are taken zero. $g,=0. This seems v 7P X12¢2 T X1p®Pp

especially reasonable since the solvent is the monomer of the

very same polymer. Now Eq¢l) and(2) become

. Two monomers

pi=KT

’ . vy
In (pTum-i-l—(p'l”um— V_(Pglum
2

illum__illum

il il
X (@2 M+ p V1= X2pP1P2 T ¢p

P2 +<Pp

illum
1 _ ¢p
(Pillum 2

p

Ne

IN(1—@p"™) + @p™ + Vi,

ne| 1 goip”um
+V1N_p (Pillum_ 2

p

(6)

i 3=k

In a similar wayxh"™ is found by exchanging indices 1 and

, (3) 2. Here,u9 and uJ are the chemical potentials of the un-
mixed phases of monomer 1 and 2, respectively; and
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¥, ande, are the volume fraction of monomer 1, monomer _
2, and the polymer respectivelyy"™ + o™+ 5" =1 and pdatke M= kT
@lat o9k~ 1, always. The number of segments of the dif-

ferent monomers, as defined in the Flory—Huggins model, is

v
dark dark 1 dark
N3+ 1—¢""— 2, P2
2

given by v, and v,, respectively. Interestingly, since the —In @M — 1+ oM+ ;@2'“’“

number of segments is directly related to the size or length of 2

the monomer, there is a length or size dependent factor ne( 1 (p"g'“m

v, /v,. This factor is sometimes called size entrdpy. - VlN_p 2 (8)
P

In the case of mixing two ideal gases or some other hard

spheres, the chemical potentials given byu=kT In ¢ with In the case where there is no network, the last term equals

. . . . dark ill H
c the number concentration. This expression can be derivegero. Of courseu(™ —u;"" increases when the volume

from the Flory—Huggins expression given by E6) assum-  fraction of monomer 1 in the dark regionﬁalrk becomes

ing zero interactiony;; =0, no crosslinkingn=0, and mol- larger, or if the volume fraction of monomer 2 in the dark

. . . . R dark e
ecules with equal sizes, = v,. In this case, concentrations egions,e;""becomes smaller. The driving force for flow of

and volume fractions are equal for both. monomer 1 from the dark towards the illuminated regions

. . oy . . k "
It should be emphasized that the Flory—Huggins treatfhen increases, since it is proportionalg§™™— ui"™

ment, involving this size entropy is not generally valid. It is ~ Interestingly, if the ngu% of molecule 1;,, decreases,

dark ark
only a valid approximation in the case rod shaped, flexible™ (¥1/72) 2 rJTL(”’;l_/Vz)‘Pz becomes larger becaugd

. || . . .
solvent, or monomer molecules are involved, and will be notS higher thang;™; i.e., the monomer 2 volume fraction is

valid in the case of globular molecules. However, since thd'9her in the dark regions than in the illuminated regions
monomers treated here have a elongated conformation rathBFCaUS€ep @1 T+ ¢z © =1 and ¢; "+ ¢; "=1. The

; _ um
than a spherical one, the approach sketched here is justifie(ne.sulllt 'Sththat'“l M1 btehco?_ei Iatrrg];er. Thlt_age_fore, the
In literature!? the size entropy is discussed in terms of stericomaller the monomer size, the higher the equilibrium mono-

interference rather than a difference in monomer size. How™'e" volume fraction in the illuminated regions becomes. If

S there is a network, things become slightly more difficult due
ever, the longer the molecule, the more steric mterferenc? S .
0CeUrs o the extra network term that will increase the chemical

. . . rpotential in the illuminated regions and reduce the flow of
In the dark regions, the chemical potential for monome . . . .
1is defined as follows: monomer towards the illuminated regions. However, if the
: monomer 1 size decreases, agafi™— u1"™ increases.

Summarizing, two effects contribute to a difference in

chemical potential and therefore a flow of monomers to-
dark Y1 dark wards the illuminated regions. First, there are concentration
1 P2 gradients. Intuitively, the higher the concentration gradient,

the higher the driving force for migration. Second, the flow

pP*— ud=KkT In "+ 1- ¢

n darl 2 ) of monomers to the illuminated regions also increases if their
X192 V1 ). molecular size decreases. The numerical procedure used to
calculate the migration by the static reaction/diffusion model
is displayed in Fig. 1 and explained in detail in Appendix A.
Again, 13 is found in a similar way by exchanging the
indices 1 and 2. B. The dynamic reaction /diffusion model
As before, the term involving, can be ignored in Eq. In order to obtain a dynamic reaction/diffusion model,

(6), since the number of segments of the monomers is far lesge giffusion laws need to be incorporated. Diffusion pro-
than the number of segments of the polymerpgsivy and  cesses are often described with Fick’s well-known second
vp<vp. For now, all interaction parameters are taken zerojaw, One assumes that the total volume of the system is
X12= X1p= X2p=0. This assumption may not be valid be- constant. The flux of particled(s "t m~2) is taken propor-
cause the monomers can have different interactions with ittional to the concentration gradient of a species and applying

self and the polymer. In addition, the polymer consists of twoconservation of mass results in Fick’s second law
types of monomer units, and it may not be justified to treat it p p P
with one interaction parameter. However, in the systems con- %°c_ (D C)_ 9

sidered here, the polymer is made of its own monomer sol- 9t X Ix\ o IX

vent. In addition, the monomer unit ratio in the polymer is Here, J is the flux of particlesD the diffusion coefficient,
usually not more than 10% different from the monomer ratioc (m~3) the concentration, andthe spatial parameter.
in the monomer mixture, which reduces the effect of any  One should bear in mind that this is an empirical law and
interaction driven migratioft? that, in general, a concentration gradient is not the driving
In the two-monomer case, the difference between théorce for diffusion. The real driving force is a gradient in the
chemical potentials for monomer 1 between the dark and thehemical potential. The flux of particles *m™2) is then
illuminated regions can be derived by subtracting E@s. proportional to a gradient in the chemical poterifiaf and
and (6) the general diffusion equation becomes
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uv =V1Vsegmer P- Here, Ap is the difference in hydrostatic
VL pressure between the solution in the illuminated regions and
o ” the pure liquid in the dark regions. However, since the dif-
> ? @ ference in height of the illuminated and dark regions is only
& ) at most 30um, this pressure difference is ignored. Even if
¢ Reaction the glass slidésare firmly clamped, the effect of an extra
o o pressure on the illuminated regions only plays a minor role.
4 ” The second driving force is the minimization of the sur-
¢ Determine chemical potentials &, (9,1, v,) face tens_ion of the film. To incorpqra_te this in the m(_)delz a
concept is adopted from the description of surface diffusion
b b on solids?* There, the chemical potential of a surface is

given by
¢ Diffusion — equilibrium ifg,#wm =y dark,
ﬂzillum :qudark

Pré&—0 |
— | e @ #°h
(2 |3
. . . _ . ax?
FIG. 1. A schematic representation of the static model. First, a certain vol- — — (12
. ) : ) S Ms KYyv YV T a2\ 32
ume of the monomers is converted into polymer according to their reactivity oh
ratio. Then, their chemical potentials are determined. Then, the monomers 1+ _&X

are redistributed to re-establish thermodynamic equilibrium. The process is
then repeated, until a certain conversion is achieved.

Herex is the surface curvature,y the surface tension, and
g P 9 /Dc g the molecular volume of the migrating species. The sur-
—=—-—J= —(— —) (10) face tension is about 0.030-0.040 3/nfior various
o ox = ox\ kT ox (poly)(methacrylates?® For siloxane diacrylates it may even
If the total volume is a function of and/or volume changes be lower. For the model, however, a value of 0.035%Jn
are allowed, conservation of mass demands that one cannased for every monomer mixture. Bulk migration, witlthe
simply use the concentration. The concentratoshould number of migrating species per unit length in the
then be replaced by the volume of the migrating species pet-direction, is then given by

unit x.
As the polymerization proceeds, the monomer diffusion
coefficients will drop, not only because of growing polymer on 9 J|Dgndus
chains but also because the crosslinking network increas- E__ﬁ‘]_g KT ox |’ (13

ingly hinders monomer diffusion. The diffusion coefficients
can easily drop by 5 orders of magnitd@leshen going from

a polymer volume fraction of O to 1. It should be noted that this migration only redistributes the
With the free volume theor$:* which treats the loose-  total volume since it is assumed to work on both monomers
ness of a polymer solution by means of an extra availablgqually. Any effect due to a difference in surface tension for
volume?? the diffusion coefficient as a function of monomer these two monomers and the effect of the glass substrate is
concentration is given by ignored. In fact, this diffusion can be interpreted as bulk flow
D(¢n)) * 1 compensating for differences in intrinsic diffusion coeffi-
(In D ) =K1(—+ Ks|. (12) cients of the two monomers used. A step-by-step description
P Pm is given in Table I. A full description of the numerical pro-
Here, ¢, is the monomer volume fractio@, is the mono-  cedure is found in Appendix B.
mer diffusion coefficient for,,= 0, i.e., in the pure polymer,
andK; andK, are positive constants described in the free
volume theory%?! In this section, three case studies of different combina-
As a result of the diffusion of monomers, a net overalltions of 1:1 volume ratio mixtures of two monomers are
transport of liquid monomer can occur. In the case of swell-considered. The probability to react, of monomer 2 is twice
ing of the illuminated regions, both monomers flow towardsthe reactivity of monomer 1, i.eR,=2R;. The crosslinking
the illuminated regions and the amount of monomers in thability f, as described in Appendix A, and the sizeare
dark regions decreases. The remaining monomer liquid isaried as described in Table II.
expected to redistribute itself in such a way that the surface The first case studfcase ) concerns a 1:1 volume ratio
of the monomer is at a minimum. This process can be drivelef a mondmethacrylate ,=0) and a dimethacrylate
by a hydrostatic pressure differenCeStrictly speaking, monomer §,=1), which are equal in size, i.ev;=v,=1.
there is thermodynamic equilibrium between the solution inThus initially, ¢}"™= ¢{**=0.5 and¢}"™= ¢3**=0.5 and
the illuminated regions and the pure liquid in the dark re-vV%*=Vviim=yv/ Assume that 0.1%, of polymer is formed
gions when the difference in the chemical potential is equain the illuminated region during the first reaction step. Since
to the difference in pressure, i.e., uP™ "™  R,=2R,, and the initial volume ratio is equal, the polymer

C. Results of the static model
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TABLE |. Step-by-step description of the dynamic reaction/diffusion model. monomer 2 is higher in the dark regions. This implies that

1 Conversion of monomer to polymer in illuminated regions
only during a time interval ofAt according to reaction
speeds; determine the new volumes of the monomers and
the polymer in all regions of lengthx which are illumi-
nated[Egs.(B1), (B2)]; dark regions remain unchanged.

2 Determine the crosslink density in all regions of lengtk
[Eq. (B7)].
3 Determine the chemical potential of both monomers in all

regions of lengtmx. [Egs.(B3), (B4)].

4 Determine the diffusion coefficients of both monomers in
all regions of lengthAx since these depend on the polymer
volume fraction[Eq. (B8)].

5 Diffusion process with the gradient in chemical potential of
both monomers and the diffusion coefficients; determine the
new volumes of monomers in all regions of lenghix
during a time interval ofAt [Eq. (B9)]; absolute polymer
volumes remain unchanged.

6 Determine the surface chemical potential in all regions of
lengthAx [Eq. (B10)].

7 Overall diffusion process according to the gradient in
surface chemical potential; determine the new volumes of
monomers in all regions of lengthx during a time interval
of At [Eq. (B11)].

8 Go back to step 1.

Afterwards the grating is fixed. Here, it is simply assumed that all
remaining monomer is converted into polymer, instantly
without any diffusion.

consists of 0.08, of monomer 1 and 0.M}, of monomer 2.
Consequently,

|Ilum 0 05 (PI”Um 0 10

goTum =0.45, @hUm=0.40,

QDgark: 0.50’ (14)

033™*=0.50,
ViIIum — Vdark: VO )

With Egs. (6) and (7), x;j=0, »j/v,=0, f,=0, f,=1, the
current chemical potentials are thus found to be

illum 0 dark_ O
M1 T M1 M1 M1
kT —0.640 T —0.693 (15
p5"™ = ng" = ud
T: —0.758 T: —0.693. (16)

It is seen that the chemical potential of monomer 1 is higher
in the illuminated regions and that the chemical potential of

TABLE Il. The size and crosslinking properties of the monomers.

Monomer 1 Monomer 2
Case vy fi vy fy
| 1 0 1 1
1] 1 0 3 1
1} 1 1 1 1

the volume fraction of monomer 1 is too high in the illumi-
nated region and too low in the dark region. Solving EGs.

and (7) for thermodynamic equilibrium, i.e., redistributing
the mobile monomers, results in
pi " pd g™l
T T 0.666, (17
illum 0 dark_ 0
M2 _Mz M2 M2
T T 0.721, (18
|IIum 0 446 (PI”Um 0 422
(19

qﬁafk: 0.513, <pga”‘= 0.486,

VIM—1 138/, Ve=0.862/,.

The ratio of the volume fractions of unreacted monomer 1 to
unreacted monomer 2 is equal for both regions. This is ex-
pected because the monomers are equal in size and any other
aspect except their reactivity. Clearly, the volume of the illu-
minated region has increased, which is because the network
tends to swell. Further, the total volume fraction of monomer
units of monomer Zincorporating both polymerized and un-
polymerized unitsis higher in the illuminated region than in

the dark regiong}"™+ op3"> @'+ " . If the system
were fixed now, i.e., very fast polymerization of the remain-
ing monomer, this would also be the case for monomer units
in the polymer film. If one calculates any more reaction and
diffusion steps, this difference becomes even larger. In addi-
tion, the total volume of the illuminated regions is larger than
that of the dark region3/™™> V9% Clearly, the monomer
with the highest reactivity eventually has the highest concen-
tration in the illuminated regions; the grating formation is
reactivity driven.

The second case studgase |) illustrates the effects of
size entropy. The following conditions apply: a 1:1 volume
ratio mixture of a mon@nethacrylate ¢;=0) and a
di(methacrylate f,=1) monomer with a size ratio of
vyivy=3:1 with initially, @I'""=¢%*=0.5 and @)'"
= ok=0.5 andvdak=viltm=y/ Startlng from 0.15(0 of
polymer formed in the illuminated regioR,=2R;, and the
initial volume ratio equal, the polymer consists of O@of
monomer 1 and 0.M} of monomer 2. The resulting chemi-
cal potentials are now different from the ones found for the
previous case:-0.379 and—0.360 for those of Eq(15) and
1.658 and—1.693 for those of Eq(16).

In contrast to the case where the size ratio was 1:1, the
sign of the differences of the chemical potentials between the
illuminated and dark area is now reversed. Interestingly, the
volume fraction of monomer 1 is now too low in the illumi-
nated region and too high in the dark region. Solving for
thermodynamic equilibrium results in:0.368 for Eq.(17)
and —1.670 for Eq.(18) and the following values:

|IIum 0 465 (PI”IJm 0 420 (PI”Um 0 038

Pp3"=0.077, ¢{**=0.494, ©5*"*=0.506,
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vilim=1 303/,, V%*=0.69%,. ited diffusion takes place to achieve thermodynamic equilib-

) ) rium until the end of the illumination. As a result, the mono-

Now the ratio of monomer 1 to monomer 2 is not the e yolume fractions are constant within a given illuminated
same in both regions. This ratio is higher in the illuminated,, yark region regardless of its dimension. In a real system,

regions than in the dark regions. This result is in contrast tQne giffusion coefficients drop significantly and thermody-
that of the proposed model of Van Nostrtimere the system amic equilibrium is not achieved, resulting in a different

always tries to obtain an equal ratio in both regions. The USgp 5| monomer-unit distribution. In addition, the role that the
of a chemical potential in the model favors the Incorporationyagnitudes of the reaction rates and diffusion coefficients
of short monomers in the regions that contain polymer. Thiﬁ)lay, is unaccounted for. Closer resemblance in the final
effect is entropy driven. No physical interactions or dynam-monomer volume fraction profiles is achieved with the dy-

ics are needed to explain the result. The relative increase ifamic model that incorporates diffusion coefficients and re-
conformational degrees of freedom is higher for shorter moltion rates.

ecules than for longer ones when transferred from the dark to
the illuminated region.

Interestingly, now the total volume fraction of monomer IV. RESULTS OF THE DYNAMIC MODEL
1 units, both in the monomeric and the polymeric state, is

now larger than the total volume fraction of monomer 2 units . A Number of simulations with the dynamic reaction/
ium - illum illum ‘Piuum If diffusion model were made and then compared with nuclear

in the illuminated regions + > . . . L :
the system were fixe% nov‘Clthis \qff/%tld ;éo be the case fo?nlcroprobe measurements, which show fine structure in the
’ ateral profile. For these systems, the reaction rate constants

monomer units in the polymer film. Again for more reaction t th , qf
and diffusion steps, this difference becomes even larger. Iff the monomers were estimated from DSC measurements.

. . . . . 7 .
addition, the total volume of the illuminated regions is Iarger]\cN'thdStﬁnd?rd radlcallchaln polylmerlzarlltlon thedfyt was
than that of the dark regions/"™>V% So. the result js  found that for pure Cl-monoacrylate, the rate constant at a

now the same as in the case of the system of the CIUV source distance of 7.5 cff2 mW/cnf) with 0.5 mass %

e DSC,Cl_
monoacrylate and the Si-dimethacrylate or the system of th8f Photoinitiator - (Irgacure 651 was k,,™"=0.05

71 . . . . .
Cl-monoacrylate and the F-diacrylate of previous artiéfes: —0-01S ". For mixtures containing different monomer mix-
the less reactive smaller monomer has the higher volumi''es; the overall rate constant was determined by comparing
fraction in the illuminated region, and the illuminated re- & times where the conversion reaches its maximum. To

gions contain more material than the dark regions. convert _these reacti_on rate constants of the DSC to those of
A third case studycase I1) concerns the formation of a € 9rating preparation process, a square root dependence on
fully crosslinked polymer. The following conditions apply: a b_oth the photo-initiator concentration and the UV light inten-
1:1 volume ratio mixture of two dinethacrylate monomers Sty Was assumetl. Any effect due to the Trommsdorf effect
(f,=f,=1) with a size ratio ofv,:»,;=1:1 and a reactivity gnd d|ffu5|on-llm|teq propagatlo.n at higher conversions is
ratio of R,= 2R, . After the reaction step, the current chemi- '9nored. In the grating preparation process, the intensity of
cal potentials are—0.636 and—0.693 for Eq.(15) and the lamp is comparable to the DSC experiments.
—0.754 and—0.693 for Eq.(16). The volume fraction of The order of magnitude of the diffusion coefficient at
monomer 1 is now too high in the illuminated region and too?€"© degree of polymerization was estimated from diffusion
low in the dark region. Solving for thermodynamic equilib- profile_measuremerft and Dy(0) is in the order of

_6 2 . _ .
rium results in:—0.666 for those of Eq17) and—0.721 for 10 °M/s (see Sec. Y. AssumingK,=0 in Eq. (11), for
those of Eq(18) and the following values: simplicity, the only free fit parameter is théy, which rep-
' ' resents the dependence of the diffusion coefficient on the

©1""=0.436, ¢5""=0.414, @,"=0.050, degree of polymerization, i.e., the polymer volume fraction.
ilum dark dark Figures 2a) and 2b) shows a measurement with the

@p2 =0.100, ¢@;77=0.514, ¢;""=0.486, nuclear microprobe of a system containing a mono- and a

Vilum = 1.000/y, V9= 1.000/,. diacrylate, i.e., a 1:6.7 mass ratio mixture of the CI-

monoacrylate and the F-diacryl&@he total areal density is
Now the ratio of monomer 1 to monomer 2 is the same innot a constant due to swelling and the mass fraction of the
both regions. This is similar to the proposed model of Vanless reactive and considerably smaller monoacrylate is higher
Nostrum® based on differences in reactivities only. After in the illuminated regions. Table Ill shows all parameters
fixation, there are no difference in the total volume of theused to simulate a measurement with the mono- and the dia-
two regions,V'"M= V9 and the monomer with the highest crylate monomer. From DSC, the overall reaction rate is es-
reactivity has the highest volume fraction in the illuminatedtimated by k%*=0.016+0.003s®. Assuming that the
regions, @hU™+ <pL""’2m> QM 4 c,oi,'J"ulm. The behavior F-diacrylate has twice the reactivity of the Cl-monoacrylate,
sketched here, is the same as for the system of thBR,=2R;, and that the overall rate can be approximated by a
F-diacrylate and the Si-dimethacrylate described in a previweighted average over the initial molar fractions of 0.30 CI-
ous article® monoacrylate and 0.70 F-diacrylate, the reaction rate con-

These three case studies demonstrate that the statitantsR; andR, in Table Il are obtained.

model predicts the general trends concerning the size entropy In Figs. 2a), 2(b) and Zc), 2(d), the measurement and
and crosslinking correctly. However, dynamic effects are nothe simulation are compared. The data can be fitted nicely
considered, which leads to the unsatisfying result that unlimwith K;=0.21. Both the absolute areal densities and the
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FIG. 2. Nuclear microprobe measureméstand(b) and simulatior(c) and(d) of the total and the monomer areal densities and the monomer mass fractions
of a mixture of the Cl-monoacrylate and the F-diacrylate.

monomer mass fractions are predicted correctly. ments. From the dynamic model, it is concluded that even a
To stress the importance of the size ratio, another simuten times higher diffusion coefficient for the monoacrylate
lation is made with the same parameters except for the sizmonomer in combination with a 1:1 volume ratio does not
ratio, which was changed from;:v,=1:3 to 1:1. Figures result in a higher monomer 1 volume fraction in the illumi-
3(a) and 3b) show that in this case the most reactive mono-nated regions. The dynamic model also predicts that the high
mer is expected to migrate preferentially to the illuminatedareal density regions are wider than the low areal density
regions, which is not in agreement with the measurement afegions, as shown in Fig.(®. This is also observed in the
Figs. 2a) and 2b). In addition, the difference in total areal measurement in Fig.(8). The dynamic model gives there-
density is much less. fore a quantitative description of the reaction/migration pro-
The dynamic model has several advantages over theess that includes experimental values of reaction/migration
static one. The monomer-unit volume fraction profiles of theparameters.
final polymer structure can be determined quantitatively and  The second system that is examined is the grating prepa-
directly compared with the nuclear microprobe measureration of two dimethacrylate monomers. A 0.93:1 mixture

TABLE Ill. The parameters used for the simulation of a combination of the Cl-monoacrylate and the
F-diacrylate for a UV light source distance of 20 cm. An approximate density of 1000°kg/assumed to
convert volume fraction directly in to mass fractions.

Reaction rate constants, et®,=(0.9+0.2)x107%2s 1 =1 f,=0
R,=(1.8+0.4)x102s! 4,=3 fo=1
Diffusion coefficients D,(0)=4.5x10"m?s  K,=0.21

D,(0)=1.5x10"*m?s  K,=0
D4(0)=1.5x10 ®m?/s v=0.035 J/mM

Initial values ¢1(x,0)=0.13 Parameters for numericatl,,, =150 s

h(x,0)=29.0um calculation At=0.0125s

A=200 um L=20
Cl-monoacrylate M,=134.56 Other parameters T=343K

Cl mass per unit 35.453 Vsegmen 134X 1076 m?
F-diacrylate M,=444.33

F mass per unit 818.9984
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FIG. 3. Simulations of the total and the monomer areal densities of a mixFIG. 4. Measuremer(a) and simulation(b) of the total and the monomer
ture of the Cl-monoacrylate and the F-diacrylate, with a size ratio and 1:1areal densities of a grating prepared from a mixture of the Si-dimethacrylate
(@), and simulations of the monomer mass fractions, with a size ratio of 1:18nd the F-diacrylate

(b). In contrast to the measurement and the simulation of Figure 2, the

F-diacrylate now has a higher mass fraction in the illuminated regions.

corresponding rates and other parameters are displayed in
of the F-diacrylate and the Si-dimethacrylate is used. This i§able IV.
the same system shown earlier in a previous artidieom A comparison between simulation and measurement is
DSC, the overall reaction rate constant is estimated to behown in Fig. 4. The difference between the areal densities
kI@=(3.9+0.8)x 10 s 1. The reaction rate constan®  of F and Si in the dark and illuminated regions of the simu-
andR, have been obtained by averaging over the molar fraclation corresponds well with the nuclear microprobe mea-
tions of 0.5 F-diacrylate and 0.5 Si-dimethacrylate and assurement for the ratio dR,/R;=1.22. It is remarkable that
suming a given value foR,/R;, in a similar way as for the changing the overall diffusion coefficient fromx3L0 6 to
previous case. Several valuesRyf/R; were tried to obtaina 3x 10 °m?/s alters the volume fractions only by less than
good fit. The best fit was obtained fé&t,/R,;=1.22. The 0.1%. This can be understood since diffusion is only needed

TABLE IV. The parameters used for the simulation of a combination of the F-diacrylate and the Si-
dimethacrylate. An approximate density of 1000 kgis assumed to convert volume fraction directly in to
mass fractions.

Reaction rate constants, et®;=(3.5+0.7)x10 3s'! ;=1 f,=1
R,=(4.3+0.9)x10%s? p,=1 fo=1
Diffusion coefficients D,(0)=3.75x10 ®m¥s K,=0.16

D,(0)=3.75x10 ®m¥s K,=0
D(0)=3.0x10"°m%s  y=0.035 J/M

Initial values ¢1(x,0)=0.53 Parameters for numerical,,,=450 s
h(x,0)=35.0um calculation At=2.5x103s
A=200 um L=20

F-diacrylate M,=444.33 Other parameters T=343K
F mass per unit 818.9984 Vsegmen 400X 1076 m?

Si-dimethacrylate M,=386.64

Si mass per unit 28.086
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to keep the total volume in the dark regions constant becaugeot dissolve in the remaining monomer. Second, at high de-

there is no swelling. grees of polymerization, the polymer becomes glassy. Mono-
mer diffusion becomes non-Fickian and must be described
by case-ll diffusiort® When the polymer is rubbery, the

V. DISCUSSION swelling occurs almost instantaneously. When, on the other

For a combination of a 1:1 volume ratio mixture of two Nand, the polymer is glassy, the monomer first moves, creat-
di(methacrylate monomers, with a size ratio of,:», INdahigherdensity, and swelling goes _sloﬁﬂy:lowever, at
—1:1 and a reactivity ratio dR,:R,=2:1, it was calculated high conversions, the diffusion coefficients are very small
with the static model that the maximum achievable volume2nyway compared to ones during the early states of polymer-
ratio in the illuminated regions is about 60:40 at the end ofZation, and hardly any mass transport takes place. Therefore,
the polymerization process when 90% of the illuminated reSince both phase separation of the polymer and case-II dif-
gion has been converted, which corresponds to a differendéiSion takes place at higher conversion, when most of the
of 20% of the total volume between illuminated and darkdiffusion has already occurred, it is not considered to intro-
regions. However, this assumes that at any time during théuce large errors in the model. The high diffusion coeffi-
polymerization process, the system reaches thermodynamfents at the beginning of the polymerization process are
equilibrium due to “infinitely fast” monomer diffusion. In a dominant.
real system, due to decreasing diffusion coefficients as a The number of crosslinks in the model, as a function of
function of conversion, the maximum difference is less tharfime (or conversiof, has been adjusted in such a way that no
20% and for better results the dynamic model should b&Wwelling occurs for the system of two (diethacrylate
considered. monomers of the same size, at any value of time. It is hardly

Incorporation of a mon@nethacrylate in a combination imaginable that the number of crosslinks indeed has this ex-

of a 1:1 volume ratio mixture with a (j‘heth)acry|ate mono- act value to prevent the illuminated regions from swelling.
mer with a size ratio of,:v;=1:1 and a reactivity ratio of The predicted number of crosslinks in the system of one

R,:R;=2:1, again results in a maximum difference of 20%. crosslinking and one noncrosslinking monomer can therefore
Altering the molecular sizes in a combination of a 1:1 vol- also deviate considerably from the one inserted in the model.
ume ratio mixture of a mormethacrylate and a Even better results are expected when the real crosslink den-
di(methacrylate monomer with a size ratio @f:v,=3:1  sity as a function of the time could be inserted. Furthermore,
and a reactivity ratio oR,:R;=2:1, a maximum difference surface tension can also play an important role to prevent the
of only about 6% is found. For the latter two cases, bothsystem from swelling.
monomers flow to the illuminated regions in contrast to the ~ The most important input parameters of the model are
system of the Si-dimethacrylate and the F-diacrylate, wheréhe monomer reaction rate constags’), the diffusion co-
counter diffusion was present. Note that a higher diffusionefficients and the monomer sizes, or more strictly the lengths
coefficient of one monomer can result in a more effectiveof the monomers. The former ones were determined from
flow for this particular monomer. Therefore, in a real systemDSC measurements. The initial monomer diffusion coeffi-
the actual difference can deviate from the calculated value.cientsD4(0), D,(0) were determined from measurements of
As shown with the static model and the dynamic modeldiffusion profiles?® The monomer sizes were estimated from
the size ratiov,: v, is very important. For a combination of calculated molecular conformations obtained form energy
a diimethacrylate and a morimethacrylate monomer, i.e., minimization.
R,:R;=2:1, it was observed that if,: v;=1:1, the mono- Because ally parameters are taken zero, and the overall
mer with the highest reactivity eventually has the highesimass diffusion coefficient is much larger than the diffusion
concentration in the illuminated regions. Ror:v,=3:1, the  coefficients of the monomers, which are in the order of
monomer with the lowest reactivity has the highest conceni0 ® m?/s, the only parameters that are varied to fit the
tration in the illuminated regions. As expected, somewhereimulations with the measurements are the free volume pa-
between these two ratios @f:v,, there should be a cross- rameterK; andK,. For simplicity,K, is taken zero, which
over point where both monomers have the same concentrgerresponds to an exponential decrease of the diffusion co-
tion in the illuminated and the dark regions. It can be ex-efficient with degree of conversion. All microprobe measure-
pected that the interaction parameteyg, which were ments can already be satisfactorily simulated by only chang-
assumed O in the model, determine the direction of flow inng one parameterK,. It is possible to obtain similar
real systems if both reactivity and size entropy effectssimulations when increasing the initial diffusion coefficients
roughly cancel each other out. Although the dynamicand taking a lower value d{, indicating a faster decrease
reaction/diffusion model considers many aspects of polymerdf the diffusion coefficients with conversion. This, however,
monomer physics, two phenomena are not accounted focan only be done within about one order of magnitude of the
First, phase separation is not treated, which is related witkliffusion coefficients. For the F/Cl system, for instance,
the fact that all interaction parameters are zero. For everwhen the diffusion coefficients are increased by a factor of
interval Ax, it is assumed that the reacting system can bdour, the K; value has to be changed from 0.21 to 0.16 to
considered as one phase, i.e., all components are miscible. &btain a similar simulation.
the real case, this may not be true, e.g., when the system The diffusion coefficients used in the model calculations
reaches a high monomer conversion. Then phase separatiah zero polymer volume fraction are all on the order of
can occur within an intervahx because the network does 10 °-10 °m?/s. For comparison, the diffusion coefficients
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of methylmethacrylatg MMA) in polymethylmethacrylate potential only applies to the outmost layer of segments of
(PMMA) and polybutylmethacrylatdPBMA) are D=2  volumevgegmen the following conversion is needed, where
x10 °m?/s (0% conversion and 3x10 °m?/s (50% is the Van der Waals or Stokes radius of the migrating spe-
conversion, 3 respectively. For high conversion, the diffu- cies: u~ u¢(2r/h). With the considerations discussed here,
sion coefficient of MMA in PMMA is 210 ¥*m?/s atT Eg. (13, and assuming spherical segments, i®ggment
=150°C32 The diffusion coefficient of methanol, another =4=r2, with a radiusr of about 1 nm, a viscosity equiva-
small molecule, in PMMA is 10**m?/s atT=24°C2°The lent of that of wate(1 m Pa$ and a heighh of 25 um, this
diffusion coefficients for several acrylate monomers can dropesults inD(0)~5x 10 ®m?/s. This rough estimate justi-
up to 5 orders of magnitude, e.g., from Tdm?/s at 0% fies the values for this diffusion coefficient in the model,
polymerization to 10'®m?/s at 100% polymerizatiof?. since it is of the same order. Moreover, sirog, D, and
Considering the grating prepared from the F-diacrylateD, are all inversely proportional to the viscosity the same
and Cl-monoacrylate monomers, it is interesting to note thaéxponential dependence on the polymer volume fraction,
for the simulations with the dynamic model, the obtainedgiven by Eq.(11), is expected.
values ofK;=0.21 andK,=0 indicate that the diffusion Several important aspects concerning two-way diffusion
coefficients drop by 1 order of magnitude, going from 0%or one-way diffusion are predicted correctly by the model. It
polymer to 50% polymer. This corresponds nicely with thecorrectly predicts the fact that, not only reactivity but also
behavior of MMA in PMMA and PBMA, which also drops monomer size determines which monomer flows towards the
by 1 order of magnitud&3*D~2x10"°m?/s (0% conver- illuminated regions and which flows to the dark. Moreover, a
sion) andD~3x 10" 19m?/s (50% conversioh The value of  treatment that only uses concentrations as the driving force is
K, is lower for the system of the Si-dimethacrylate and theunable to correctly predict the fact that less reactive small
F-diacrylate K;=0.16), which indicates a steeper decreasanonomers flow towards the illuminated regions, as observed
for increasing polymer volume fraction. This is to be ex-in numerous measurements. Entropically, it is more favor-
pected since the Si—F system has a higher crosslinking deable to put a number of small molecules in a polymer net-
sity than the previous F—CI system since both monomers an&ork than fewer large molecules with the same volume.
di(methacrylate. More indications of diffusion coefficients In addition, the model stresses the importance of
are found in the literaturé*3* a hexafunctional oligomer crosslinks with respect to the swelling of growing polymer in
(M=1000):D =10 ®m?/s (unpolymerized, a trifunctional  the illuminated regions. It correctly predicts swelling of the
oligomer (M =2300):D=0.5x 10" **m?/s (unpolymerized illuminated regions, in the case a considerable amount of
the liquid crystal BL038 in an oligomer mixtureD noncrosslinking monomers is used. So, although the model
=10 *'m?/s (unpolymerizedi camphorquinone in polyb- contains some approximations and simplifications, the ex-
utadiene:D=10 1"-10 ®*m?/s, and photoproduct of cam- perimental data can be fitted very neatly with reasonable val-
phorquinone in PMMA of low molecular weightD ues of the reaction rate constants and monomer diffusion
=10 1-10 **m?/s. Hence, although the description of the coefficients for low degrees of polymerization when compar-
diffusion coefficients is rather rough, by assuming a certairing these values with values in literature.
value at zero conversion and an exponential decrease as a
function of conversion, the values correspond reasonably
well with values in the literature. VI. CONCLUSIONS

The value ofD(0) is on the order of 10° m?/s for all A model has been developed which uses the Flory—
sy;tems. This value gorresponQS with the following routhuggins theory to describe the preparation process of poly-
estimate basgd on flg|d mgchamcs. In general, the treatmepfq, gratings by patterned UV photopolymerization of a mix-
of flow of a liquid, with a liquid—vapor interface on top, is yre of two monomers. The reaction/diffusion mechanism is
quite complex when surface tension plays a foletere, @ described using the chemical potential of the monomers in
somewhat 'smlwphfled picture is presented. Fo'r the laminaf ot the illuminated and the dark regions. The chemical po-
flow of a liquid of heighth driven by a certain pressure tgntia| incorporates the monomer volume fraction, which is
gradient, and an interface of the liquid with air on top, the yetermined by the reactivity, the monomer size, the
flux of particles per unit area(m®s™*m~?) is given by crosslinking ability, and the monomer/monomer and

. 11dp monomer/'polymer ir?teracti'on. . o

J=—§;& , A static model is egsny derived from_ the descn_phon

above. After every reaction step, considering the relative re-
which can be found in any literature about fluid mechanicsaction rate constants of the two monomers, the monomers
In the case of a laminar flow between two parallel plates, thare redistributed in such a way that thermodynamic equilib-
prefactors has to be changed tb. A pressure gradiertp in rium is reestablished. The outcome of the static model is
the x direction is equivalent to an overall chemical potential consistent with the nuclear microprobe measurements done
gradientAﬁ/vsegmem where the chemical potential is aver- on gratings*® It is shown that, if monomers of the same size
aged over the height angdiegmen as in Eq.(12), is the vol-  are used, the monomer with the highest reactivity eventually
ume of migrating species. This flux is also given by has the higher concentration in the illuminated regions. How-
= —(Ds/kT)(dus/dx) from Eqg.(13). Because the chemical ever, the chemical potential both incorporates the volume
potential in the reaction/diffusion model is treated as a confraction and the monomer size. It is entropically more favor-
stant in every column of heigltt, and the surface chemical able to store a large number of smaller monomers in the
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partly polymerized illuminated regions than a smaller num-area. After a certain amount of polymer is formed and taking
ber of larger monomers with the same total volume. Thusthe reactivity of the two monomers into account, the chemi-
not only with increasing reactivity but also with decreasingcal potentials of the monomers in the dark and the illumi-
monomer size, the tendency to migrate to the illuminatechated region are calculated. Subsequently, the volume frac-
regions increases. tions at thermodynamic equilibrium are determined. This is
In addition, the model describes the swelling of polymerdone by redistributing the mobile monomers over the two
formed in the illuminated regions. Polymer swelling is en-regions and demanding that the chemical potentials of the
tropically favorable because the number of possible configumonomers are equal in both regions. This is equivalent to
rations increases. However, when the polymer is crosslinkedninimizing the total free energy of the whole system. These
the number of configurations of the polymer decreasesyolume fractions are taken as their new values and the pro-
which is entropically unfavorable. The balance betweercess is repeated by converting again some monomer into
these two effects determines the amount of swelling of thgolymer. In the rest of the section, this is discussed in more
illuminated regions. In the model, the number of crosslinksdetail. The whole procedure is summarized in Fig. 1.
determines the strength of the network. Because this quantity Initially, the same volume fractions in both the illumi-

is not measured, it is chosen to adjust this value to the oneated and the dark region are preseat ™= % and

that does not result in swelling for two crosslinking mono- gog'um: <pgark. The total volumes of the two regions are also
mers. For a combination of other monomers, only a fractiorequal: V™= V%=V, . Subsequently, in the model a cer-
of this quantity is used, proportional to the volume fractiontain volume of monomers in the illuminated region is con-
of the crosslinking monomer. verted into polymer. The reactivity rati®, /R, together with
However, the static model also has severe limitationsthe volume fractions of available monomes&'™/ o™ de-
First, no dynamics are involved. In a real system, it is nottermines how much of the converted polymer volume is
possible that the monomers migrate so fast that thermodyformed from monomer 1 or monomer 2
namic equilibrium is maintained. Especially, when the de-
gree of polymerization becomes higher, the system is “dif- illum illum
fusion limited.” The final monomer-unit distribution cannot lum _ jillum - jillum ih Fri _ RIL
. " ) p ¢p1 Tep2  With —po illum * (A1)
be determined. In addition, monomer volume fractions are ¢p2  Rogy
constant within the illuminated and dark region, which does
not correspond to reality. Second, it is assumed that the illuHere, (pi")'};m is the volume fraction of polymer originating
minated region can swell unlimitedly. In the dynamic modelfrom monomeri, i.e., the volume fraction of polymerized
discussed hereafter, both a surface tension term, reaction rat@onomeri. In the dark regions<pgark=0 at all times. After
constants and diffusion coefficients are incorporated. this, the crosslink density is determined. From
By adding diffusion equations to the static model, a dy-measurements® no swelling is observed, fda combination
namic model is established. The monomer diffusion is driverbf) di(metf)acrwate monomers. To incorporate this in the
by a gradient in chemical potential, which is fundamentallymodel, n, is adjusted in such a way that no swelling occurs
more correct than the empirical Fick's second law. In addi-for crosslinking monomers at any stage in the polymerization
tion, a migration coefficient driven by surface tension isprocess. If there were only one monomer species, the follow-
added, which works on both monomers equally. ing value for the chain density,/N,, which is the equiva-

By inserting reaction rate constants obtained from DSClent of equation 5, would be the value that would give no
estimations of the monomer size, and the experimentallgwelling:
measured diffusion coefficiedfsinto the dynamic reaction/
diffusion model, simulations for some combinations of * %
mono- and dimethacrylate monomers are obtained. These e _ 1 —In(A~ep)—¢p _ (A2)
simulations of the final monomer-unit distributions corre- Np 71 1 qo;
spond very well with nuclear microprobe measurements. It % 2
correctly predicts which monomer unit eventually has the #p
highest volume fraction in the illuminated regions. . )
Despite the many approximations, the experimental dathlere. ¢, is the polymer volyme fraction, calculated from the
fit very neatly with values for the monomer diffusion coeffi- Volume of polymer, assuming a total volume\4fq
cients and reaction rate constants that are reasonably in _
agreement with those in literature. The model contributes in -~ ,  jum V™"
the understanding of monomer diffusion processes during #p~ % /- (A3)
photopolymerization processes where the reaction rate con-

stant depends on the position in the monomer mixture. 1t should be noted that contributions due to entanglements of
. polymer chains are not taken into account in the Flory—
é_';:_ﬁgDF;)é AA\C':"I\'IIL(J)'\ANIiDRIIEIfLIISFl)gSCI\:AE()DIDUERLE FORA H_uggins treatment, and the effective valuengf .NP will be
higher than the one calculated from the physical number of
With the theory sketched above, it is possible to set up &rosslinks’
static reaction/diffusion model. In the static model, the sys-  If two monomers are used, the chain density is assumed
tem is divided into two regions, the illuminated and the darkto be the weighted average over the two monomers
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illum UM\ (1 — o* ) — o* the simulation. At each position, the local chemical potential
ne 1 (Pp,l QDp,Z n( (Pp) (Pp .
N. = iiom fq +f, " . for each monomer can be expressed as a function of the
P % 1 i i_ Pp monomer and polymer volume fractions and the number of
<P§ 2 crosslinks, in a similar way as done in E@6) and (7). At

(A4) t=0, the volume of each region is the sam¥é(x,0)

Here, f, equals either unitjif monomer 1 is a dimethacry- =Vinitial - MONoOmer reaction is represented by the following

late (i.e., crosslinkingg monomet or zero [if it is a equations:
mondmethacrylate (i.e., noncrosslinking monomet. The Vo (6t AD) =V (1) = RV, (XD AL 81)
same holds foff illum d illum h I f . m,il%, m,ilA, iVim,ilA, ,

5 102, @p- and ey, > are the vo ume racFons
of polymerized monomer 1 and 2, respectively. 5313,””‘ Vi, (G AD =V (3,1 + RV (X, DAL (B2)
= ¢p1"+ 3" In the case of two dinethacrylate mono-

mers of equal size, the formula reduces again to(Eg). So  HereVy,;(x,t) is the volume of monomerandV,; is the

the crosslink density is calculated by H&4) and chemical Vvolume of polymerized monomerat positionx and timet.

potential of the monomers in both the illuminated and theR; is the reaction rate constant in’s For each region of

dark area are determined with E6) and (7). length Ax, the monomer chemical potentials are given by
The unreacted monomers are then redistributed ovefds. (6) and(7), still assuming zero interaction parameters

both regions in such a way that the chemical potential in thex;j=0 for alli, j) andv;<v, andv,<v,. So, for regions

illuminated region for each monomer is equal to the correwith polymer, with N§,=V€0p/Vsegmem With vegmenthe vol-

sponding one in the dark area. It is noted that the total volume of a segmenim®), the chemical potentials of monomer

umes of both regions are not constants and overall mask for a positionx and timet is given by

transport to one region is allowed and that the segments are

assg_mgd to be incompressible. In this way, a new set Oﬁl(x,t)—,u(f:kT

equilibrium values ofp]U™, pdark  pllum = dark “yzilum - ang

Vv9kis created. It is clear, due to conservation of mass, that No(X,t) v 1 (x.)

these values are not independent. For instan@&*= 2V, v segme”( Pl % H

— VUM The model can be made semidynamic by starting VXD ep(X,t) | @p(x,t) 2

from the end situation calculated above and repeating the (B3)

procedure. Again, some monomer is converted into polymer ) . .

according to their reactivity ratio, after which the monomersfor X € illuminated regions. _

are redistributed to obtain thermodynamic equilibrium. It this ~ FOr regions without polymer, the last term is equal to

way, one can proceed until a conversion of about 90% i€€ro; and the expressions for the chemical potential reduce to

reached in the illuminated regions. The size of the reaction

steps can be changed. The fixation step of the grating prep:;yl(x,t)_ﬂ(l’: KT

ration process is represented simply by converting all the

remaining monomer into polymer without any redistribution. (B4)

In this way, it is possible to calculate the final composition offor x < dark regions. The chemical potential of the polymer

the grating. Because this model uses thermodynamic equilitheeds not to be considered, because the polymer is assumed

rium only, no dynamics or time scales are involved. HOw-immpgpbile on the time scale of our diffusion experiments. For

ever, it clearly shows the migration direction of the mono-menomer 2, similar expressions are found by exchanging the
mers, when the system is partly polymerized, and whethej,gices 1 and 2.

the illuminated regions swell or not due to overall material  again as for the static modeh, is adjusted in such a

transport. It is also useful to determine the fundamental Iimi'g,\,ay that no swelling occurs for crosslinking monomers for
of the volume fraction difference between the two regionsy|| values ofx andt. For only one monomer species, the

under the condition that the conversion step size is suffifg|iowing value forn,, which is the equivalent of EGA2),
ciently small. would be the value that would give no swelling:

V1
In@q(X,t)+1—@q(X,t)— P @a(X,t)

V1

APPENDIX B: NUMERICAL PROCEDURE FOR A Ne(X,t) = @ (X, HV(X,1)

DYNAMIC REACTION/DIFFUSION MODEL V1Vsegment
To predict which monomer flows to the illuminated re- —In(1— g% (x,1) = o} (X,1)
gions, it is necessary to write down the chemical potentials X ; (B5)
of these monomers in both the illuminated and the dark re- 1 ¢p (X,1)
gions as was done for the static model. There the system was @p (1) 2

split up in two phases. On one side, there was the liquid, on

the other side the mixture of monomer and polymer. NowHere, ¢y is the polymer volume fraction assuming a volume
the grating pitch, consisting of one illuminated and one Of Vinitial

dark area, is split up in a number of regidnsvith length of

AXx. The volume of such a regiov is given byAxAy h with o (x,1) = (x,1) vix.Y _ (B6)

h the height of the layer. The value afy does not influence P P Vinitial
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If two monomers are used, the chain density is represented The diffusion coefficients of the monomeirs-1, 2 de-
by a weighted average over the expression of B%) for crease as a function of polymer volume fraction and are de-

the two monomers termined with
V(X,t X,t X,t
ne(x,t)= (X,t) <f1 QDp,l( ) +f, @p,Z( ))
Vsegment Vi V2 Di(X,t) = Di(O)ex;{ — m
1 2
—In(1— @k (x,1))— X (x,t

(1= ¢p( )1 @p ( )_ E7) n
( 1 (pp(x,t)) X exp 1 (B8)
or(xt) 2 Kl( 1= 12

Here, f, equals either unity if monomer 1 is a(diethacry-

late (i.e., crosslinking monomer or zero if it is a HereD;(0) is the diffusion coefficient of monomeérwhen
mondmethacrylate (i.e., noncrosslinking monomer. The there is no polymer, i.e¢,=0, andK; andK, are constants
same holds fof,. ¢, and e, , are the volume fractions of from the free volume theorjEq. (11)]. With Eq. (10), the
polymerized monomer 1 and 2, respectively. $g=¢,,  discretized diffusion equations for monomers 1 and 2 result
+¢p2. In the case of two dmethacrylate monomers of in Eq. (B9) for monomersi=1, 2. Conservation of mass

equal size, the formula reduces again to BBp). requires the use o¥,; instead ofc.
1 Di(x,H)Vim,i(X,1) 1Di(Xx=1H)Vp(x—11)
Vini(Xt+AD) =1 Vi i (XD AL 5 ———————[i(X—= 1) = 2 (X, 1) + i (X+ 1) ]+ = ’
m,l( ) m,|( ) 2 kT(AX)Z [:uﬂ( ) ﬂl( ) M|( )] 2 kT(AX)Z
1 1 Di(X+ 1)V i(x+1t) 1 B9
X[piX=1H = mi(x ]+ 5 KT(Ax)? [pi(X+ 10— mi(X, O] ¢ (B9)

With the discretized version of E(L2), andvsegmen@s the unit of the migrating species, the surface energy chemical potential
is given by

[h(x=1t)—2h(x,t) +h(x+1}t)]

2)3/2

Hereh is the height of the mixture. With the discretized version of 8@), the change of the total volume due to total mass
transport is given by EqB11). V,,; is used instead af.

5 YD) - 10) - 2o sl LY T e )

2
(4x) (B10)

(X, 1) =— YVsegme 1
E[h(x%— 1t)—h(x—=11)]

|1+

Vm'i(X,H- At) = { mei(X,t) + At

2 KT(Ax)? KT(Ax)?
1 Dy(X+ 1)V i(x+11)
X[MS(X_lit)_MS(Xit)]+§ kT(AX‘)z [MS(X+11I)_MS(X1t)] . (Bll)
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