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Supplementary Information for Modus operandi of controlled release
from mesoporous matrices: A theoretical prespective

Tina Ukmar, 2 Miran Gaber &tek?2 Franci Merzel,? and Aljaz Godec?

1 On subdiffusion due to spatial confinement  thickness 10 surrounding the matrix is considered as, what is
usually calledthe diffusion layer We definety implicitly as

Subdiffusion or single-file diffusion occurs in crowded me- an integral of the total flux across the outer surface ofttiee

dia or in the presence of tight spatial confinement. In thediffusion layer, Q

particular case of diffusion in a narrow channel, the motion

X : ! 1y C
of an assembly of small particles can be so tightly resulicte 7/ dr?{ D (% OV (r) + DXyC(r)) -dS
that they arrange themselves into a single file (hence the ter 0 ©
single-file diffusion). In such a situation the longitudinzo- =9 / C(r, 1= o)er,
R

tion of each particle is hindered by its neighbors, which act
as impenetrable obstacles. In this respect, inter-particl  where &is the differential of the surface normal 6f In this
teractions can suppress Brownian motion in one dimensiorsection we consider three types of initial conditions (e
However, inter-particle interactions do not affect themal  three types of initial conditions inherently enable us tsess
character of Brownian diffusion as long as particles are abl the importance of (1) degree of initial local relaxation 2y
to pass one another, no matter how closely they are corffinedinfluence of the total amount of drug deposited inside thepor
This holds also if attracting particles cluster or condeinse on drug release kinetics. The release times are computed by
the potential welld®. Thus, for subdiffusion to occur in the first solving forC(r,7) and then performing the integral in
case of drug molecules in mesopores, the diffusing molsculeEq.S1 As an example, Fig.1 shotyg,q andty , ((@) and (b)
would have to be forced to arrange into a single file. While thi respectively). Botl, 1o andty , exhibit the same qualitative
should hold in the case of transport in zeolites and moleculapore size dependence regardless of thy type of IC. Namely,
sieves, carbon nanotubes and microporous materials, tiee pofor qmin < 0.2 kg T a reduction of pore size froml (black) to
diameter of mesoporous materials (typically lying betw@én  2do/5 (violet) botht; /1o andt; , monotonically decrease (see
and 20 nm) is not small enough to enforce subdiffusion ofinsets in Fig.1 (a) and (b)). Thus, the geometrical constsai
drug molecules with Connolly radii below & Without go- imposed by the pore network in absence of significant attrac-
ing into an involved mathematical reasoning, the assumptiotions to pore walls in fact enhance large scale drug tramspor
can be justified by considering that loading of pores withgdru This is due to the fact, that the available volume outside the
molecules would be drastically slower than experimently — matrix can be filled more effectively if there are more sosrce
served and also the fact that molecules are able to crystalli (pore-openings) present at the surface. The volume per unit
in mesoporous materials at sufficiently high loading (see fo pore-opening area in which the molecules can flow by means
examplé-®). Namely, for crystallization to occur, a critical of lateral diffusion is larger in the case of smaller pores ¢fe-
nucleus needs to be formed, which is established by a coopails of transport in this regime referfp Forgpin > 0.3 ksT
erative density fluctuation in which typically several téns the pore size dependence is reversed. Upon a reductionef por
hundreds of molecules are involved. Needless to say, fer thisize, the release rate is decreased. FArOqmn < 0.3 kgT
to occur unconstrained diffusion must be possible. the release rate has a non-monotonic pore size dependence
(see lower inset in Fig.1 (b)). Thus, the inclusion of attrac
tions to pore walls not only induces a depletion of release at
2 The release time given pore size, but in fact causes an inversion of the paee si
dependence in the case of sufficiently strong attractionsg D
In order to asses the influence of pore size and interactiorelease kinetics from mesoporous matrices obviously do not
strength on transport from interacting porous matrices on &cale trivially with pore size. Note, however, that althbuige
large scale as sample and clear as possible, we introduce therge scale drug transport is depleted in the case of sufflgie
release timety, which expresses the time at which a fraction strong attractions, the local fluxes inside the pore netwaoek
¢ of the solute molecules is transported into the bulk sotutio in fact enhanced (for a detailed discussion refé} tét is only
The latter is defined as the exterior region of a square withlthe axial component of the local flux that is severely reduced
sideL + 2 x 10A and centered in the origin. The region of Note also, that at given pore size and attraction strength re

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-4 |1



Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics
This journal is © The Owner Societies 2011

() 100000 . . . dynamics are influenced by the local forces (see the forak fiel
75000 , in Fig.2 (b)) which are, in contrast to the potential, stresigy
50000 at the outer pore walls and are oriented in the direction nor-
S mal to the surface. Inside the pores, the normal component of
= the force in the center of pores vanishes by symmetry and the
% 25000 axial component reduces to zero at appA kvay from the
= — — _ pore entrance. The magnitude of the local forces at givea por
= 0 0.050.10.150.2 0.25 size scales linearly withyin. The characteristics of the exter-
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Fig. 1(a) ty/10and(b) ty /> in the case ofl (black), 4lo/5 (green),
do/2 (blue) and 8y/5 (violet) as a function ofjyin. Full lines =15
correspond to type IC, dashed lines to typd and dotted to type
I11'1C. The colors denoting pore sizes will be used throughoeit th —2.0
entire paper.
—2.5
lease kinetics are almost completely independent on thialini x[A]
concentration distribution inside the pores, which is ligua . _
thought to be very important. Fig. 2(a) V(r) in the case of largest pore siz] andgmin = 0.4;

(b) magnification ot/ (r) with superimposedlyyV (r). The position
of each vector corresponds to its origin.

3 Characteristics of the external potential

nal potential at given pore size aggn, which should roughly
The potential is most attractive directly at the walls ieside ~ capture the essential features that influence large seals-tr
pores and vanishes outside the matrix already at a distdnce port, are the average contact potent{élon: ) ,the average nor-
10A away from the surface. It scales linearly widhin. The  mal force at contact with pore wall&,), the average external
depth ofV(r) inside the pores increases with decreasing porgotential in the center of poreéycen). Explicitly, we define
size. This means that in the steady state at giggnthe con-  them as follows.
centration inside the matrix will be larger in the case of bana If we denote the the position vector of theth wall facet
pores and therefore the asymptotic total fraction of radas along its contouf by rk (£) = (xX&,(¢),yX,(¢)), than the average
substance will decrease with decreasing pore size. Locallyf the local potentialV/ (r), and local force along the surface
the steady state concentration will depart significantynfr  normal,Fn(r) = Oy, V(r) - fi over all positions adjacent to pore
a homogeneous distribution everywhere whére —1. The  walls (in discrete terms this corresponds to a distahé®m
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the wall) is given by: internal surface, and therefore the total amount of matler a
Ny a2 } sorbed initially, is larger in the case of smaller pores. Kbm
Voont) = Yoy Jldrded(|r —ri ()] —A)(1—p(r))V(r) the difference between curves for typié IC corresponding
z'ﬁglﬁdzrdﬁéﬂr —rK(0)|—=D)(1—p(r)) to an existence of an initial external adlayer and absence of

(S3.1) it decreases with decreasing pore size. Note further, that i
(Fa) = zt‘gl Jfd2rdes(|r —r¥(0)| —A)(1—p(r))OxV(r)-fx  general this difference is smaller in the case of strondeat
n) = N 2 k()] _ _ ' tions. One also observes, that in absence of strong atiracti
iy Jlderdes(|r —ri(6)| = A)(1-p(r)) i . i
’” (s3.2) thedesorptiontime scale is an order of magnitude shoragr th

where the sum runs over &ll, wall facets and thé-function ~ the timescale of release from the porous network. The des-
projects out all points adjacent to pore walls. As for therave Orption kinetics are decreased in case of stronger atreti
age contact quantities, we define the position vector oféne ¢ Based on all these findings, we may conclude, that the pore
ter of thek-th pore along its contourby r&(¢) = (xX(¢),y%(¢)).  Size, attraction strength and the fraction of matter depdsi

Then the average external potential in the center of pores ilitially on the external surface are parameters, whicterdet
given by: mine the release kinetics. The internal distribution, hoeve

is irrelevant.
SRE I dPrded(r — k() (1— p(r)V(r)
SReq Jf d2rdes(r —r&(e) (1 p(r))

(Veent) =
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ternal surface is much larger. As a results of a desorption co
trolled release mechanism the results in (b) display a mono-
tonic pore size dependence irrespectiveyaf. Note that for
largeqmin, the results with a surface adlayer converge to those
of zero initial surface concentration, which suggests tbat
sufficiently strong attraction the mechanism is alwaysratte
tion controlled.

5 Evolution of the fraction of solute released
with respect to pore size, IC and attraction
strength to pore walls

The fraction of molecules released as a function of time is
shown in Fig.4. Note that the release kinetics at given pore
size andgmin are completely independent on the initial dis-
tribution inside the matrix if initially there is no externad-
layer (compare dotted lines: blue versus black and red sersu
green). In the case when there exists initially an exterdal a
layer, the internal distribution is important only in terofghe
total amount of matter deposited inside the matrix and there
also the fraction of matter on the external surface. Thisean
seen directly by comparing full and dotted lines correspond
ing to typelll IC for different pore sizes and recalling that the
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Fig. 3(a) ti/2 in the case a homogeneous initial concentration distobutiside the pores with an additional adlayer of equal comagon
on the external surface (dotted lines) and without the eateadlayer (full lines)(b) t; > in case of the initial internal adlayer (full lines) and
with an additional adlayer of equal concentration on theml surface (dotted lines). As before, the colors deri@eobre size.
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Fig. 4 Evolution of® as a function of pore size amghn: (a) d = do, (b) d =4dy/5, (c) d =dp/2 and(d) d = 2dy/5. The internal IC used
are typel (blue-gmin = 0 and green linespin = 0.4kgT) and typel Il (black-gmn = 0 and red linesgyin = 0.4kgT). Full lines correspond to
to an additional initial surface adlayer, while dotted Srage a results of a zero initial concentration on the extenadrix surface.
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