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ABSTRACT: The porogen poly[(2-hydrocinnamoyloxyethyl methacrylate)-random-2-(9'-adeninylacetoxy-
ethyl methacrylate), P(hCEMA-r-A), and the diblock copolymer poly(tert-butyl acrylate)-block-poly[(2-
cinnamoyloxyethyl methacrylate)-random-2-(1'-thyminylacetoxyethyl methacrylate)], PtBA-b-P(CEMA-
r-T), formed micelles with PtBA coronas and P(CEMA-r-T)/P(hCEMA-r-A) cores in chloroform/cyclohexane.
The cores of the micelles were cross-linked by UV light. Addition of deuterated N,N-dimethylformamide
(DMF-d;) into a nanosphere solution in deuterated chloroform triggered porogen release. The Kinetics
was followed by NMR spectroscopy, and a classical model was used to treat the data to yield the diffusion
coefficient D. The molar mass dependence of D suggested that the porogen diffused out of the cores as
coils. In neat CDCls;, the porous nanospheres obtained after porogen extraction reuptook the porogen
with high efficiency, but the kinetics was more complex than that of porogen release.

I. Introduction

Pores in cross-linked polymer resins can be generated
from removing entrapped porogens to enhance reagent
transport and to increase internal pore volume and
surface areas.! Pores have been produced mainly in bulk
polymers,23 micrometer-sized beads,*6 or monolithic
rod columns.”-8 We reported in the previous paper in this
series the generation of pores in the cross-linked cores
of diblock copolymer nanospheres.® The preparation
involved dissolving in chloroform the diblock poly(tert-
butyl acrylate)-block-poly[(2-cinnamoyloxyethyl meth-
acrylate)-random-(2-(1'-thyminylacetoxyethyl methacry-
late)], PtBA-b-P(CEMA-r-T), and the porogen poly[(2-
hydrocinnamoyloxyethyl methacrylate)-random-2-(1'-
adeninylacetoxyethyl methacrylate), P(hCEMA-r-A). The
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adenine groups (A) in P(hCEMA-r-A) and the thymine
groups (T) in PtBA-b-P(CEMA-r-T) were probably H-
bonded at this stage (Scheme 1). Addition of cyclohex-
ane, which solubilized PtBA only, led to the formation
of micelles consisting of P(CEMA-r-T) and P(hCEMA-
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r-A) cores and PtBA coronas. The PCEMA groups in the
cores were then photo-cross-linked. Nanospheres with
porous cores were obtained after extracting out P(h-
CEMA-r-A). The porous nature of the nanospheres was
demonstrated by their much faster uptake of adenine
from methanol than the solid nanospheres prepared
from PtBA-b-P(CEMA-r-T) without using the porogen.
This was also confirmed by the much higher capacity
of the porous nanospheres for P(hCEMA-r-A) uptake.

The previous paper® was concerned with the prepara-
tion of the nanospheres and demonstration of their
porous nature. The study of fundamental processes such
as porogen extraction Kinetics was neglected. To show
sorbent uptake, we previously separated the porous
spheres from the sorbent by a semipermeable mem-
brane. The sorbent, P(hCEMA-r-A) or adenine, had to
pass the membrane before sorption by the spheres.
Without knowing the membrane transport properties,
the kinetic data could not be treated quantitatively to
deduce sphere properties. We have since found out that
the porogen trapped in the nanosphere cores did not
show any 'H signals due to excessive peak broadening.
NMR has thus been used to follow the Kinetics of
porogen release from the nanospheres in CDCl3/DMF-
d; and the kinetics of porogen reuptake by the porous
nanospheres from CDCl3. Reported in this paper is the
effect of different factors such as molar mass and
A-labeling density variation in P(hCEMA-r-A) on poro-
gen release and reuptake kinetics.

I1. Experimental Section

Polymer Synthesis and Characterization. The PHEMA
homopolymer and the PtBA-b-PHEMA diblock were prepared
and characterized following procedures reported in the previ-
ous paper.® The PHEMA block of the diblock was first
cinnamated?® to yield PtBA-b-PCEMA, where PCEMA denotes
poly(2-cinnamoyloxyethyl methacrylate), before characteriza-
tion by light scattering, size exclusion chromatography (SEC),
and NMR.*! The specific refractive index increment dn,/dc of
PtBA-b-PCEMA was determined to be 0.11 mL/g in chloroform.
The light scattering molar mass was divided by the polydis-
persity index from SEC to yield the approximate number-
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Table 1. Characteristics of the Polymers Used

dn,/dc? LS My @ SECP SECP NMR
polymer (mL/g) (g/mol) Mn Mw/Mp n/m Nn Mp T (%) A (%)

PtBA-b-PCEMA 0.11 2.9 x 10° 2.2 x 10° 171 0.93 420 450
PtBA-b-P(CEMA-r-T) 12
P(hCEMA-r-A)-1 6.3 x 103 1.44 4
P(hCEMA-r-A)-2 7.6 x 10° 6.3 x 10° 1.44 10
P(hCEMA-r-A)-3 6.3 x 10° 1.44 25
P(hCEMA-r-A)-2-F1 6.9 x 103 1.34 9
P(hCEMA-r-A)-2-F2 4.8 x 108 1.22 10
P(HEMA-r-A)-1 3
P(HEMA-r-A)-2 13

a Measured in chloroform. ® Measured in THF.

average molar mass M, for the diblock before the M, value
was used with the n/m value determined from NMR to obtain
the number-average n and m numbers or the h, and m, values
(Table 1). The diblock had a relatively wide distribution but
was used anyhow, because the polydispersity did not seem to
affect the size distribution of the nanospheres prepared.
The PHEMA sample had ~25 repeat units. It was labeled
with adenine groups to yield five P(HEMA-r-A) samples with
A-labeling molar fractions of 3%, 4%, 10%, 13%, and 25%. The
samples with 3% and 13% adenine labeling densities were
labeled as P(HEMA-r-A)-1 and P(HEMA-r-A)-2 and saved for
the study of kinetics of P(HEMA-r-A) uptake by the porous
nanospheres from CDCI3/CD;OD. The other P(HEMA-r-A)
samples were reacted with hydrocinnamoyl chloride to yield
P(hCEMA-r-A) samples. Depending on the adenine group
content, the samples were labeled in Table 1 as P(hCEMA-r-
A)-1, P(hCEMA-r-A)-2, and P(hCEMA-r-A)-3, respectively.
P(hCEMA-r-A)-2 with an adenine labeling density of 10% was
further separated into two fractions, P(hCEMA-r-A)-2-F1 and
P(hCEMA-r-A)-2-F2, by precipitation fractionation to yield
samples with different molar masses but the same A-labeling
density. To fractionate the sample, 0.5 g of P(hCEMA-r-A)-2
was dissolved in 20 mL of THF first. Slowly added to the
solution was then methanol until the mixture just turned

turbid. The mixture was left to stand for 4 days at room
temperature to yield a two-layer solution with P(hCEMA-r-
A)-2-F1 in the bottom layer. The dn,/dc value for P(hCEMA-
r-A)-2 in toluene was found to be 0.120 mL/g, and the molar
mass determined by light scattering was 7.6 x 102 g/mol.

Nanosphere Preparation. The procedure used to prepare
nanospheres was similar as that used before.®!? Briefly, it
involved dissolving 120 mg of PtBA-b-P(CEMA-r-T) with a
thymine labeling density of 12% and 40 mg of P(hCEMA-r-
A)-2, P(hCEMA-r-A)-2-F1, or P(hCEMA-r-A)-2-F2 in 46 mL of
chloroform first. The solution was stirred overnight before 115
mL of cyclohexane was added slowly to induce micelle forma-
tion. The formed micelles were then irradiated with UV light
that had passed a 290 nm cutoff filter to achieve a CEMA
double-bond conversion of 30 & 1%. Dry nanospheres contain-
ing porogen were obtained after rotaevaporating the solvent.

The nanospheres were characterized by transmission elec-
tron microscopy (TEM) and dynamic light scattering (DLS)
following procedures described previously.® A TEM image of
such spheres is shown in Figure 1, and the radius for the core
averaged over ~100 nanospheres is 15 + 2 nm. The DLS
radius in chloroform is 58 nm.

To obtain porous nanospheres, the irradiated micelle solu-
tion was concentrated to ~20 mL and then dialyzed against
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Figure 1. TEM images of PtBA-b-P(CEMA-r-T)/P(hCEMA-
r-A)-2 nanospheres.

DMF changed six times over 3 days. The dialysis solvent was
finally switched to methanol, and the methanol solution of the
nanospheres was added onto fresh ice crystals to precipitate
out the nanospheres. The nanospheres collected after filtration
were dried in vacuo.

P(hCEMA-r-A) Release Kinetics. Nanospheres, 15.0 mg,
were dissolved in CDCls;. An appropriate amount of DMF-d;
was then added to achieve the final volume of 0.90 mL and
the DMF-d; volume fraction of 50% or 67%. The addition of
DMF-d- triggered porogen release from the core, and *H NMR
analyses were performed to follow the kinetics. Since no
magnetic materials were allowed in the tubes during NMR
measurement, we did not stir the samples magnetically.
Rather, the samples were shaken manually as much as
possible throughout the kinetic experiment.

P(hCEMA-r-A) or P(HEMA-r-A) Uptake. Porous spheres
prepared using P(hCEMA-r-A)-2 as the porogen were used for
all uptake kinetic experiments. Porous spheres, 12.0 mg, and
P(hCEMA-r-A), 4.5 mg, were each dissolved in 0.45 mL of
CDCl;. After their mixing, *H NMR analyses were performed
to follow porogen disappearance from the bulk solution. For
studying the kinetics of P(HEMA-r-A) uptake, 10.0 mg of the
porous nanospheres was dissolved in 0.10 mL of CDClI; and
then mixed with 0.90 or 3.5 mg of P(HEMA-r-A) dissolved in
0.50 mL of CD3OD.

I11. Results and Discussion

Porogen Release Kinetic Data. Compared in Fig-
ure 2 are the NMR spectra of PtBA-b-P(CEMA-r-T)/
P(hCEMA-r-A)-2 nanospheres in CDCIl3/DMF-dg (V/v =
1/2) 15 and 650 min after CDCl; and DMF-dg mixing.
Also shown are the peak assignments and an NMR
spectrum for P(hCEMA-r-A)-2. The porogen signals
increased with time.

Shown in Figure 3 is the variation in the amount,
m(t), of P(hCEMA-r-A)-2 released from the nanospheres
as a function of time at DMF-d7 volume fractions of 50%
and 67%, respectively. Increasing DMF-d; content
increased the porogen release rate due to more efficient
competition of DMF-d; for H-bonding sites. Shown in
Figure 4 are the kinetic data obtained for P(hCEMA-r-
A)-2-F1 and P(hCEMA-r-A)-2-F2 release in CDCIl3/DMF-
d; with 67% DMF-d;. The release rate is faster for
P(hCEMA-r-A)-2-F2 with a lower molar mass.

Model of Chain Release Kinetics. As described in
the previous paper,® the diblock PtBA-b-P(hCEMA-r-
T) was derived from PtBA-b-PHEMA. The T groups
were introduced via ester formation between the hy-
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Figure 2. Proton NMR spectra of PtBA-b-P(CEMA-r-T)/
P(hCEMA-r-A)-2 nanospheres 650 (a) and 15 (b) min after the
addition of DMF-d; into CDCls. Spectrum ¢ was obtained for
P(hCEMA-r-A)-2 alone.
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Figure 3. Comparison of the Kinetics of P(hCEMA-r-A)-2
release from PtBA-b-P(CEMA-r-T)/P(hCEMA-r-A)-2 nano-
spheres in CDCIl3/DMF-d; at the volume ratios of 1/1 (M) and
1/2 (@). Fifteen milligrams of nanospheres dissolved in a total
of 0.90 mL of solvent was used in both of the experiments.
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Figure 4. Comparison of P(hCEMA-r-A)-2-F1 (l) and P(h-
CEMA-r-A)-2-F2 (®) release kinetics in CDCIlz/DMF-d; at the
volume ratio 1/2. The two samples were cross-linked one after
another under identical conditions. Fifteen milligrams of
nanospheres dissolved in a total of 0.90 mL of solvent was used
in both of the experiments.

droxyl groups of PHEMA and the carboxyl group of
1-thymine acetic acid and should be randomly distrib-
uted in the P(CEMA-r-T) block. The A groups, like their
binding T groups, and P(hCEMA-r-A) should be uni-
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Table 2. Parameters Generated from Fitting the
P(hCEMA-r-A) Release and P(HEMA-r-A) Uptake Kinetic
Data Using Eq 1

fittin

g
porogen Mo, D/R? (1/s) D2 (cm~2/s) coeff x2

CDCI3/DMF-d; at viv = 1/1
3.39 mg 3.62 x 1076 1.45 x 1077 0.992

CDCI/DMF-d-at viv = 1/2
P(hRCEMA-r-A)-2-F1 3.45mg  4.76 x 10°6 1.90 x 10-17 0.978
P(h\CEMA-r-A)-2  343mg 533 x10°6 213 x 1017 0.983
P(hRCEMA-r-A)-2-F2 3.40mg  6.03 x 1076 2.41 x 10-17 0.989

CDC'g/CDgOD atv/v=1/5
34.5mglg 16.8 x 10— 0.992
64.9mg/lg 17.2 x 106 0.996

P(hCEMA-r-A)-2

P(HEMA-r-A)-1
P(HEMA-r-A)-2

a Calculated assuming the swollen core radius of 20 nm.

formly distributed in the cores as well. Then, the
spheres were cross-linked in well-stirred solutions, and
CEMA cross-linking should be uniform inside a nano-
sphere core and among different spheres. We further
assume that the rate-determining step for the release
is the creeping or diffusion of porogen out of the cores,
and the size of the cores remains unchanged after
porogen release. Based on these considerations and
assumptions, the porogen release Kkinetics should be
similar to that of reagent desorption into a well-stirred
solution, initially free from solute, from spheres in which
the concentration was initially uniform and at co.13

According to Crank,!3 the amount of reagent desorbed
or porogen released, m(t), at time t is

= 6o + 1) exp(—Da, t/R?)
m(t) =m_|(1 —a, p_— (1)
i= 9 + 9a + g, o

where m,, is the amount of porogen released at infinitely
long times, D is the diffusion coefficient of the porogen
inside the cores, R is the radius of the cores, a; is equal
to 1 if the infinite series is used but is slightly larger
than 1 if the series is truncated in data treatment, and
the g, values at different a values are given in ref 13
and change insignificantly with a for o > 4.

The o value in eq 1 is calculated from the final
fractional amount retained by the core using

COVcore - m, _ 1 @)
CoVeore 1+a

Figures 3 and 4 show that m.. is approximately 3.2 mg.
The nanospheres were prepared by mixing 120 mg of
PtBA-b-P(CEMA-r-T) with 40 mg of P(hCEMA-r-A)-2.
Assuming 100% P(hCEMA-r-A)-2 incorporation into the
nanosphere cores, 15.0 mg of nanospheres should con-
tain 3.75 mg of porogen. The released amount of 3.2 mg
was 85% of the theoretical amount. We artificially
assumed that the incomplete extraction was due to the
porogen partition between the cores and the solvent and
obtained from eq 2 oo =~ 5.7. For this o value, q; = 3.30,
g2 = 6.36, g3 = 9.48, and q4 = 12.61.13

We fitted data of Figures 3 and 4 by eq 1 using the
first four terms in the series. The fitting coefficients y2
(Table 2) are all close to 1, suggesting validity of the
diffusion model. To calculate D, we assumed a R value
of ~20 nm, which was larger than the TEM radius of
15 4+ 2 nm, to account for core swelling by CDCIl3/DMF-
d;. The D values (Table 2) show quantitatively that the
porogen release rate increased with increasing DMF-
d; content and decreasing porogen molar mass. Our
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Figure 5. Plot of In[D/(cm?/s)] vs In[Mu/(g/mol)] for the release
of porogens with different molar masses.
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Figure 6. Comparison of kinetics of P(hCEMA-r-A)-2-F1 (H),
P(hCEMA-r-A)-2 (O), and P(hCEMA-r-A)-2-F2 (®) uptake by
the PtBA-b-P(CEMA-r-T) porous nanospheres in CDCls. In
each experiment, 12.0 mg of porous nanospheres, 4.5 mg of
porogen, and 0.90 mL of CDCl; were used.

ability to tune porogen release kinetics by changing the
solvation medium, the porogen molar mass, and possibly
the porogen molar mass distribution and the cross-
linking density of the cores suggests the potential use
of this process in controlled drug release.'*

The diffusion coefficients of the order of 10717 cm?/s
were low. At 150 °C, Russ et al.’® measured the diffusion
coefficients between 10712 and 1015 cm?/s for free PS
chains with molar masses between 10* and 10° g/mol
in a PS matrix with 0.9% cross-linking density. The D
values are much lower here, because the degree of
CEMA double-bond conversion was 30%. If half of the
CEMA dimerization reactions!® occurred intermolecu-
larly, the cross-linking density is ~15%. Then, the
measurement temperature was much lower in our case.

The D values of P(hCEMA-r-A)-2-F1, P(hCEMA-r-A)-
2, and P(hCEMA-r-A)-2-F2 thus determined were plot-
ted in Figure 5 in terms of In(D/(cm?/s)) vs In(My/(g/mol),
where M, were determined from SEC using poly(methyl
methacrylate) as the standards. The slope for the
resultant straight line is —(0.62 4+ 0.15), which is the
same, within experimental error, as any value between
—0.60 and —0.50. A slope between —0.60 and —0.50
suggests that the porogen diffused as coils!’ rather than
reptated out of the cores. This is reasonable as the
porogen chains were oligomers with lengths probably
substantially below the critical entanglement length,
which is 173 units for PS.%® For reptating chains, D [
Mn72_18

Kinetics of P(hCEMA-r-A) Uptake. The P(hCEMA-
r-A) chains were sorbed into the cores of the nano-
spheres again once the solvent was changed to CDCls.
Compared in Figure 6 is the uptake kinetics of porogens
of different molar masses. Evidently, the sorption rate
increased as the porogen molar mass decreased.

At equilibrium, the amount of porogen sorbed by each
gram of porous nanospheres or the capacity was ~280
mg/g. The data of Figures 3 and 4 revealed the extrac-
tion of —3.3 mg of porogen from 15.0 mg of PtBA-b-
P(CEMA-r-T)/P(hCEMA-r-A) spheres or the removal of
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Figure 7. Comparison of P(hCEMA-r-A)-3 (l), P(hCEMA-r-
A)-2 (@), and P(hCEMA-r-A)-1 (O) uptake by the PtBA-b-
P(CEMA-r-T) porous nanospheres from CDCls. In each ex-

periment, 12.0 mg of the porous nanospheres, 4.5 mg of
porogen, and 0.90 mL of CDCI; were used.
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Figure 8. Comparison of the kinetics of P(HEMA-r-A) uptake
by the PtBA-b-P(CEMA-r-T) porous nanospheres from CDCl5/
CDs0D (v/v = 1/5). In each experiment, 10.0 mg of the porous
nanospheres and 0.60 mL of solvent were used. The adenine
labeling density in P(HEMA-r-A) varied from 0% (a) to 3% (B
and O) and 13% (O and @). The initial P(HEMA-r-A) amount
was 3.5 mg to obtain the kinetic data denoted by (M) and (®)
and 0.90 mg to obtain the other data.

282 mg of porogen from each gram of porous spheres.
The agreement between the extracted and sorbed
amount suggested the extreme high reutilization ef-
ficiency of the pores and the possible retention of the
shape and number of cavities inside the cores after
porogen extraction.

We have also examined the effect of varying A-
labeling density on P(hCEMA-r-A) uptake with results
shown in Figure 7. While P(hCEMA-r-A) uptake rate
increased, the nanosphere capacity did not vary much
with A-labeling density, suggesting that the pore density
governed the capacity. This is reasonable because the
PhCEMA chains are structurally close to PCEMA, and
a chain can be driven into a cavity probably by the
energy of only one T—A binding pair. The rate of
sorption increased with increasing A-labeling density,
because more T—A binding will make the sorption
process more downhill energetically. An energetically
more favored process may be faster kinetically as well
just as what has been established by Rehm and Weller!®
for many electron-transfer reactions.

We also checked the effect of changing sorbent
structure on the reuptake process. Shown in Figure 8
are the data of P(HEMA-r-A) uptake by the porous
spheres from CDCI3/CDsOD (v/v = 1/5). As A-labeling
density increased, the capacity of the spheres for
P(HEMA-r-A) increased, as expected. The P(HEMA-r-
A) sorption rate changed mainly with increasing sorbent
concentration.

Unfortunately, P(HEMA-r-A) did not dissolve in
CDCl;. CD30D had H-bonding properties different from
CDCIl; and swelled the cross-linked PCEMA cores
insignificantly. These differences made the comparison
between the uptake data of P(HEMA-r-A) and P(h-
CEMA-r-A) difficult.

Diblock Copolymer Nanospheres 8171

Model for the Uptake Kinetics. The Kinetics of
solute sorption and desorption by spheres should be both
described by eq 1. We, however, could not treat the data
of Figures 6 and 7 by eq 1 to yield reasonable 2. The
sorbed amount did not increase with time exponentially
but had a sigmoidal behavior or followed a S-shaped
curve. The same trend is seen in the P(HEMA-r-A)
sorption data shown in Figure 8 at the P(HEMA-r-A)
amount of 0.90 mg or the initial concentration of 1.5
mg/mL.

The S-shaped data are normally obtained for the
kinetics of bulk free radical polymerization due to the
autoacceleration effect.?° Such curves are also obtained
in self-replicating systems, in which the products or
offsprings serve as more templates to catalyze reac-
tion.?! The S-shape thus suggests difficulty in getting a
process going. Once a process starts, it accelerates. A
logical explanation here is that the initial rate-control-
ling step is to get the P(hCEMA-r-A) chains to penetrate
the PtBA brush layer on the core surfaces. Once the
brush layer is penetrated, subsequent chains may trace
the routes of the proceeding ones to keep the supply
going. Alternatively, the pore entering step may be rate
limiting. This scenario dictates that the chains are
adsorbed initially on the surfaces of the cores only via
H-binding with the exposed thymine groups. To enter
the pores, the adsorbed chains will need to desorb from
the surfaces first. Both the desorption and pore entering
processes are energetically less favored and can be rate
determining.

Brush layers repel polymer chains of the same chemi-
cal composition because of the osmotic force derived
from the relatively high polymer concentration in the
brush.?2 The PtBA brush repelled P(HEMA-r-A) or
P(hCEMA-r-A) chains also for their structural dis-
similarity. One way to offset this repulsion force is to
increase sorbent concentration in the bulk phase. Above
a critical concentration, the brush penetration step may
not be rate limiting any more, and the sorption Kinetics
may be described by eq 1 again with m(t) giving the
amount sorbed at time t and m. the amount at sorption
equilibrium. This seems to explain the concentration
dependence of P(HEMA-r-A) sorption kinetics shown in
Figure 8.

The D/R? values generated here (Table 2) are larger
than those obtained in CDCls/DMF-d; for P(hCEMA-r-
A) release probably for the fact that R was smaller in
CDCI3/CD30OD. Then the m. values in CDCI3/CD3;0D as
shown in Figure 8 are much lower than the theoretical
value of ~280 mg/g. This suggests a possible nonuniform
distribution of the P(HEMA-r-A) chains inside the
spheres at sorption equilibrium. If the distribution is
nonuniform and only the outer layer of the core is
penetrated by P(HEMA-r-A), the “equivalent” R value
or Re may be even smaller than the sphere radius in
CDCI3/CD30D. For this ambiguity in R, we did not
calculate D in this case.

1V. Conclusions

We have examined the kinetics of P(hCEMA-r-A)
release from the cross-linked cores of diblock nano-
spheres into CDCIl3/DMF-d; and also the Kinetics of
porogen reuptake by the porous nanospheres from
CDClIs. The release kinetics followed a classical model
describing reagent diffusion out of spheres into solvent
with a finite volume. The molar mass dependence of the
porogen diffusion coefficients suggested that the chains
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diffused out of the spheres as coils. The porogen re-
uptake kinetics was more complex. The penetration of
the PtBA brush layer on the nanosphere core surfaces
might be rate limiting initially. The very slow diffusion
of the porogen chains out of the cores could have been
monitored here within reasonable time spans mainly
due to the small size of the cores. We are currently
expanding this method to examine the diffusion of
longer polymer chains out of the cores to shed light on
chain reptation in cross-linked polymer networks.1523
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