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ABSTRACT: A method to incorporate 2,2'-(or 4,4-)dipyr-
idyl and tetra-n-butylammonium hydroxide into poly(vinyl
alcohol) (PVA) monoliths and the controlled-release prop-
erties of these polymer monoliths for delivery of the
reagents are reported. The monoliths were prepared by
heating PVA beads until they formed a viscous liquid and
then loading the molten polymers with the desired
reagents. Several freeze-thaw cycles were then carried out
to provide the mechanically stable, reagent-loaded mono-
liths. The release of the reagents from the PVA monoliths
was monitored by UV-vis spectroscopy, and the release

was found to proceed in a controlled manner, yielding
consistent results among different reagent-loaded PVA
monoliths. In addition, the reagents underwent no chemi-
cal changes upon their release from the monoliths. Limita-
tions of the use of the controlled-released chemicals as
replenished reagents in Fujiwara reactions for the continu-
ous monitoring of halocarbons are discussed. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 104: 1043-1048, 2007
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INTRODUCTION

Controlled-release polymers (CRPs) have been inten-
sively investigated for the delivery of various drugs,
reagents, and biological species.'” Several attributes
including ease of synthesis, lack of chemical reactivity,
cost effectiveness, and consistent delivery of reagents
make CRPs very attractive for the delivery of reagents.
Some CRPs have demonstrated the ability to deliver
reagents at a constant rate over long periods of time.*™

When poly(vinyl alcohol) (PVA) monoliths are pre-
pared through freeze-thaw cycles, the monoliths con-
tain small domains of crystalline polymer® ' that act
as physical crosslinks between polymer chains.> %4
As the number of freeze-thaw cycles is increased, the
fraction of polymer in the crystalline domain in-
creases, as does the mechanical strength of the poly-
mer. The viscoelasticity of these polymers arises from
polymer chains that are physically crosslinked and
connected by amorphous chain segments.>*'%*

We have been interested in the delivery of 2,2"-dipyr-
idyl (or 4,4'-dipyridyl) and tetra-n-butylammonium
hydroxide (n-BusNOH) using CRPs. These chemicals
are reagents for the detection and quantification of hal-
ogenated hydrocarbons (HHCs) such as HCCl; by the
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modified Fujiwara reactions,'” and they need to be
replenished for continuous monitoring of HHCs. Stud-
ies have been conducted to replenish these reagents by
a pump.'® Herein, our recent studies to develop CRP
monoliths of PVA for the delivery of 2,2'-dipyridyl,
4,4'-dipyridyl, and n-Buy;NOH are discussed.

EXPERIMENTAL
Materials and instrumentation

Poly(vinyl alcohol) (PVA; Scientific Polymer Products,
Ontario, NY) 99% hydrolyzed, MW 86,000), tetrahy-
drofuran (THF; Fisher, Pittsburg, PA, certified), 2,2'-
dipyridyl (Acros, Morris Plains, NJ, 99+%), 44'-di-
pyridyl (Acros, 98%), and tetra-n-butylammonium
hydroxide (n-BusNOH) (Lancaster, Pelham, NH, 40%
w/w aqueous solution) were used as received. Deion-
ized water was used in the preparation of all PVA gels.

A Hewlett-Packard 8452 photodiode array UV-visi-
ble spectrophotometer was used with standard 1.0-cm
quartz cuvettes. Standard THF solutions and calibra-
tion plots yielded the molar absor ftlvities (e) of (1.22
+ 0.05) x 10* (1.18 = 0.05) x 10* and (4.75 * 0.19)
x 10° M~" em ™! for 2,2'-dipyridyl, 4,4’—dipyridyl, and
n-BuyNOH, respectively.

Synthesis of the PVA monolith and incorporation
of reagents

The method used to make the PVA monoliths (Fig. 1)
is similar to the reported method.> Monoliths of various
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Figure 1 Schematic of the procedure used in the preparation of the PVA monoliths.

sizes were made using a 15% w/w solution of PVA
beads in deionized water contained in a 50-mL poly-
ethylene vial. The vial containing the PVA beads and
water was placed into a 90°C water bath for 6 h to give
a viscous liquid. The vial was then removed from the
bath, and the mixture in the vial was stirred using a
glass rod. The viscous PVA solution was then loaded
with 0.3-6.3% w/w of 2,2'-dipyridyl, 0.6-2.5% w/w of
4,4'-dipyridyl, or 2.0-9.9% w/w of n-BusNOH, and
stirred thoroughly to give a homogeneous reagent/
PVA mixture. The vial was then reinserted into the
90°C water bath for 15 min so that any bubbles trapped
in the molten polymer could escape.

After the monoliths were removed from the water
bath and allowed to slowly cool to 25°C for 1 h, the
vials containing the gels were placed into a —20°C
freezer for 18 h. They were then allowed to thaw to
25°C for 6 h. This freeze-thaw cycle was repeated a
total of five times to give mechanically stable, reagent-
loaded PVA monoliths (Fig. 2).

Controlled-release studies

THF was chosen as the solvent.® At least two separate
experiments were conducted for each controlled-
release study. The following PVA monoliths contain-
ing the reagents and solvent were used in the studies:
(1) A monolith (2.0243 g PVA + 11.5 g H,0O) loaded
with 0.2525 g of 2,2’-dipyridyl immersed in 1000 mL
of pure THF in a sealed flask; (2) A monolith (6.0040 g
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Figure 2 Image of a PVA monolith used in the current
studies. Units on scale are in inches.
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PVA + 34.0 g H,O) with 0.7654 g of 4,4'-dipyridyl
immersed in 100 mL of THF in a sealed flask; (3) A
monolith (2.6497 g PVA + 13.0 g H,O) with 2.000 g of
40% w/w aqueous n-BuyNOH immersed in 100 mL of
THEF in a sealed flask. The percentage of reagents dif-
fused from a reagent-loaded monolith into solution
was studied by the process discussed below using
2,2'-dipyridyl as an example.

2,2'-dipyridyl (0.2525 g) was uniformly loaded into
a PVA monolith to give a total mass of 13.777 g. This
monolith was then cut into two cylindrically-shaped
pieces, and one piece of 8.191 g was used in con-
trolled-release studies. The mass of 2,2'-dipyridyl in
this piece was 0.1501 g (or 59.45% of 0.2525 g). This
PVA monolith was immersed in THF (1000 mL) in a
sealed flask at 25°C (Fig. 3). A monolith containing no
reagents in a separate flask was used as a control.
Samples were periodically removed by micropipette
and replaced with the same volume of fresh THF. The
samples were placed in sealed volumetric flasks, and,
at the conclusion of study, all samples were diluted to
the mark with the THF. UV-visible spectra were then
collected with each control sample as the reference
for each corresponding reagent sample. The concen-
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Figure 3 Schematic of the experimental setup used in the
diffusion experiments with the PVA monoliths.
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Figure 4 Concentration of 2,2'-dipyridyl in a THF solu-
tion during the release of 2,2’-dipyridyl from a PVA mono-
lith. The monolith had a mass of 8.2 g, a length of 62 mm,
and a diameter of 13 mm.

trations of 2,2'-dipyridyl were calculated using Beer’s
law and monitored as a function of time. In 332 h
(Fig. 4), the concentration of 2,2'-dipyridyl diffused
into solution reached a maximum of ~ 0.8 mM. The
amount of 2,2'-dipyridyl released from this PVA
monolith into the 1000-mL solution is thus 0.14 g, and
the percentage of the release is (93 = 4)%.

RESULTS AND DISCUSSION

Reagent loading and the properties of the
reagent-loaded PVA monoliths

It is well known that aqueous solutions of PVA gradu-
ally gel and exhibit a small increase in elasticity upon
standing at room temperature.'* The gelation of aque-
ous solutions of PVA through freeze-thaw cycles
results in the formation of a viscoelastic polymer with
increased mechanical strength and high elasticity,
often stretching to 5-6 times their original size.>®*'*
The current work has focused on the development of
a method for incorporating reagents into the PVA
monoliths and monitoring the release characteristics
of the reagents. Upon loading reagents, no visual
change in mechanical properties of the PVA mono-
liths was observed.

Whether the PVA monolith was dissolved in THF
was investigated. Literature data indicate that PVA is
insoluble in THF.!” A PVA monolith was immersed in
THF for 1 week. UV-visible spectra of this THF solu-
tion showed very little variation from that of pure
THF, indicating that there is indeed little or no dissolu-
tion of the PVA monolith in THF.

Several methods of loading reagents into the PVA
monoliths were tested, including addition of the rea-
gent before and at various points during the initial heat-
ing of the PVA beads. Addition of n-Buy,NOH before
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and during the heating process often resulted in color
change. The nature of the reaction between the base
n-BusNOH and PVA under heating is not clear. How-
ever, n-BuyNOH is expected to form hydrogen bonds
with PVA in the monoliths, and n-BuyNOH is known
to be corrosive.’® Unlike addition of #-BuyNOH, incor-
poration of 2,2'-dipyridyl or 4,4-dipyridyl in the early
stages of the heating process resulted in no observable
chemical reaction between the dipyridyl and PVA.
Addition of all reagents near the conclusion of the heat-
ing process resulted in no observable chemical reaction
between the reagents and PVA. Reagents were there-
fore added near the conclusion of the heating process to
avoid chemical reaction with PVA.

Controlled-release studies

To have a useful CRP, it is necessary that the concen-
tration of reagents released into solution from the
CRP monolith reach a constant value. For the study
involving 2,2’-dipyridyl (Fig. 4), the early stages show
rapid diffusion of 2,2’-dipyridyl from the PVA mono-
lith. The rapid increase in concentration is likely due
to the rapid diffusion of the 2,2’-dipyridyl molecules
near the surface of the monolith. As the length of time
increases, the concentration of 2,2'-dipyridyl reaches a
constant value with little change. A study of the
amount of 2,2’-dipyridyl released from a PVA mono-
lith revealed that (93 * 4)% of 2,2'-dipyridyl that had
been loaded in the monolith was released into the so-
lution. The spectra of 2,2’-dipyridyl released into THF
match closely with those of 2,2'-dipyridyl in THF
(Fig. 5), indicating that there is no chemical change of
2,2'-dipyridyl during the controlled-release process.
In the 4,4-dipyridyl study, the early stages show
gradual diffusion of 4,4'-dipyridyl from the PVA
monolith (Fig. 6). The increase in concentration is
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Figure 5 A comparison of the UV-visible spectrum of a
freshly-prepared solution of 2,2'-dipyridyl dissolved in
THF (@) with that of a solution of 2,2'-dipyridyl released
into THF from a PVA monolith (A).
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Figure 6 Concentration of 4,4'-dipyridyl in a THF solu-
tion resulting from the release of 44'-dipyridyl from a
PVA monolith. The monolith had a mass of 299 g, a
length of 72 mm, a diameter of 23 mm, and 0.723 g of 4,4'-
dipyridyl.

likely due to the rapid diffusion of the 4,4’-dipyridyl
molecules near the surface of the monolith. A study of
the amount of 4,4'-dipyridyl released from a PVA
monolith revealed that (42 * 0.6)% of 4,4'-dipyridyl
that had been loaded in the monolith was released
into the solution, reaching a concentration of about
19.3 mM (for a 100-mL solution). In comparison, the
end concentration of the diffusion studies involving
2,2'-dipyridyl was about 0.85 mM (for a 1000-mL solu-
tion). Perhaps the solution in the 4,4'-dipyridyl studies
was so concentrated that the diffusion of 44'-dipyr-
idyl into and out of the monolith is close to an equilib-
rium, thus reducing the percentage of 4,4'-dipyridyl
released from the monolith. The spectra of 4,4'-dipyr-
idyl released into THF match closely with those of
2,2'-dipyridyl in THF (Fig. 7), indicating that there is
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Figure 7 A comparison of the UV-visible spectrum of a
freshly-prepared solution of 4,4-dipyridyl dissolved in
THF (@) with that of a solution of 4,4'-dipyridyl released
into THF from a PVA monolith (A).
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Figure 8 Concentration of n-BusNOH in a THF solution
from the release of n-BusNOH from a PVA monolith. The
monolith had a mass of 12.5 g, a length of 33 mm, and a
diameter of 23 mm.

no chemical change of 4,4-dipyridyl during the con-
trolled-release process.

Repeated experiments showed a slower diffusion of
n-BusNOH from the PVA monolith (Fig. 8) than that
of 2,2'- or 4,4'-dipyridyl. n-BusNOH may form hydro-
gen bonds with the —OH groups in the PVA mono-
lith, making its release difficult. n-BusNOH is an ionic
compound, and it may also dissociate into cation/
anion, contributing to its slower diffusion from the
PVA monolith. A study of the amount of n-Bu,NOH
released from a PVA monolith revealed that (73
* 3)% of n-BuyNOH that had been loaded in the
monolith was released into the solution.'” The spectra
of n-BusNOH released into THF match closely with
those of fresh n-Buy,NOH in THF (Fig. 9), indicating
that there is no chemical change of 7-BusNOH during
the controlled-release process.
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Figure 9 A comparison of the UV-visible spectrum of a
freshly-prepared solution of n-BuyNOH dissolved in THF
(@) with that of a solution of n-BuyNOH released into THF
from a PVA monolith (A).
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Figure 10 Comparison of the controlled-release study
results of two similarly-prepared PVA monoliths contain-
ing 4,4'-dipyridyl. Both monoliths had a mass of 10.3 g, a
length of 24 mm, a diameter of 23 mm, and 0.251 g of 4,4'-
dipyridyl.

Studies were conducted to test the consistency in
the rate of reagent release among different reagent-
loaded PVA monoliths. A PVA monolith was pre-
pared (6.0013 g PVA + 34.0 g H,O) and loaded with
0.502 g of 4,4'-dipyridyl. This monolith was then cut
into two identical circular pieces, each weighing 10.3 g
with 0.251 g of 4,4'-dipyridyl. The diffusion proper-
ties of the two reagent-loaded monoliths are similar
(Fig. 10), suggesting that the reagent was dispersed
evenly throughout the original monolith. Although
not tested, similar consistency in results is expected
for the diffusion properties of other reagent-loaded
monoliths. The consistency in reagent release charac-
teristics from these reagent-loaded monoliths indi-
cates that, at least in the case of 4,4'-dipyridyl, such
reagent-loaded polymer monoliths may be mass-
produced for delivery and sensing applications.

It is worth noting that both Figures 6 and 10 involve
controlled- release studies of 4,4'-dipyridyl. The former
was conducted with a monolith (29.9 g with 0.723 g
of 4,4'-dipyridyl) that was about three times longer
(and thus larger in volume, as both have the same
diameter of 23 mm) and contained about three times
more 4,4'-dipyridyl than the latter (10.3 g with 0.251 g
of 44'-dipyridyl). It is thus perhaps not surprising
that the controlled-release studies of the former
(Fig. 6) showed a faster release than the latter (Fig. 10).
In addition, at 160 min, the concentration of 4,4'-dipyr-
idyl released from the former (19.3 mM) is nearly three
times that released from the latter (ca. 7 mM).

Limitations of the PVA monoliths for use in the
Fujiwara reaction

The PVA monoliths here have been shown to release
reagents at a consistent rate, making the monoliths
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attractive in chemical sensor development. However,
the PVA monoliths in this study are composed of
80-90% w/w water.'"* As reported previously,' the
modified Fujiwara reactions must be conducted in a
low-moisture environment. When a large amount of
water is present, it competes with pyridine for the car-
bene :CX; intermediate, decomposing :CX, before it
reacts with pyridine to give the colored product in the
modified Fujiwara reactions. Solutions of n-Bu,;NOH
and 2,2'- or 4,4'-dipyridyl resulting from controlled-
release studies were thus found unsuitable for the
Fujiwara reactions. No colored products were observed
when chloroform was added to the solutions of re-
leased n-Buy;NOH and 2,2’- or 4,4'-dipyridyl.

To rule out interference of dry PVA beads with the
Fujiwara reactions, qualitative experiments were car-
ried out in which dry PVA beads as received were
added to a mixture of 2,2’-dipyridyl and n-BuyNOH.
This combination of PVA beads and reagents was
allowed to stand for 24 h. After 24 h, a small amount
of chloroform was added to the vessel, and subse-
quently the characteristic color of the modified Fuji-
wara reaction product was observed. This test rules
out interference of PVA and indirectly suggests that
the water released from PVA monoliths had decom-
posed carbene intermediates in the Fujiwara reactions.
In other words, the process developed here and
controlled-release of the reagents could be used in
other reactions that are not sensitive to the presence of
water.

CONCLUSIONS

A method for the development of CRPs containing
2,2'-dipyridyl, 4,4'-dipyridyl, or n-BusNOH has been
developed. The method by which the reagents were
incorporated into the polymer matrix was found to be
a critical step in the development of the CRPs. The
release characteristics of the reagents from the poly-
mer monoliths were also found to proceed in a con-
trolled manner. Release characteristics of reagents
from reagent-loaded PVA monoliths were also found
to be consistent. The methodology for reagent deliv-
ery developed here could have potential applications
in chemical sensing applications that are not sensitive
to the presence of water.
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