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of ligand basicity. Since PA values are known'* for a variety of
anions (A”) (e.g., F, CN-, CH;CO,", C=CH", and CH;"), eq
3 allows one to estimate basicities of a range of CpOs(PPh,),(A)
complexes. Perhaps in other complexes, one might also find that
the basicity of the metal increases as the PA values of its A~ ligands
increase.
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We have studied the effects of acrylonitrile on the cerium-
catalyzed Belousov-Zhabotinskii (BZ) reaction and have found
that they depend on when the monomer is added to the batch
reaction. Moreover, we have found that the polymerization of
acrylonitrile occurs periodically. We believe this to be the first
report of an isothermal, periodic polymerization.

The study of polymerization reactions as dynamical systems
is relatively rare although the potential utility is great. Ray and
co-workers have investigated oscillatory thermal phenomena in
a continuous-flow stirred-tank reactor (CSTR) for vinyl polym-
erizations.!” Propagating fronts of addition polymerization have
been studied in the former Soviet Union*® and in the U.S.5!!

Viradi and Beck observed that acrylonitrile could inhibit os-
cillations in the ferroin-catalyzed BZ reaction and a white pre-
cipitate would form.'> Because ferroin can complex with the
polymer, we have chosen the cerium—catalyzed system instead.

Acrylonitrile (Aldrich) was obtained with MEHQ inhibitor.
The presence of the inhibitor was found to not alter the results.
All other chemicals were of reagent grade (Aldrich) and used
without further purification. Reactions were performed in a beaker
open to the air at ambient conditions (23 °C) with magnetic
stirring. The BZ reaction was prepared'3 from 10 mL of each
of the following stock solutions: 0.23 M sodium bromate (Na-
BrO,), 0.31 M malonic acid (CH,(COOH),), and 0.019 M am-
monium cerium(IV) nitrate (Ce(NH,),(NO,)¢) in 2.7 M H,S0,.

The malonic acid and bromate solutions were mixed. The
cerium solution was then added, and the data acquisition was
begun. The signals from the bromide-selective electrode (Orion)
and the platinum electrode (Rainin) (both referenced to a Hg/
HgSO, electrode (Rainin)) were digitized on a Strawberry Tree
12 bit A/D board and collected on a Macintosh IIcx computer.
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Figure 1. (a) Evolution of a BZ reaction in which 1.0 mL of acrylonitrile
was present before addition of Ce(1V)/H,S0, solution: total volume =
30.0 mL; [NaBrO,], = 0.077 M; [malonic acid], = 0.10 M; [Ce(1V)]
= 0.0063 M; [H,S0,], = 0.90 M. (b) Enlargement of the oscillatory
region.
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Figure 2. Acrylonitrile polymerization initiated by Ce(IV) and malonic
acid. The acrylontrile (1.0 mL) and malonic acid were stirred before the
Ce(1V)/H,SO, solution was added. Reagents: [malonic acid], = 0.10
M; [Ce(IV)] = 0.0063 M; [H,SO.], = 0.90 M.

Because polyacrylonitrile is insoluble in water, the qualitative
progress of the polymerization was monitored by measuring the
relative decrease in transmitted light due to scattering of an
incandescent light beam passed through the solution. A simple
CdS detector was used without calibration by converting the
current to a voltage and using that voltage as a measure of the
relative intensity.

Figure 1 shows that the oscillations do not commence for 20
min, although the normal induction period for the reaction with
these concentrations is 2.8 min. The system remains in the ox-
idized, low-bromide state. If the acrylonitrile is added before the
cerium, polymer forms when the cerium solution is added, but

0002-7863/92/1514-8298803.00/0 © 1992 American Chemical Society



J. Am. Chem. Soc. 1992, 114, 8299-8300 8299

no more visibly appears until oscillations commence. As the system
begins to oscillate, white polymer precipitate is observed. However,
small amounts of polymer do form, as can be seen from Figure
la in which the transmittance slowly decreases during the in-
hibition period.

The polymerization does not occur continuously but rather in
a stepwise manner, in phase with the oscillations in the cerium(IV)
concentration. Figure 1b shows that the polymer appears as the
cerium(IV) is reduced, but while the cerium is being oxidized,
the amount of polymer remains constant. This observation is
consistent with experiments which indicate that radical inter-
mediates’ concentrations oscillate. Forsterling et al. measured
oscillations in [BrO,’] on the micromolar level.'* Venkataraman
and Sorensen'® measured oscillations in the malonyl radical
concentrations on the nanomolar level.

To eliminate the possibility that the precipitation process is itself
periodic, acrylonitrile polymerization was initiated by cerium-
(IV)/H,SO, and malonic acid. Figure 2 shows that the polymer
appears monotonically as the cerium is reduced. This experiment
also indicates that malonyl radicals formed by the oxidation of
malonic acid'*'® can initiate polymerization. The same experiment
was performed using bromomalonic acid synthesized according
to the procedure of Forsterling et al.? Polymer formed, but much
more slowly than with malonic acid.

We determined that the initiation is not from BrO," radicals
formed during the oxidation of cerium. Using cerium(IIT)/H,SO,
and bromate solution of the same concentrations as with the
Ce(IV) experiments, acrylonitrile did not polymerize. Also,
cerium(IV) does not react at a significant rate with acrylonitrile.

The inhibition period is proportional to the amount of acrylo-
nitrile initially present in the system up to 1.0 mL, and then it
reaches a plateau. The addition of bromide or bromomalonic acid
shortens the inhibition period. If acrylonitrile is added after 21
min, no inhibition period occurs. This suggests that acrylonitrile
is scavenging bromomalonyl radical, interfering with the pro-
duction of bromide, and preventing the system from switching
to the reduced state. After 21 min, enough bromomalonic acid
has accumulated that scavenging by acrylonitrile does not prevent
bromide release.

The central problem is why little polymer is observed after the
initial burst even though Ce(IV) is present with malonic acid. We
believe that polymerization is started initially by malonyl radicals
formed as the Ce(IV) is reduced. The Ce(III) is reoxidized in
an autocatalytic process involving HBrO, and BrO,"*! The BrO,"
radical can terminate growing polymer chains via disporpor-
tionation, thus stopping the polymer from growing to a sufficient
length to precipitate while regenerating HBrO,. The rate of
disproportionation is much greater than the rate of polymer chain
termination because the concentration of BrO,* (~10%M)isa
thousand times greater than the polymer chain concentration
(~10" M, assuming all of the malonyl radicals initiate polym-
erization). Support for this scenario was provided by adding
acrylonitrile 1.6 min after the cerium was added, when BrO,*
would be present. No polymer was observed.

The appearance of polymer while oscillations continue in the
standard BZ reaction is not a general property of vinyl monomers.
The addition of other monomers such as methyl methacrylate and
styrene stops oscillations completely unless the [H,SO,}, = 3 M,
but butyl acrylate behaves similarly to acrylonitrile.
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Current methods of gene analysis are dependent upon the ability
to detect specific DNA sequences in a heterogeneous mixture. The
immobilization of DNA on a solid support has been used to
separate complementary DNAs from solution by procedures such
as the affinity capture method®* and the sandwich hybridization
method* using radioisotope-labeled or hapten-labeled DNA. These
conventional methodologies have some difficulties: (i) pre- and
posttreatments are required to modify DNAs with probes or
proteins and to analyze hybridizations, respectively; (ii) it takes
a relatively long time to analyze the results; and (iii) it is difficult
to detect quantitatively the absolute amount and the time course
of hybridization.

In this communication, we propose a new methodology to detect
in situ, quantitatively, the one-to-one hybridization between the
oligonucleotides immobilized on Au electrodes of a quartz crystal
microbalance (QCM) and target M13 phage DNAs in aqueous
solutions from the frequency changes of the QCM. QCMs are
known to provide very sensitive mass measuring devices because
their resonance frequency decreases upon the increase of a given
mass on the QCM on a nanogram level >
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The QCM employed is a crystal of commercially available
9-MHz, AT-cut quartz on which Au electrodes were deposited
on both sides (area: 16 mm? X 2). The QCM was connected to
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