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In a recent paper, we suggested that the acid- or base-catalyzed dehydration of a hydrated carbonyl compound
provides a suitable foundation for an organic-based pH oscillator. Here we present the first experimental
example of such an oscillator in a flow reactor, utilizing the base-catalyzed dehydration of methylene glycol
as a source of positive feedback (OFautocatalysis) coupled with the base-catalyzed hydrolysis of
gluconolactone for negative feedback(droduction). The large amplitude oscillations (between pH 7 and

10) are reproduced in a kinetic model of the reaction. Such experiments present new possibilities in the
design of pH oscillators.

Introduction gluconolactone. The solution of methylene glycol was prepared
Chemical oscillations occur widely in biology, as a natural PY diluting 37% formalin solution (Aldrich) 1 day in advance
consequence of the feedback processes that occur in livingt© @llow complete de-polimerization. The solution of sodium
systemg: There is considerable interest in the development of Sulfite and metabisulfite was freshly prepared daily from reagent
simple chemical oscillators that mimic certain features of these 9rade NaSOs; and NaS;Os (Aldrich) and bubbled with nitrogen.
biological systems to provide insight into these nonlinear 1N€ gluconolactone solution was also prepared freshly from
processed3 Recently, Kurin-Csorgei et al. utilized a pH reagent gradev-gluconic amd-!actone (Aldrich). Th|_s stock
oscillating chemical reaction to drive a complexation process, Solution was used for a maximum of up to 40 min as the
as a means of investigating the periodic pulsing of metal ions Nydrolysis of gluconolactone begins upon dissolution.
such as calciurfs It has also been suggested that pH oscillators 1€ reactor used in batch and continuous flow experiments
may be coupled with a chemo-sensitive polymer to directly 'S a 50 mL water-jacketed cy!lndrlcal-shapgd glass reactor. The
convert chemical energy into mechanical enér§yuch devices pH was measured by a calibrated combination pH electrode
may find applications in periodic drug delivery, or as actuators, (Meéttler Toledo) and a Hanna pH meter connected to a
micropumps or switche&8 There is a need for the development compL_Jter. The elgctr_ode potential measurements_were carried
of less aggressive, biocompatible pH oscillators as, to date, pH out with a combination redox electrode and Keithley 2000

oscillating reactions are limited to redox reactions involving Multimeter also connected to a PC. The temperature was kept
halogens, sulfur and a few transition metals in an open constant at 20C with a Haake thermostat. The reactor was

reactord:10 stirred by an lka magnetic stirrer and the stirring rate was kept
In a recent paper, we suggested that the base-catalyze(f‘t 400 rpm .in all experiments_. The batch experiments were
dehydration of a carbonyl compound may provide a suitable Started by simultaneously adding the gluconolactone and me-
source of positive feedback for the development of an organic- ty/ene glycol solution to the sodium sulfite and bisulfite
based pH oscillatof The minimal model we proposed was solution. In the continuous s_t|rred tank reactor (QSTR) experi-
based on the methylene glyediulfite reaction, which displays ments,.the threg stopk solutions were pumped into the reactor
complex behavior in a flow reactd?.Large amplitude oscil-  PY & Gilson peristaltic pump.
lations were observed in this model upon addition of a base
consuming step. Here we present experimental results with the
methylene glycot-sulfite reaction coupled to the hydrolysis of Previously, we studied the methylene glyeslilfite reactiort
gluconolactone. The latter is a base-catalyzed, acid producing, ” 3 3
reaction that provides the necessary delayed negative feedback CH,(OH), + SG;° ==CH,(OH)SO; +OH  (A)
required for the observation of oscillations. Moreover, glucono-
lactone is produced during the enzymatic oxidation of glucose, induction period followed by a rapid transition from pH6 to

a reaction which is exploited in devices for the detection of H ~ 10. Bistability and small amolitude. irreqular. oscillations
glucose'® Thus our experiments present new possibilities in the P ’ y P , Irreguiar,

design of biocompatible pH oscillators. The oscillations are n pl_-l were o_btamed when the reaction was pe_rforme_d n a
reproduced in a kinetic model of the system continuous stirred tank reactor (CSTR). Further investigation

led us to suspect that the primary source of feedback in this

Experimental Section system is the base-catalyzed rate determining step: the dehydra-

ed tion of methylene glycol (step 1 in Table 1). In a simplified

d model of the reaction, we demonstrated that coupling this
reaction with a suitable OHconsuming step would lead to

* Corresponding author. E-mail: A.F.Taylor@leeds.ac.uk. large-amplitude, periodic oscillations in a flow reactbr.
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Results and Discussion

This reaction shows clock behavior in a batch reactor, with an

Three stock solutions were prepared in doubly distill
deionized water: methylene glycol, sulfite/bisulfite buffer an
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TABLE 1: Mechanism for the Methlyene Glycol—Sulfite Reaction with Gluconolactone Where GL= Gluconolactone, GA=

Gluconic Acid and G~ = Gluconate Anion

reaction

rate

rate constant

(1) CHQ(OH)Z = CHZO + Hgo

(2) HSQ = SO2™ + H*

(3) CH,O + SO~ — CH,(0)SOs~
(4) CHy(O")SO5~ + H* = CHy(OH)SQy

(5) H:O = H* + OH~

(6)GL=GA

(7) GA=G~ + H*

Ri = (ki + kon[OH])[CH2(OH),]

Rfl = kfl[CHzo]

Re = ko[HSO57]
R-2=k5[SO J[H"]

Rs = ke[CH,O][H"]

Ry = kg[CH5(0")SO; ][H "]
R_4= k_4[CH2(OH)SG; ]
R5 = k5

R_5s = k_s[H +][()H7]

Rs = (Ks + kon[OH])[GL]

R_e = k-e[GA]
R, = k7[GA]
R7=k-7[GT][H7]

55x 103%s71,
kon=2100 M1s1
10st
3.1x10st?
5x1009M-1st
54x 106M1st
1x1009M-tst
2x103st
1x103Ms?
1x108M-1s?
8 x10%4s1,
kon = 2000 Mts?
1.6 x10*st
25x 1¢Pst
1x106M1st

The hydrolysis of gluconolactone produces gluconic acid and diagrams were calculated using the AUTO interface of XP-
PAUT. The time step was ¥ 107 and tolerances were set at

is base-catalyzet:

CgHyOg + H,O=CH,0,” + H"

(GL) to a methylene glycetsulfite clock reaction in a batch

1x 1075

(B) The oscillations take place between pH values of 7 and 10
and are of the same form as those observed in the experiment,
Upon addition of appropriate concentrations of gluconolactone with a slow evolution of OH, followed by a more rapid

production of that species (Figure 3b). We note that an important

reactor, we observed a single peak indicative of positive feature of the methylene glycekulfite reaction is the sulfite
feedback (rapid transition to high pH) coupled with delayed bisulfite buffer (step 2) with alg; of 7.2. The buffer damps
any changes in pH up to around pH 8 at which point all sulfite

negative feedback (decay to low pH) (Figure 1a).
Oscillations were observed in the methlyene glyesllfite

has been consumed in step (4), and there is a rapid, autocatalytic,

reaction in a CSTR upon addition of gluconolactone. The evolution of OH. With high [OH™], the catalyzed hydrolysis
behavior was monitored with a platinum electrode and with a of gluconolactone becomes significant, returning the pH to
pH electrode. The oscillations in potential were small (of the neutral.

order of 1 mV), demonstrating that unlike other pH oscillatory

Oscillations occur via a supercritical Hopf bifurcationkgt

systems, this reaction is not based on redox processes (Figure= 4.5 x 103 s 1 and disappear via a saddle node infinite period
1b). Large amplitude pH oscillations were observed, typically (SNIPER) bifurcation aky = 5.3 x 1072 s~ (Figure 3c). Thus
between pH 7 and 10 (Figure 1c). Despite the rapid aging of

the GL stock solution, we observed little dampening in the ()

oscillations with stock solutions up to around an hour old.

An experimental bifurcation diagram is plotted in Figure 2a. 10
Upon increasing the flow ratekd) in a CSTR, there is a
transition from a high pH steady state to oscillations. The
maxima and minima of the oscillations are marked in this 6
diagram. The period and amplitude of the oscillations increases

(b)

pH s

with increasing flow rate. The phase diagram in Figure 2b 0 400

indicates the parameter values necessary for oscillatory behavior

(closed circles). Oscillations were observed for a reasonable

range of inflow concentrations of gluconolactone, [gldnd ©

flow rates.

The essential features of this system are captured in a simple
model (Table 1). The methlyene glyeedulfite reaction model _
has been previously investigat&dlhe main reactions are steps
1-5in Table 1. To these reactions, we add steps 6 and 7 with 97
previously reported rate constadtdkeactions 1 and 6 are base ]
or acid-catalyzed depending on the conditions. The acid catalysis
channel is not significant at the pH in this work and so is omitted 81
for simplicity. Inclusion of the acid catalysis in the rate law
makes no difference to the simulated behavior. Numerical
integration of the eleven resulting kinetic equations gives rise 7
to a single oscillation in pH under appropriate batch conditions
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(Figure 3 a). Oscillations are obtained in the open system when

the rate laws are augmented with flow terigX] o — [X])
wherek, is the flow rate and the concentration pi$ the inflow
concentration of species X. Numerical integration of the rate
equations was performed using package XPPAWThe
method of integration was CVODE with, typicallyt & 0.01
and ATOL (tolerance}= 1 x 1078 Bifurcation and phase

x 103 s,

400

600

800 1000 1200

Time/ s

Figure 1. Methylene glycot-sulfite—gluconolactone reaction with
[CH2(OH);]o = 0.10 M, [SQ?Jo =5 x 1073 M, [HSO57]o = 0.05 M,

and [GLp = 6.7 x 102 M unless otherwise stated. (a) pH changes
versus time in a batch reactor. (b) Pt potential oscillatory changes in a
flow reactor withky = 5.22 x 102 s % (c) Large amplitude pH
oscillations in a flow reactor with [Glg]= 8 x 102 M andk, = 5.76
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27 Figure 3. Model (Table 1) calculations with [CiiOH),]o = 0.10 M,
o ]Jvvvvvv v v v v v v v [SO2Jo=5 x 1073 M, [HSOs]o = 0.05 M, [GL], = 0.02 M unless
g an as s W vy v v v otherwise stated. (a) pH time trace in closed system with {GL6.7
'2 21 1 s x 1073 M. (b) pH oscillations in an open system with flow rdée=
Q ] o 5 x 1073 s7L, (c) Bifurcation diagram with oscillations fdg = (4.3—
ME as A afeeb v v v v v 5.3) x 1072 s L (d) Phase diagram where © region of oscillations,
S 15 1 '\\ SS= steady state and BS bistability.
=~ 4 an A A ‘AB-\---:“V v v v v .
’:12 NN, group, which have a stable hydrated form and undergo base-
O 97 aa & a & adepensdy v v catalyzed dehydration. Additionally, the gluconolactone may be
B 2 S O TR replaced with the glucosgglucose oxidase enzyme (GOX)
AAA AA A A A A A A A AA . ) )
3 . . . . reaction, which also produces gluconolactone, thereby creating
0 2 4 6 8 10 an enzymatic negative feedback I0gg8 A biocompatible pH
ko/ 10‘35-1 oscillator may eventually be used as a probe or sensor in

biological systems or provide a source of chemical energy for

Figure 2. (a) Bifurcation diagram showing the evolution of pH chemo-sensitive polymeric devices.

oscillations with flow rate in a CSTR. Experimental conditions: EH
(OH);Jo=0.10 M, [SQ? ]o=5 x 102 M, [HSOs;7]o= 0.05 M, [GL]o
=8 x 10°% M. O = oscillatory state with increasing flow rat®, = Acknowledgment. We thank EPSRC (GR/S47502/01) for
oscillatory state with decreasing flow rate,= pH steady state with support.

increasing flow ratey = pH steady state with decreasing flow rate.
(b) Phase diagram of methylene glyesulfite—gluconolactone flow

> X . Referen nd N
system in the gluconolactone concentratiflow rate plane. Fixed eferences and Notes

parameters: [CHOH);Jo=0.10 M, [SQ?]o=5 x 103 M, [HSOs7]o (1) Goldbeter, A.Biochemical Oscillations and Cellular Rhythms
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diagram is sensitive to the stirring rate. These results will be Jones, R. A. L; Ryan, A. Nano Lett.2006 6, 73.
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conolactone to create an organic-based pH oscillator. The 258. _

reaction displays large amplitude oscillations in Omhen Let(tlé)()(;\gscz\iv?lgg' R.; Kovacs, K.; Scott, S. K.; Taylor, A. Ehem. Phys.
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More quantitative agreement might be obtained upon inclusion _ (13) Dhanarajan, A. P.; Misra, G. P.; Siegel, R. A.Phys. Chem. A
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As many hydrolysis and dehydration processes are acid or (16) Boissonade, J.; De, Kepper, P.Phys. Cheml98Q 84, 501.
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