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ABSTRACT

AUTOMATED STOPPED-FLOW INSTRUMENTATION AND FAST REACTION RATE
STUDIES OF THE FORMATION OF 12-MOLYBDOPHOSPHORIC ACID

By

Paul M. Beckwith

The development of an automated stopped-flow spectrophotometer
has made possible the utilization of fast reactions for reaction rate
methods of analysis. The stopped-flow system features a vertical flow
system to minimize problems with air bubbles, pneumatically actuated
valves for directing the liquid flow and dispelling waste solutions,
and a spring loaded stopping syringe. The entire operating cycle of
the system is controlled by a digital sequencing system or by manual
switches. The dead time of the flow system was determined to be 5 + 1 msec.
Mixing was also found to be 99% complete approximately 5 msec after
stopping the flow. Reaction rate determinations of Fe(III) with the Fe(III)-
SCN™ reaction and of phosphate with the formation reactions of
12-molybdophosphoric acid are used to evaluate the performance of the
instrument. Approximately 1000 phosphate samples can be analyzed per
hour with the stopped-flow system.

The development of new reaction rate methods of analysis should
be based on a thorough knowledge of the kinetics and equilibria involved

in the analytical reaction. The kinetics of the formation of

12-molybdophosphoric acid (12-MPA) in perchloric acid and



Paul M. Beckwith
sulfuric acid solutions has been studied by stopped-flow spectrophoto-
metry. Mechanisms are proposed from the reaction rate data which involve
an initial reaction between phosphate ion and Mo(VI) followed by
polymerization to form 12-MPA. The rate law has been derived and is
in agreement with the experimentally observed rates, and rate
constants have been evaluated for the measurable steps. The results
are compared to those of previous studies on the kinetics and
equilibria involved in the formation of 12-MPA. The results also
provide sound experimental evidence on which new phosphate analyses may

be based.
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I. INTRODUCTION

A. Reaction Rate Methods of Analysis

Reaction rate methods of analysis have become increasingly popular
in recent years. Their application to analytical problems in several
areas of chemistry has been the subject of books (1,2) and numerous
review articles (3-10). Rate methods utilize the kinetics of reactions
rather than reaction stoichiometries to provide analytical information.

There are basically two types of analyses based on reaction
kinetics. Reaction conditions are usually chosen so that the reaction
is either first order or pseudo-first order for the species of interest.
For a reaction of this type, the rate of disappearance of a reactant,

A, with time is

d[A
- AL, (1)

where kA is the first order or pseudo-first order rate constant.
Integrating this equation yields a relationship between the concentration
of A at any time, t, and the initial concentration of A, [A]o’ where

[A]o is the desired result of a kinetic measurement.

[Al, = [A]l, exp (-k,t) (2)
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If equation (2) is substituted into equation (1), the reaction ratc is

expressed in terms of [A]o.

d[A]
- —dtt = k,[A] exp (-k,t) (3)

Equation (2) forms the basis of one type of kinetic method of analysis.
By making a measurement of the concentration of A at any time, t, the
initial concentration, [A]o, can be determined.

The other type of kinetic method, based on equation (3), is more
correctly called a reaction rate method because it involves a measurement
of the change in concentration of A, AA, which occurs in a given time
interval, At = t2 - tl. If the measurements of AA are performed during
the initial portion of the reaction, the procedure is termed an initial
reaction rate method of analysis. In this case the exponential term in
equation (3) is approximately unity. Conditions for which this
approximation is valid have been discussed by Ingle and Crouch (11).

In the parts of this thesis which follow, a reaction rate method will
be considered to be based upon actual rate measurement (Equation (3)).

One advantage of kinetic methods based on initial reaction rates
is that measurements can be made in a small fraction of the time required
for the reaction to reach equilibrium. Reaction rate measurements may
be obtained within a few minutes after initiation of the reaction, even
if the reaction has a half life of a few hours. The time necessary
for an equilibrium method based on the same reaction would be prohibitively
long for routine analytical procedures.

Because reaction rate measurements are usually obtained during the
initial stages of the reaction, very complicated reactions, reactions

with unfavorable equilibrium constants, or nonstoichiometric reactions
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can often be employed. Although the equilibria for these reactions may
be complicated, the initial reaction rates are often straightforward and
can be used for obtaining quantitative analytical information.

Another advantage of rate methods is that they are often more
specific than the corresponding equilibrium based methods. Specificity
can result in additional savings of time since separations can often
be avoided. In addition, simultaneous analysis of complex mixtures by
differential reaction rate measurements can often be accomplished. If a
sample contains two or more substances which react with a common reagent,
reaction rate differences as well as thermodynamic differences can be
exploited for analysis. By measuring the rate of the reaction when the
species of interest is the major contributor, specificity can be achieved.
If the reaction were allowed to reach equilibrium, other substances which
react with the reagents would interfere with the analysis for the
species of interest. Multicomponent analyses can be easily performed
by making several rate measurements during time periods when different
species are reacting (1).

One of the most important advantages of kinetic methods of analysis
is that they involve relative measurements. For a first-order or
pseudo-first-order reaction, the quantity of interest in a kinetic method
is the change in the value of some parameter (proportional to the
concentration of a reactant or product) with time. The absolute valuc
of that parameter need not be determined accurately. Therefore, the rate
methods may afford freedom from those interferences which contribute to
the absolute value of the parameter but do not enter into the reaction
and, hence, do not contribute to the rate of change of the parameter.

For the specific case of spectrophotometric measurements, the absolute
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value of the absorbance of a solution at the analytical wavelength depends
on factors such as the presence of impurities which absorb radiation at
that wavelength, turbidity in the solution, and cell imperfections. In
a kinetic method, these factors do not interfere if they do not change
as the reaction proceeds (12).

Kinetic methods of analysis are also subject to several limitations.
One is imposed by the rate of the reaction. In order for a reaction to
be analytically useful, it must occur dt a measurable rate. To date the
fastest reactions which have been used for analyses have half lives of
several milliseconds (13,14). The use of reactions with half lives of
more than a few hours is clearly undesirable.

Since initial rate methods depend on the precise measurement of the
reaction rate, a second limitation is that experimental conditions must
be carefully controlled. The rate of a reaction is dependent on factors
such as pH, ionic strength, and temperature. If these factors are not
carefully controlled, reliable results will not be obtained. These
factors are often not as important in stoichiometric methods.

Another limitation of rate methods is that lower signal-to-noise
ratios are obtained than with equilibrium based analyses since only a
small portioﬂ of the total available signal is measured. In many cases
only very small changes in signal in a given measurement time are
monitored. Thus, the detection system must have very high sensitivity.

In summary, it should be pointed out that for selected reactions
the advantages of reaction rate measurements can far outweigh the limit-
ations of control of reaction conditions and lower signal-to-noise ratios.

In addition, new improvements in instrumental detection systems and the
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introduction of computerized instrumentation are rapidly minimizing the

limitations of rate methods.
B. Fast Reaction Rate Methods of Analysis

Reaction rate methods have been used in analysis for several years,
and new applications are being published frequently. Most of the
existing methods utilize slow reactions in which the reaction can be
studied by using conventional mixing methods and standard instrumentation.
For most automated anaiyses in laboratories where large numbers of
samples are involved, it is desirable to keep measurement times relatively
short.

Recently, reports of reaction rate analyses based on rapid reactions
have been published (13,14). To measure rates of reactions with half
lives from a few milliseconds to approximately ten seconds, it is
necessary to use rapid mixing and observation techniques. A very
useful method is the stopped-flow method which allows observation of
the course of a reaction within a few milliseconds after initiation of
the reaction. Commercial instrumentation has recently become available
for stopped-flow methods. However, these instruments are manually
operated and are unattractive for routine analyses, where large numbers
of samples are involved. With automation of the sample handling steps,
however, the stopped-flow method is well adapted to analytical procedures
because reliable data can be obtained very rapidly.

Because of the potential applications of fast reaction rate methods
in analytical chemistry, this present work was undertaken. In order
to overcome the limitations of commercial stopped-flow mixing systems,

an automated stopped-flow spectrophotometer was designed and evaluated.
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The automated stopped-flow spectrophotometer features a vertical flow
system to minimize problems with air bubbles, pneumatically actuated
valves for directing the liquid flow and dispelling waste solutions, and
a spring-loaded stopping syringe. The entire operating cycle of the system
is controlled by a digital sequencing system or by manual switches.
The dead time of the flow system was determined to be 5 + 1 msec.
Mixing was found to be 99% complete within 5 msec after stopping the flow.

Some initial work has also been done on the feasibility of placing
the entire stopped-flow system under control of a small digital
computer. Thus the sample handling steps as well as the data acquisition
and data treatment would be under program control.

Analytical procedures which utilize fast reactions should be based
upon a thorough knowledge of the equilibria and kinetics of the primary
reactions and potential interfering reactions. Having such thermodynamic
and rate data, the analytical chemist can design analytical procedures
that are rapid, accurate, and selective. The formation of 12-molybdo-
phosphoric acid (12-MPA) from phosphate and molybdate in strong acid
solutions is the basis for the vast majority of phosphate analyses (15).
Spectrophotometric measurements of the amount of 12-MPA produced or the
amount of heteropoly blue formed from reduction of 12-MPA are utilized
for phosphate determinations in clinical samples, soils, polluted water,
steels, and many other matrices. These methods are often based upon
empirically derived procedures and suffer from many interferences.
Silicate, arsenate, and germanium all form similar heteropoly acids and

heteropoly blues which can interfere with the analysis of phosphate.

Because fast reaction rate measurements based upon the rapid

formation of 12-MPA appeared to be highly attractive for rapid and
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selective phosphate analysis, a study of the mechanism of formation of
12-MPA in strong acid solutions was undertaken. The kinetics of 12-MPA
formation was studied in perchloric and sulfuric acid solutions under
conditions used in analysis. Important insight into the mechanism of
formation of 12-MPA and into the influence of chemical parameters upon
the rate was gained through this study. The reaction was found to be
first order in phosphate in the two different acids. However, the
molybdate and acid dependencies are quite complex and different in the
two solutions. Rate constants for the initial step in the reaction were
obtained in both media and compared to those previously obtained in
nitric acid solution. In addition, rate data have been correlated with
prior studies of the equilibria of 12-MPA formation in these strong acid
solutions (16). Analytical implications of both the rate data and the

thermodynamic information are discussed.



IT. HISTORICAL

A. Techniques for the Study of Fast Reactions in Solution

1. Introduction

The study of fast reactions in solution first began in 1923 with
the pioneering work of Hartridge and Roughton (17-19), which has
subsequently led to the development of many fast reaction techniques
(20-22). Prior to the introduction of the continuous flow method, the
study of kinetics was limited to reactions with half lives of several
minutes. Rate studies were performed with manual mixing methods and
slow detection systems. The continuous flow technique made it possible
to investigate the kinetics and mechanisms of many reactions which were
previously considered instantaneous. A general rule for reactions
initiated by mixing reagents is that the time taken for mixing and
observation should be shorter than the half life of the reaction.

The term ''fast reaction' is relative and imprecise, but the
concept is important. In one sense, fast reaction can be taken to
mean that the half life of the reaction is short relative to the time
needed for mixing and observation by conventional means. Based on this
definition, a reaction having a half life of one second or less under
normal conditions is certainly to be considered fast. However, the
rate of this same reaction can often be drastically reduced by conducting
the reaction at lower temperatures or by using lower concentrations.

Thus a better definition of a fast reaction is a reaction that is too
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fast for conventional mixing methods if conducted at ordinary temperatures
and concentrations.

A more quantitative idea of the meaning of fast reactions can be
gained from a consideration of reaction half lives (24). When conventional
mixing methods are employed, rate measurements cannot be made accurately
on reactions with half lives much less than 10 seconds. Under ideal
circumstances this range may be extended to one second. This
corresponds to a first-order rate constant of 1.0 sec-l. Several of
the fast reaction techniques are capable of measuring half lives down
to 10-7 seconds, and this corresponds to a first-order rate constant of
107 sec-l. Thus, a reaction may be considered fast if it has a first-
order rate constant greater than 0.1 or 1.0 sec'l.

Experimental studies of the kinetics of fast reactions involve
several difficulties which include the adjustment of parameters to make
the time necessary for mixing and observation shorter than the half life of
the reaction. Several types of detection systems are available that
require only very short measurement times; hence the limitation is
reduced to the time for mixing the reactants and the rate of the
chemical reaction. Mixing efficiencies have been vastly improved with
the introduction of jet mixers. Complete mixing can now be readily
attained in less than one millisecond (23). In addition to mixing
efficiency, practical limitations on flow velocities and stopping time
restrict techniques which involve physical mixing of reactants to the
study of reactions with half lives of at least a few milliseconds.

In addition to the mixing techniques mentioned previously, other
fast reaction methods involve systems that are initially at equilibrium

(24-26). In these methods, mixing time is not a limitation because
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the reaction is perturbed by a rapid change in some parameter upon which
the equilibrium depends. Changes in temperature, pressure, electric
field, and concentration are common for perturbation of equilibria.
Therefore, faster reactions can be studied by these techniques.

Since the introduction of the flow methods by Hartridge and
Roughton in 1923, numerous rapid measurement procedures have been reported.
At a 1954 meeting of the Faraday Society, these techniques were first
discussed and found to encompass a wide variety of measurement principles
which were applied to a wide range of reaction rates (21). Many of
these techniques, however, lacked versatility and were encumbered with
several experimental problems; therefore these techniques were not
immediately popular for the study of chemical systems. Much research
in recent years has been involved with the elimination of these problems
and the development of more versatility and more sophisticated instrumentation
for many of these methods. Noyes has classified rapid reaction methods
into mixing methods, sprung, periodic, and steady state methods (27).

The last three are aptly termed non-mixing methods.
2. Mixing Methods

Mixing methods involve physical contact between reagents. Since
no previously established equilibrium is disturbed, these methods can
be applied to both reversible and irreversible chemical systems. This
category of rapid reaction methods includes the capacity flow method,
thermal methods, the quenching method, and flow methods. Each of these

methods will be discussed in this section.
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a. Capacity Flow Method. The capacity flow method has been used

for the study of reactions with half lives in the range of 1-4000 seconds.
The technique requires simple instrumentation and is versatile because

it is applicable to both slow and moderately fast reactions. Reagents

are continually added to a reaction cell with adequate stirring, and

the subsequent outflow occurs at a known uniform rate. A constant and
uniform steady state concentration is rapidly attained inside the reaction
chamber. Rate constants can be calculated from the initial concentrations
of the reagents, the concentration of the effluent, the volume of the
reaction chamber, and the rate of flow. The accuracy of the rate
constants is dependent on the uniformity of the flow rate. Accuracies

of 1% have been reported (28). The volumes required, which depends on

the size of the reaction cell, the stirring efficiency, and the flow

rate, vary from a few milliliters to several hundred milliliters.
Applications of the capacity flow technique include the isolation and
study of transient intermediates (29), the hydrolysis of esters (30),

the bromination of acetone (28), and the iodination of 2,4-dichlorophenol

(31).

b. Thermal Methods. Thermal methods can be used to study reactions

which have a minimum half life of about 0.2 second. The reaction is
conducted under adiabatic and under nonadiabatic conditions. Under
adiabatic conditions, the temperature attains a value, To, inside an
insulated reaction cell. Under nonadiabatic conditions, exothermic
systems are allowed to lose heat to the surroundings at a carefully
controlled rate, which results in a maximum in the curve of temperature

versus time. Endothermic systems show a minimum in the temperature-time
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curve. The rate constants for the reactions are qualitatively related
to the ratio of the temperature maximum or minimum, Tm’ to the steady
state value, To.

One serious experimental limitation of thermal methods is the
accurate measurement of temperature. The measured temperature changes
must be accurate to 0.01°C, and the response of the temperature sensor
must be rapid. Recently small, stable, and fast response temperature
sensors have become readily available. Thermocouples with response times
of approximately 50 microseconds are obtainable (32). A further
disadvantage is that the chemical system being studied must be of known
order if rate constants are to be evaluated. Despite these limitations,
however, thermal methods involve simple instrumentation and experimental
procedures. Some applications have been in the study of hydrolysis of
esters, acid anhydrides, and acid chlorides, the hydration of aldehydes,

and neutralization of nitroparaffins (24).

c. Quenching Method. The quenching method, or the chemical method,

makes use of a multiple mixing system (24). The first mixer is used to
mix the reactants, and the reaction then proceeds for a short time.
This is usually accomplished by allowing the solution to flow through

a tube. The reaction is then stopped rapidly by mixing the reaction
mixture with a quenching solution in the second mixer. The reaction
time is calculated from the volume between the two mixers and the rate
of flow of the solutions from one mixer to the other. Results with a
precision of + 7% have been reported for a reaction with a half'life

of 0.4 second (33).



13
Although the quenching method requires simple and inexpensive

instrumentation, it does have several limitations. The method requires
a minimum of about 20 milliliters of reagents. Observation may be made
at leisure, but an absolute measurement is needed rather than a relative
measurement. One great limitation is that rapid quenching reactions

are rare. In addition, reactions must have half lives greater than

0.01 second. Applications of quenching methods include isotope exchange
reactions involving electron transfer (34), halogenation of hydrogen

peroxide (35,36), and solvent exchange reactions (37).

d. Flow Methods. Flow methods can be divided into three categories:

the continuous flow; the accelerated flow; and the stopped-flow method.
The regenerative flow method is a special variation of the stopped-flow
method for applications which involve solutions of widely different
viscosities.

Flow methods all utilize initially separated reactants which flow
in two or more different streams. The reactants are mixed rapidly in
a mixing chamber. For the continuous flow method,observation can be
made at leisure. The accelerated and stopped-flow methods require
rapid observation systems.

In the continuous flow method (17,38), the two reactants flow at
the rate of several meters per second through a mixing chamber into a
cylindrical tube. The initial observation point is a short distance
from the mixing chamber. To follow the progress of the reaction,
several observations must be made at various points along the cylindrical
tube. The reaction time for each point is calculated from the flow

velocity and the distance from the mixing chamber. The flow of the
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solutions must be turbulent in order to assure good mixing and to
maintain uniform composition in the reaction tube.

The fastest reaction that can be studied by the continuous flow
method is limited by the efficiency of the mixer. Because the
observation can be made near the mixing chamber, reactions with half lives
on the order of 1 msec can be studied (17,39). The slowest reactions
accessible to the method are determined by the minimum velocity required
to maintain turbulent flow.

The experimental apparatus for the continuous flow method is
relatively simple compared to that of the other flow methods. Several
different types of detection methods have been reported. Roughton and
coworkers (40-43) employed thermal detection to the study of reactions
with half lives of 2 msec and obtained 7% reproducibility for the
rate constants. Dalziel (44-46) and Davis (47) have adapted Beckman
spectrophotometers for spectrophotometric detection and were able to
follow reactions with half lives of 5 msec. Rate constants were
measured with 2-3% reproducibility. Reactions with half lives from
10 msec to a few seconds have been successfully studied by Pearson and
coworkers who used conductivity measurements (48).

There are some experimental limitations for the continuous flow
method. A major limitation is the large volume of reagents usually
necessary. Solution requirements, which depend on how fast the observation
is made, range from a few milliliters (39) to a few liters (17). The
solutions must be flowing at a high flow velocity for a time which is
sufficiently long for the observation to be made. In general, the
continuous flow method is applied to chemical systems where high

concentrations and large volumes of reactants are available. A second
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problem with the continuous flow method is that in order to record the
entire reaction curve, measurements must be taken at several points
along the reaction tube since each point corresponds to a different
reaction time. In spite of these limitations, the continuous flow method
has been successfully employed in studies of enzyme systems (49), of
hemoglobin and related reactions (17,44-46), of proton transfer and of
oxidation-reduction reactions (50-55).

The accelerated flow method (43,56-59) is also based on rapid
mixing of solutions which initially flow in separate streams. In this
method, however, the flow velocity is continuously varied, while rapid
observation is made at a point close to the mixing chamber. Solution
requirements are minimal (about 0.1 ml) since the observation point is
only a short distance from the mixer. The accelerated flow method is
thus applicable to the study of chemical systems where concentrations
and amounts of reagents are limited. Enzymatic reactions often involve
expensive reagents which are available in limited amounts. Chance
(56-58) originally developed the accelerated flow method for the study
of enzyme reactions. Reactions with half lives of 0.3 msec have been
the fastest reactions studied by this technique. The third type of
flow method, the stopped-flow method, will be discussed separately in
Section B of this chapter.

The designs of flow systems for the continuous flow, accelerated
flow and stopped-flow methods readily allow equal volumes of reactants
of roughly the same viscosities to be mixed. To obtain sufficient
volume for this type of mixing can be a difficult matter as in the case
of some enzymes, where isolation of materials of reasonable purity is

a major problem. Dilution of these materials can create further
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problems. The regenerative flow apparatus designed by Chance (60,61)
is a modification which allows mixing of unequal volumes of reagents.
An 18-jet, 2-stage mixing chamber is employed, which provides a 100:1
mixing volume ratio of reagents. The system can be operated in either
of two modes. In the continuous mode, reagents flow into the mixing
chamber and then into the observation chamber where the reaction mixture
is retained long enough for complete reaction. In the intermittent mode,
reagents are delivered by batch to the mixer and observation tube. The
materials that flow from the observation tube are collected in a syringe
and are either pumped back continuously or are collected and driven back
to the delivery syringe. |

Regenerative flow principles have been used in conjunction with
spectrophotometric detection systems (60,61) for studies of labile
enzyme intermediates. Brill (62,63) employed this technique with a
Rankine balance for the detection of volume magnetic susceptibility of
pPrimary enzyme substrate intermediates. An apparatus used for electron
spin resonance measurements has been reported for mixing 100:1 volume
ratios of enzyme to substrate (64).

The baffle method (65) can also be classified as a flow method
since it involves mixing two reagents which are initially flowing in
separate streams. The two reactants are initially separated by a baffle
which is suddenly displaced from its position. Mixing proceeds and is
90% complete within about 15 msec. Progress of the reaction is followed
with a suitable detection system. Reactions with half lives on the

order of 100 milliseconds can be studied by the baffle method.
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3. Relaxation Methods

For the study of reactions with half lives shorter than a few
milliseconds, nonmixing or relaxation methods can sometimes be employed.
In these methods, the reactants are mixed and allowed to equilibrate.
The equilibrium is then suddenly perturbed, and the system readjusts
to the same or a new state of equilibrium through a process known as
relaxation. The reaction is studied during the relaxation time, the
time between equilibrium states. The relaxation time is related to
the forward and reverse rate constants for the reaction. The displacement
of equilibrium can be accomplished by small alterations of pressure
(66-68) , temperature (66-68), or electric field (66,68,69). Relaxation
techniques are limited to reversible chemical reactions.

The "sprung" methods are those in which the nonequilibrium state
is produced by a stepwise perturbation of one of the experimental
parameters. Periodic methods obviously involve periodic disturbances
on the system. Use of relaxation methods allows the measurement of

12 liter mole'1 minut:e'l or half

first order rate constants of up to 10
lives of 10-9 second. These values are typical for fast ionic reactions.
For even faster reactions, the equilibrium may be continuously
disturbed, which causes the production of a steady state different from
the original equilibrium (24). This method has limited application due

to difficulties in producing efficient and uniform continuous

perturbations.
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B. The Stopped-Flow Method
1. Introduction

The stopped-flow method has become an increasingly popular technique
for fundamental studies of rapid reactions and is now the most widely
used of the flow methods because the simple instrumentation and rapid
mixing features of the continuous flow method are incorporated with the
small reagent volumes of the accelerated flow method. In addition to
the applications in fundamental studies, the stopped-flow technique has
recently been shown to have considerable potential for quantitative
analytical determinations based upon rapid reaction rate measurements
(13,14). One of the more attractive features of the method is the
extremely short analysis time which can be achieved using moderately
fast reactions.

The stopped-flow method involves forcing the two reactants through
the mixing chamber at high flow velocity into an observation cell. The
flow of the solution is abruptly stopped, after which measurements are
made rapidly on the still mixture. The more sudden the stopping of
the flow, the faster the reaction that can be observed. The fastest
reaction that can be observed is limited by the time necessary for
physical mixing, which is on the order of a few milliseconds. To insure
that complete mixing has occurred, the observation cell is placed a
short distance from the mixing chamber. The efficiency of a stopped-flow
mixing system is dependent on the flow velocity, mixer design, and the

distance between the mixer and the observation cell.
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2. Advantages of Stopped-Flow Methods

There are several advantages of the stopped-flow method over the
continuous and accelerated flow methods. The most obvious improvement
over the continuous flow method is the decreased volume of reagents
required. The continuous flow method requires from several milliliters
to a few liters of solution, whereas most stopped-flow and accelerated
flow procedures involve less than one milliliter of each solution.

The slowest reaction time accessible to the continuous flow method
is limited by volume requirements and the minimum velocity for turbulent
flow. This sets the practical upper limit in the region of 100 msec for
the half life of the reaction. The lower limit is determined by the
efficiency of mixing. With the accelerated flow technique, the practical
limits are 1-10 msec. The range is determined by the requirement that
rapid observation must be made while the solution flow velocity is
varied. In the stopped-flow procedure, however, the time range extends
from about one millisecond to several minutes. The lower limit is
determined by mixing efficiency, and the upper 1limit, if any, depends
on the stability of the detection system.

Another advantage of the stopped-flow method is that the entire
reaction curve is easily obtained from a single observation. The complete
reaction can be observed for a single volume element of solution. In
order to obtain the complete reaction curve from a continuous flow
experiment, observations at several different points along the reaction
tube must be made.

The continuous flow method is also extremely sensitive to solution

inhomogeneities within the reaction tube, particularly if spectrophotometric
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detection is employed. In stopped-flow experiments this is not so large
a problem because there is usually sufficient time between stopping the

flow and the observation to allow the solution to become homogeneous.
3. General Considerations in Stopped-Flow Instruments

The first stopped-flow mixing system was reported by Chance in
1940 (56-58). Since that time several reports have appeared describing
improvements in the basic components of that instrument. Several new
stopped-flow systems have been designed. A general block diagram of a
stopped-flow mixing system is shown in Figure 1. The basic apparatus
consists of a reagent delivery system, drive mechanisms, mixing chamber,

observation cell, stopping device and a suitable detection system.

a. Reagent Delivery System. The reagent delivery system consists

of the reagent reservoirs, reagent syringes, and valves of some type.

The reagent reservoirs may be bottles of stock solutions, large syringes,
or microbeakers in a sample turntable. The reagent syringes vary in
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