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The kinetics of reactions in solution, having half-
reaction times in the range of a few seconds down
to 1 msec., are frequently studied by continuous-,
stopped- or accelerated-flow methods. The ‘ quench-
ing’ method has been less widely used and differs
from these methods in that the extent of reaction is
measured at leisure on a series of samples taken
from the streaming solution and ‘fixed’, by stop-
ping the reaction after appropriate time intervals
(Roughton & Chance, 1953). The essential require-
ment of this method is a quenching process which is
rapid compared with the reaction being studied.
Chemical quenching, in which the reaction is
stopped by introducing a reagent that arrests the
reaction at an appropriate point in the stream, has
found limited application, but the principle of
stopping a fast reaction by sudden cooling does not
appear to have been considered. In this paper some
of the conditions necesssary for the application of

what may be termed the ‘thermal quenching’
method are discussed and a suitable apparatus is
described. The usefulness of the method is limited
by the availability of procedures for determining
the extent to which the reaction has proceeded in
the frozen samples. It was devised for use in con-
junction with electron-spin-resonance measure-
ments, which are in any case frequently made on
frozen samples (see Addendum). The method has
also proved suitable for the semiquantitative study
of reactions involving colour changes.

Principle of the technique
Effect of cooling on reaction velocity. The tech-
nique depends on obtaining a series of samples of &
mixture in which the reaction has been allowed to
proceed for controlled periods and then stopped by
suitable cooling. For a reaction dependent on
molecular collisions and with a half-time of
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100 msec., freezing within 10 msec. and holding
the samples just below the freezing point until they
had been examined would presumably be effective.
However, intramolecular rearrangements might
continue in the frozen state; e.g., with a constant
temperature coefficient of 2 per 10° and a half-time
of 100 msec. at 20°, the half-times would be about
2 min., 2 hr. and 2 days at temperatures of — 80°,
—140° and —190° respectively. It would there-
fore be necessary to cool the frozen samples from
such reactions further, if possible to the tempera-
ture of liquid nitrogen, with little delay to obtain
effective quenching.

Method of cooling. The most suitable method of
cooling the solution appeared to be to squirt it
through a narrow jet into an immiscible liquid
maintained at as low a temperature as possible.
This was preferred to squirting directly into liquid
nitrogen (or into any liquid with a boiling point
below the temperature of the reaction solution),
since gasification of the coolant would retard heat
transfer. The order of magnitude of time required
to freeze, for example, a dilute aqueous solution at
20° squirted into hexane at — 80° may be obtained
by assuming that the water enters the hexane as a
cylindrical stream with a diameter equal to the
bore of the jet. If there is a large excess of hexane,
and if sufficient turbulence is set up to maintain
the surface of the water near to — 80° throughout
the freezing process, then the freezing time will
depend solely on heat transfer through the water.
Calculations based on these assumptions indicate
that the freezing time goes up in proportion to the
square of the bore of the jet and is about 10 msec.
for a bore of 0-2 mm. The freezing time would be
longer if air were carried into the hexane with the
water, since this would delay the liquids’ coming
into contact with each other. The time would be
shorter if the water broke up into smaller drops. It
was concluded that solutions should be squirted
through as narrow a jet as was practical, a theor-
etical upper limit for the bore being about 0-2 mm.

Method of driving the liguids. In order to con-
serve the solutions that are interacting, the flow of
the liquids should be accelerated very rapidly to a
predetermined value, maintained there until a
sample large enough for measurement has been
collected (this took a time of the order of 1 sec. in
the final form of the apparatus) and then the flow
stopped, again very rapidly; thus each sample
would be essentially homogeneous with regard to
the time that elapsed between mixing the solutions
and freezing. This was achieved by driving the
liquids from syringes by means of a constant-
speed hydraulic ram. This type of apparatus is
mentioned by Roughton & Chance (1953), but no
details are given. The hydraulic pressure likely to
be reached in the flowing liquid was calculated to
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be of the order of 10 atm. and the force required to
drive the plungers of the syringes of the order of
3 kg. wt. If the hydraulic ram driving the plungers
is not to be slowed down significantly by the
syringes, it must be capable of delivering at least
10 times this force.

Details of the apparatus

The apparatus consisted of the following components:
(i) the hydraulic ram unit; (ii) the syringes and reaction
unit; (iii) the ram-velocity indicator. These were all
mounted on a heavy steel base (Fig. 1).

Hydraulic ram unit. The ram D had a bore of 6 cm. and
was mounted horizontally. It was connected via a magnetic-
ally operated valve C and a needle valve B to the bottom of
a pressure vessel A. The vessel had a capacity of approx.
2 1. and was fitted at the top with a pressure gauge and two
needle valves, one of which could be connected to a source
of compressed air and the other to a vacuum pump. The
pressure vessel was about one-third filled with aqueous
glycerol (viscosity 8 centipoises) or, for some experiments,
with methanol, which served as the hydraulic fluid. To
operate the ram, the magnetic valve was closed and the
lower needle valve B was opened to a suitable extent.
Pressure (4 atm. for most experiments) was then applied to
the vessel and the top valves were closed; on opening the
magnetic valve, the ram moved forward at a virtually
constant velocity. This velocity was controlled by varying
the setting of the lower needle valve. The ram could be
withdrawn by applying suction to the pressure vessel.

The operating end of the ram was fitted with two adjust-
able screw pieces E to bear on the syringe plunger heads and
with a guide to prevent rotation of the ram. The travel of
the ram was limited by means of a heavy adjustable screw-
stop F. The stroke was terminated when the operating end
of the ram hit this stop.

Syringes and reaction unit. This part of the apparatus is
shown in Fig. 2. All-glass syringes were originally em-
ployed, but proved unsatisfactory for delivering concen-
trated protein solutions, since denaturation on the ground-
glass surfaces caused the syringes to jam. They were there-
fore replaced by specially constructed syringes with Per-
spex barrels (3-6 mm. bore) and Teflon plungers. The con-
necting, reaction and jet tubes were 0-5 mm. bore poly-
thene tubing with a wall thickness of 0-5 mm. The mixing
chamber H was made by drilling three 0-5 mm. holes to
meet at a point in a block of Perspex. (Slight imperfections
in the drilling would improve the efficiency of mixing.)
A number of interchangeable reaction tubes K with lengths
varying from 10 to 90 cm. were used with the apparatus.
Details of the connectors are shown in Fig. 3. Flanges of
the shape illustrated could be made simply by heating the
ends of the polythene tubes over a small electric radiant
heater. Drilled-out stainless-steel screws going into tapped
holes in the Perspex block served to press the polythene
flanges firmly against the Perspex block. Thus no metal
parts came into contact with the solutions. The jet I was
made by drawing out a piece of polythene tubing over the
electric heater. A certain amount of practice was required
for this, and a satisfactory shape is shown in Fig. 4.
Although the syringes were arranged horizontally, the jet
actually pointed vertically downwards (i.e. into the plane
of the paper in Fig. 2). For runs at the shortest possible
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reaction time, the jet tube was connected directly to the
mixing chamber.

Ram-velocity indicator. As the ram approached its stop F,
& microswitch attached to it first closed and then opened a
circuit which allowed a condenser to be charged up from
a fixed-voltage source. The arrangement was such that the
circuit closed when the ram was 9 mm. from the stop and
opened again when there was 3 mm. of travel left. After
the run, the voltage on the condenser was measured by
switching it to a high-resistance internal-reflecting galvan-
ometer. The condenser was normally charged to a potential
low compared with the applied voltage; hence there was a
linear relationship between the reciprocal of the galvan-
ometer reading and the ram velocity. To calibrate the timer,
the ram velocity was also measured directly, under suitable
conditions, with a stop-watch.
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In order to calculate the time interval corresponding to
passage of a small portion of the solution from the mixing
chamber to the jet, it was necessary to know the volumes of
the reaction tubes and the jet tubes. These were con-
veniently determined by weighing each tube empty and
full of water. The time ¢ (msec.) could then be calculated
from the equation ¢ = w/VA, where V is the ram velocity
(cm./sec.), A is the total cross-sectional area (cm.2) of the
two syringes and w is the weight (mg.) of water required to
fill the reaction tube and jet. (The amounts of water in the
mixing-chamber block and the block connecting the re-
action tube to the jet were relatively small, and were
ignored.)

Cooling methods. Two procedures were used. In the first,
the reaction solution was squirted into hexane (m.p.
—100°, b.p. +70°) or light petroleum (b.p. 60-80°) cooled
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Fig. 1. Hydraulic system and general layout. A, Pressure vessel; B, needle valve; C, magnetic valve; D, hydraulic
ram; E, adjustable screws bearing on syringe plunger heads; F, adjustable ram stop; G, syringes (the second is
behind the first); H, mixing chamber; I, jet; J, container of cold liquid.

Fig. 2. Syringes and reaction unit. H, Mixing chamber; I, jet; K, reaction tube.
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in solid CO, to about —60°. This proved satisfactory for
some work, but on theoretical grounds a lower temperature
seemed desirable. The second procedure thus consisted of
squirting into isopentane [m.p. —160°, b.p. +30° (Harris,
1954)] at about — 140°; below this temperature, the liquid
became unduly viscous. The temperature of —140° was
maintained by means of a bath employing liquid nitrogen
as the coolant.

Operating procedure. The syringes were filled, care being
taken to avoid bubbles and any debris that might block the
jet, and connected to the mixing chamber. The ram was
brought slowly up to the syringes so that both screwstops £
were in contact with the plungers, and the system was
filled with the solutions up to the outlet from the reaction
chamber. A suitable reaction tube and jet were then con-
nected but left empty, and the ram stop F' was set so that
the required volume of solutions would be delivered. The
ram was withdrawn a little way from the plungers (to
ensure that it reached its maximum velocity before striking
them) and the ram and timer controls were set. Immediately
before the magnetic valve C was operated to make the run,
a suitable container of the cooling liquid J was removed
from its bath and held in the operator’s hand, with the
surface of the liquid 1-2 cm. below the jet. Squirting the
aqueous solution into the hydrocarbon in this manner
caused violent turbulence. The aqueous solution froze
apparently instantaneously, to give a suspension of fine ice
crystals which settled out within a few seconds. After the
run, the container was returned to the cooling bath, and the
timer was read.

In any series of experiments a fixed operating pressure
and valve-setting were employed, so that the ram velocity
was kept constant (or almost so) and the reaction time was
varied by interchanging the reaction tubes K.

Tests on the apparatus

Flow tests. The ram velocity was fairly uniform
and reproducible and relatively independent of the
presence of the syringes. The smallest practicable
jet had a bore of 0-10 mm. ; a size of about 0-14 mm.
was used for the quantitative work described
below. Suitable flow rates were about 0-2—2-0 ml./
sec., corresponding to flow velocities in the 0-5 mm.
bore reaction tube of 1-10 m./sec. The lower limit
was set by the performance of the ram and the jet
and the upper limit by the strength of the poly-
thene tubing. The range of reaction times covered
by the apparatus was therefore about 10-1000 m-
sec.

The efficiency of mixing chambers similar to the
one described was established by Roughton &
Chance (1953). The velocity for a change to turbu-
lent flow in the reaction tube was about 4 m./sec.
and most runs were carried out at lower velocities.

Tests on a model fast reaction. The reaction
H,CO; -~ H,0+CO, is one that has been used for
testing other types of fast-reaction apparatus
(Dalziel, 1953; Gibson, 1954). When 0-02M-
NaHCO; is mixed with 0-01M-HCI, the solution is
initially acid to bromophenol blue, but as the
carbonic acid which is first formed decomposes,
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Fig. 3. Method of connecting a flanged polythene tube to a
Perspex block.

ﬂ 10mm.

Fig. 4. Deta,il;of polythene jet I (see Fig. 1).
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with a half-life of the order of 100 msec. at room
temperature, the solution becomes alkaline to the
indicator. Runs were carried out with the above
concentrations of HCl and NaHCO,; in the two
syringes and with 0-029, bromophenol blue in
each of the reagents (this indicator concentration is
considerably higher than that used by the other
workers).

Satisfactory results were obtained by using
150 ml. portions of light petroleum (b.p. 60-80°),
contained in stoppered vessels and thoroughly
cooled in solid CO;—methanol. Preliminary experi-
ments showed that with short reaction times the
crystals were noticeably yellow, whereas with
longer times they were bluish purple. On thawing,
all the samples became purple. With many shapes
of container, & small amount of solution often
froze on the bottom rather than as free crystals.
This material usually had a somewhat different
colour from the bulk of the crystals, and had to be
ignored when colour comparisons were made. It
probably arose as a result of the petroleum’s being
stationary when the stream of water first struck it,
allowing some of the water to pass straight to the
bottom of the container rather than be carried
around by the violent motion that ensued. The
containers described in the Addendum did not seem
to possess this disadvantage.

With the exception noted above the colour within
a sample was always homogeneous. This is taken as
evidence that in any one run the value of ¢ was
constant. Deviations would have been expected if
the ram speed was not uniform, if there were air
bubbles in the liquids, or if elasticity of the
polythene tubing at the rather high operating
pressures became a serious factor. When the jet
bore was increased from 0-14 to 0-22 mm., which
might have the effect of increasing the freezing
time, noticeably bluer crystals were obtained.

Finally, an attempt to obtain semiquantitative
results was made at 25° with reaction times in the
range 20-300 msec. The frozen samples were kept
in the bath for periods of 0-5-3 hr., then removed
and photographed in colour. Once the samples
were thoroughly frozen and cooled, no colour
changes were observed. However, it was essential
that the photographs were taken as soon as possible
after the crystals were removed from the bath,
since, apart from the danger of thawing, a re-
versible intensification of the colours appeared to
take place on warming slightly. A series of citrate
buffers of known pH containing bromophenol blue

13
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were prepared, and were run in the apparatus and
photographed under identical conditions. It was
then possible, by visual comparison of the photo-
graphs, to determine the pH at each value of ¢,
generally with an estimated error of + 0-2 pH unit.
A graph of pH against ¢ was plotted. Within the
rather large limits of experimental error this graph
was linear, cutting the ¢ = 0 axis at pH 3-8 +0-3
and with a slope of 170 + 40 msec./pH unit. These
data are in satisfactory agreement with published
work. Thus Dalziel (1953) found an initial pH of
3-5-3-6, whereas Gibson (1954) found 3-7. If 3-6 is
assumed to be the correct value, then the time
required to stop the reaction in the present work
may be calculated to be 30msec. (limits, 0—90 msec.).

It was therefore concluded that the performance
of the apparatus was satisfactory and that at least
one fast reaction could be effectively stopped by
the cooling procedure described.

SUMMARY

1. Conditions necessary for stopping rapid
reactions by squirting aqueous solutions through a
fine jet into & cold immiscible liquid are discussed.
An apparatus is described which produces homo-
geneous samples frozen at any desired stage of a
reaction occurring in aqueous solution and having
a half-life of the order of 100 msec.
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ADDENDUM

Electron-Spin-Resonance Measurements

By R. C. BRAY* axp R. PETTERSSON
Institutes of Biochemistry and Physics, University of Uppsala, Sweden

(Received 9 January 1961)

In order to make measurements of electron-spin-
resonance signals on samples frozen by the technique
described in the preceding (main) paper it was necessary to
pack the ice crystals into tubes suitable for insertion into
the cavity of a Varian V 4500 spectrometer. This was
achieved by squirting a 0-3-0-5 ml. portion of the reaction
mixture into about 40'ml. of cold hexane or isopentane in
a silica tube as illustrated in Fig. 1. The tube was returned
to the cooling bath immediately after squirting and some of
the ice orystals were packed into the bottom by working
a packing device (Fig. 2) up and down in the tube, the
latter being kept in the cooling bath throughout. A solid
mass of crystals about 2 cm. in height was obtained at the
bottom ; the tube was then removed from the bath and the
lower part immersed in liquid nitrogen until the electron-
spin-resonance measurements were made. The operations,
from squirting to cooling in liquid nitrogen, occupied
2-7 min. The measurements were made at the temperature
of liquid nitrogen. The tubes were positioned carefully
inside the vacuum flask of the spectrometer with the
samples at the centre of the cavity. Comparison of the
volumes occupied by the packed icé crystals and the water
obtained on thawing indicated that about 609, of the
packed volume was ice. This figure was fairly reproducible.

The technique was tested by using as a model
reaction the reduction of Fe3+ to Fe?+ ions by
quinol. This reaction has been studied by con-
ventional methods by Baxendale, Hardy &
Suteliffe (1951), and extrapolation of their data
suggested that a suitable reaction velocity would
be obtained under the conditions set out in Fig. 3.
The results in Fig. 3 show that reasonable precision
was achieved.

The application of the method to the study of an
enzymic reaction is reported by Bray (1961). It
is interesting to compare the performance and
potentialities, particularly for the study of en-
zyme intermediates, of the present freezing method
with themore conventional continuous- and stopped-
flow electron-spin-resonance methods. Continuous-
flow methods suitable for examining free radicals
arising from the substrate (Chance et al. 1961;
Yamazaki, Mason & Piette, 1960) or from the

* Permanent address: Chester Beatty Research Insti-
tute (Institute of Cancer Research: Royal Cancer Hospital),
London, S.W. 3.

enzyme (Commoner & Hollocher, 1960) have been
described, but none of the procedures seem suitable
for rapid-reaction work on enzyme intermediates.
A stopped-flow method is also described by Yama-
zaki ef al. (1960) and, by raising the enzyme concen-
tration, this could in principle be extended to the
observation of enzyme, in addition to substrate,
free radicals. However, if the time resolution of
the electron-spin-resonance spectrometer is re-
duced to the level necessary for such work, the
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Fig. 1. Silica tubes. The diameters are internal.
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Fig. 2. Section through packing device. 4, Lower part of
silica tube (Fig. 1); B, stainless-steel rod extending to top
of tube; C, Teflon packer, fitting fairly tightly in tube;
D, small holes.

signal : noise ratio falls; this means in principle that
the faster the reaction, the higher the enzyme con-
centration required. In fact, in each of the four
enzymic reactions studied by Bray (1961), Com-
moner & Hollocher (1960), Nakamura (1960) and
Yamazaki et al. (1960), the lowest free-radical con-
centration reported was of the order of 0-1 ym. In
general, though hyperfine structure may not be
apparent in the cold, measurements on frozen
aqueous samples give greater sensitivity than do
those on unfrozen ones. Hence the present method
should be capable of working at lower enzyme con-
centrations than the stopped-flow method. A
further advantage of the freezing procedure is that
certain signals which can readily be detected in the
cold are not detectable at room temperature,
presumably because of the rapid increase in line
width (Beinert & Sands, 1960; Bray, Pettersson &
Ehrenberg, 1961). The quantity of enzyme solution
required to obtain an entire curve in the present
procedure was about 2 ml., which is somewhat
more than the minimum required for stopped-flow
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Fig. 3. Rate of decrease of electron-spin-resonance signal
in the region of g = 4, on mixing a solution containing
Fe*+ (0-04 g.atom/l. in 0-01M-HCIO, containing 0-5M-
NaClO,) with an equal volume of quinol (0-4M in the same
solvent) at 25°. The reaction was stopped by squirting the
solution into hexane at —60°. The curve through the
experimental points was calculated for a unimolecular
reaction with k£ = 2-0 sec.™?

procedures, but very much less than that needed
for continuous flow. Further, whereas the stopped-
flow procedure has to be carried out successively at
a series of fixed field strengths, each corresponding
to a particular g, the freezing technique gives a
complete electron-spin-resonance spectrum at each
reaction time: this may be a considerable advant-
age where, for instance, new signals are unex-
pectedly encountered.
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