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Continuous-flow methods are a simple and efficient tool for monitoring the kinetics of chemical reactions in
solution. After a reaction has been initiated by a mixing step, liquid flows down an observation tube while
the reaction proceeds. The kinetics can be monitored by suitable detectors that are positioned downstream
from the mixing point, assuming that the distance from the mixer is linearly related to the “age” of the
reaction mixture. It is widely accepted that kinetic experiments of this kind necessarily require turbulent flow
in the observation tube, which implies considerable sample consumption due to high flow velocities and
large tube diameters. Reduction of flow velocity and tube diameter leads to laminar flow which is characterized
by a maximum velocity in the center of the tube and a zero velocity at the tube walls, therefore resulting in
a “blurring” of the time axis. However, a number of recent continuous-flow studies that were carried out
under these conditions (Konermann et al.Biochemistry1997, 36, 5554-5559. Konermann et al.Biochemistry
1997, 36, 6448-6454. Zechel et al.Biochemistry1998, 37, 7664-7669) have indicated that the extent of the
dispersion problem is much less pronounced than might be anticipated. In this work, detailed computer
simulations are used to study the effects of laminar flow on continuous-flow experiments. It is shown that the
distortion of the measured kinetics under laminar flow conditions is surprisingly small, especially when the
reaction occurs on a time scale where molecular diffusion in the tube has notable effects on the age distribution
function. The results of this study clearly indicate the feasibility of continuous-flow experiments in the laminar
flow regime.

Introduction

Extensive knowledge regarding the mechanisms of protein
folding, enzymatic and biological electron transfer reactions
comes from kinetic experiments in the time range of mil-
liseconds to some tens of seconds. These experiments allow
the detection and structural characterization of transient reaction
intermediates as well as the measurement of rate constants and
activation energies. The kinetics of reactions in solution may
be monitored in two different ways. In the stopped-flow method,
two or more reactants are rapidly mixed and then transferred to
an observation cell where the kinetics can be monitored by
optical spectroscopy.1-4 The stopped-flow technique is often
used in conjunction with chemical quenching which allows off-
line analysis of reaction intermediates by NMR, mass spec-
trometry (MS), or other methods.5,6

In the historically older continuous-flow method, the reactants
are mixed and the reaction occurs while the mixture flows down
an observation tube. The age of the reaction mixture (i.e., the
reaction time) depends on the distance between the mixing and
observation points. It is a simple matter to monitor the reaction
kinetics downstream from the mixing point by suitable detectors
at different positions along the tube.4,7-11 By using CCD arrays,
a very large number of points along the tube can be monitored
simultaneously, which greatly simplifies the experiment.12,13One
important advantage of the continuous-flow method is that
detectors with long response times can be used since the kinetics
are not monitored in real time. Another advantage is that the
time resolution in these experiments can be on the order of 50

µs, which is a factor of 30 better than the resolution obtainable
in stopped-flow devices.12 A similar time resolution can be
obtained in pulsed/continuous-flow experiments by using inte-
grating observation.14,15 This modified technique requires
somewhat smaller reactant volumes than traditional continuous-
flow experiments. However, the sample consumption is still
significantly higher than in stopped-flow experiments.

Turbulent flow in the observation tube is widely regarded as
an absolutely essential requirement for kinetic continuous-flow
experiments in solution.1,2,7,8,14Turbulent flow leads to continu-
ous mixing of fast and slow liquid in the tube. Data analysis
under these conditions is commonly carried out as if the flow
velocity were constant across the tube (“homogeneous” flow).
Turbulent flow in a tube can be predicted by calculating the
Reynolds numberR

whereVj is the average flow velocity,d is the tube diameter,F
is the density, andη is the viscosity. Turbulent flow occurs
whenR exceeds 2000.2,16

For R < 2000, the flow is laminar and has a parabolic
velocity profile. Under these conditions, the velocityV as a
function of radial positionr for a circular tube with radiusR is
given by17

The flow velocity at the center of the tube,Vmax, is twice the
average flow velocityVj. The dispersion of reactants and products
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caused by the variation in the flow velocity across the tube will
blur the time axis, which could lead to a substantial distortion
of the observed kinetics. In fact, it appears that meaningful
kinetic experiments under laminar flow conditions might be
impossible.

However, this does not seem to be the case. In a number of
recent studies, a continuous-flow setup was coupled to an
electrospray ionization mass spectrometer for monitoring the
kinetics of protein folding18,19 and enzymatic reactions.20 The
flow tube in these experiments had a diameter of only 75µm
and flow rates were as low as 10 to 30µL/min, resulting in a
Reynolds number between 2.8 and 8.5, which implies laminar
flow. Surprisingly, it was found that the kinetics monitored by
this device agreed very well with results obtained by conven-
tional stopped-flow methods. This raises the question whether
turbulent flow is required for these experiments or not. Answer-
ing this question is important for kineticists since continuous-
flow instruments operating under laminar flow conditions could
be very useful because of their versatility, low cost, and low
sample consumption. Up to now, the effects of laminar flow
on kinetic experiments in solution have not been studied in
detail. Earlier work9 has treated this question only superficially,
leaving open questions regarding the nature of the processes
occurring in the observation tube and at the detector. Interest-
ingly, continuous-flow measurements under laminar flow condi-
tions have been used for many years to study the kinetics of
chemical reactions in the gas phase with high precision.21,22

None of these gas-phase flow techniques rely on specific
properties of the carrying medium. Therefore, it appears that
meaningful kinetic measurements under laminar flow conditions
should be possible not only for gas-phase reactions.

The goal of the present study is to clarify the effects of
laminar flow on kinetic continuous-flow experiments in solution.
Computer simulations of kinetics measured under laminar flow
conditions are compared to data that would be observed in a
hypothetical ideal continuous-flow setup with homogeneous
flow. It is shown that laminar flow can somewhat distort the
observed kinetics, but the magnitude of these effects appears
to be modest. Diffusion of analyte molecules in the tube can
almost eliminate these distortions so that the observed kinetics
are often virtually identical to those that would be observed
under homogeneous flow conditions. To allow a direct com-
parison to recent experimental work,18-20,23 the calculations in
this study were carried out for an observation tube with an inner
diameter of 75µm and an average flow velocityVj of 0.113
m/s, which corresponds to a flow rate of 30µL/min.

Theory

For continuous-flow experiments, it is necessary to distinguish
two types of detectors. A “type I detector” monitors the cross-
sectional area of the tube at a certain longitudinal position and
counts the number of analyte molecules that flow through this
plane per time unit. An example of such a detector is an
electrospray ionization mass spectrometer that monitors mol-
ecules at the exit of a capillary.24 A “type II detector” monitors
the average concentration in the tube at a certain longitudinal
position. Examples of type II detectors are optical devices such
as spectrophotometers or fluorimeters.

Consider a large number of analyte molecules that flow
through an observation tube oriented along thex-axis of a
cylindrical coordinate system. Molecules enter the tube atx )
0. The agea of a molecule at a longitudinal positionx ) l is
defined as the time that has elapsed since the molecule has
passedx ) 0. The variableτ ) l/Vj (in units of seconds) is used

to establish a time axis along the observation tube. IfP(a) da
is the probability that an analyte molecule atx ) l has an age
in the rangea to a + da then the average age〈a〉 of the analyte
at x ) l is given by

In the hypothetical case of homogeneous flow [V(r) ) Vj], P(a)
is given by a Dirac functionP(a) ) δ(a - τ) and

Now consider a chemical reaction where, in an isolated reaction
vessel (i.e., not a flow device), the time-dependent concentration
of a molecular species would be given byC(t). For studying
the kinetics of this reaction in a continuous-flow experiment, it
is assumed that reactant mixing atx ) 0 occurs instantaneously
and that the dimensions of the mixer are small compared to the
volume of the observation tube. A type I or type II detector
located atx ) l will measure an average concentration〈C〉 that
is given by

The analysis of kinetic continuous-flow experiments is usually
carried out as if the flow in the tube were homogeneous. In
these cases, it is assumed that

Under laminar flow conditions, this approximation is not
appropriate. Instead, the characteristics of the age distribution
functionP(a) have to be taken into account explicitly. We will
now calculateP(a) for the limiting case where diffusion of
analyte molecules in the tube can be neglected. The two types
of detectors have to be considered separately.

Age Distribution Function for a Type I Detector under
Laminar Flow Conditions. For a type I detector, molecules
that travel close to the center of the tube have a stronger
contribution to the overall signal than molecules that travel close
to the capillary wall. This is because molecules flowing near
the center line are faster, and therefore more of them cross the
detector plane per time unit. For calculatingP(a), the observation
tube is divided into a large number of concentric, circular layers,
each of them having a wall thickness of dr. The total liquid
volumeV that passes through the detector plane in a time ofT
seconds is given by

At the detector, each concentric layer of solution betweenr and
r + dr contains molecules of agea ) l/V(r). Its contribution to
the volumeV is dV ) 2πr V(r)T dr. Therefore,

With a ) l/V(r) and eq 2, we obtain

so thatP(a) is given by

〈a〉 ) ∫0

∞
aP(a) da (3)

〈a〉 ) ∫0

∞
a δ(a - τ) da ) τ (4)

〈C〉 ) ∫0

∞
C(a) P(a) da (5)

〈C〉 ≈ ∫0

∞
C(a) δ(a - τ) da ) C(τ) (6)

V ) T∫0

R
2πrV(r) dr ) 1

2
πR2VmaxT (7)

P(a) da ) dV
V

) 4( r

R2
- r3

R4) dr (8)

dr
da

) 1

2x1 - l/(Vmaxa)

1

a2
(9)
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and

The average age of the solution atx ) l, calculated from eq 3,
is 〈a〉 ) l/Vj ) τ.

Age Distribution Function for a Type II Detector under
Laminar Flow Conditions. It follows that for a type II detector

whereA ) πR2 is the cross section of the tube and dA ) 2πr
dr is the area of a ring which has a width of dr and corresponds
to an agea. With eqs 2 and 9,P(a) for a type II detector is

and

Plots of the age distribution functions calculated from eqs 10
and 12 are shown in Figure 1.

Effects of Molecular Diffusion. The age distribution func-
tions calculated above are valid for analyte molecules that are
transported through the capillary by convection only. A realistic
description must take into account molecular diffusion which
continuously changes the radial position and hence alters the
longitudinal velocityV(r) of each molecule as it flows through
the tube. Previous work25 has shown that for the type of
simulations carried out in this study the diffusion in the
x-direction can be neglected since longitudinal movement is
completely dominated by convection. Consequently, it is a good
approximation to describe molecular diffusion as a two-
dimensional random walk perpendicular to the tube axis. Under
these conditions, the probability densityW(s,t) for finding a
molecule at a distances from its original location after timet
is given by26,27

From this equation, the mean square displacement〈s2〉 after time
t can be calculated,

Computer Simulations

The Model. Deriving the age distribution function from
analytical solutions of the convective-diffusion equation25,28-34

is not straightforward, except for the trivial case whereD ) 0.
In the present study,P(a) is calculated by a computer-based
numerical method. In this method, the flow of analyte molecules
through the combined effects of convection and diffusion is
simulated by an iterative algorithm. For computingP(a), it is
assumed that these molecules are “stable”, i.e., they do not
undergo a chemical reaction. Every iteration step corresponds
to a time interval∆t (∆t is in the range 1-5 ms), and it consists
of two parts: (i) each molecule is advanced in thex-direction
according to∆x ) V(r)∆t, whereV(r) is given by eq 2; (ii) in

the absence of convection, each molecule is displaced as the
result of two-dimensional diffusion. It is assumed that∆s )
2xD∆t (see eq 14) so that

The directionæ of each diffusive step is taken at random from
0 < æ e 2π. If rnew exceeds the radiusR, the molecule is
reflected from the wall and the new radial distancernew′ becomes
rnew′ ) 2R - rnew. The particle flow is monitored at various
positionsx ) l by type I and type II detectors. The type II
detectors monitor the average concentration in a volume ofπR2

× 4R.
Calculation of Age Distribution Functions from the Model.

Computation of the age distribution function is done by
simulating the flow of a “semi-indefinite slug” of analyte
molecules through the tube by the iterative process described
in the last paragraph. Fort ) 0, the distribution of molecules
in the tube is characterized byC(x,r,t) ) 1 for x < 0 and
C(x,r,t) ) 0 for x g 0. The age of each molecule, i.e., the time
elapsed since it has passedx ) 0, is monitored during the
simulation. When a particle is detected atx ) l, its age is stored
in the computer memory. The age distribution functionP(a) is
calculated by generating a normalized histogram from the age
values of a large number (typically about 5× 105) of molecules.
Only those molecules are taken into account that are detected
after the signal intensity has reached a constant level. A typical
example for a type I detector positioned atl ) 7.5 cm is depicted
in Figure 2.

Results

Validity of the Model. The computer model described above
provides a simple approximate description for the effects of
convection and diffusion on analyte molecules that flow through
a circular tube under laminar flow conditions. Before this model
is used for calculating age distribution functions under different
conditions, its validity has to be tested. Figure 3 shows results
of simulations for the flow of a thin sample plug through a tube.
The average concentration monitored by a type II detector at
different positionsx ) l is plotted as a function of time. Initially
(t ) 0), all the molecules are distributed uniformly across the
cross section of the tube atx ) 0. Curve 1 shows the result of
a simulation forl ) 32 cm in the absence of molecular diffusion.
The dispersion of the analyte is clearly evident. The leading
edge of the signal is detected att ) l/(2Vj). Its tailing portion is
due to slowly flowing molecules at successively larger radial

P(a) ) 2l2

Vmax
2

1

a3
for a g l/Vmax

P(a) ) 0 for a < l/Vmax (10)

P(a) da ) dA
A

) 2r

R2
dr (11)

P(a) ) l
Vmax

1

a2
for a g l/Vmax

P(a) ) 0 for a < l/Vmax (12)

W(s,t) ) 1
4πDt

e-s2/(4Dt) (13)

〈s2〉 ) ∫s)0

∞ ∫æ)0

2π
s2 1

4πDt
e-s2/(4Dt)s ds dæ ) 4Dt (14)

Figure 1. Age distribution functions for two types of detectors
positioned atl ) 1 cm. The average flow velocityVj in this case is
0.113 m/s so thatτ ) 0.09 s.

rnew ) (rold
2 + ∆s2 - 2rold∆s cosæ)1/2 (15)

7212 J. Phys. Chem. A, Vol. 103, No. 36, 1999 Konermann



distances. Also shown is the theoretical distribution33 that is
expected for this experiment (solid line). Curve 2 shows the
signal for the same detector position but for a different diffusion
coefficient,D ) 5 × 10-10 m2/s. The tendency of molecular
diffusion to prevent the initial sample plug from being dispersed
is obvious. Figure 3 also shows the simulated detector signal
for the same value ofD but for detectors located atl ) 64 cm
and l ) 128 cm (no. 3 and no. 4, respectively), together with
the theoretical “Taylor curves”.25 In all four cases, the agreement
between simulated and theoretical data is remarkably good. It
is concluded that the model works well for describing the analyte
flow through a tube under laminar flow conditions. Therefore,
it provides an adequate basis for assessing the effects of
convection and diffusion on the kinetics observed in continuous-
flow experiments. The model could also be useful for describing
dispersion phenomena that are encountered in other areas, such
as flow-injection analysis.28

Reaction Kinetics Monitored by Continuous-Flow Using
a Type I Detector. Typical examples of age distribution
functions for a type I detector are depicted in Figure 4 forD )
5 × 10-10 m2/s. The shape ofP(a) depends strongly on the
detector position along the tube. The age distribution function
in Figure 4A forl ) 1 cm is virtually identical to that expected

in the absence of diffusion (see Figure 1). This is because the
residence time of analyte molecules in the tube is too short to
allow a notable influence of diffusion. Under these conditions,
P(a) has a maximum ata ) τ/2. When the distance from the
origin to the detector is increased by a factor of 100 (Figure
4C), P(a) is almost symmetrical and has a maximum arounda
) τ. Again, this effect is due to diffusion which counteracts
the dispersion caused by the inhomogeneous velocity profile.
Figure 4B represents a situation intermediate between these two
extremes;P(a) still has a maximum close toa ) τ/2 but shows
a pronounced shoulder neara ) τ. All the age distribution
functions for type I detectors correspond to an average age of
〈a〉 ) τ.

The effects of convection and diffusion on the kinetics
observed in continuous-flow experiments are shown in Figure
5. For the sake of simplicity, this comparison is carried out for
first-order kinetics where the reactant concentration as a function
of time is given byC(t) ) C0 e-kt with C0 ) 1 mol/L. The
concept presented here can easily be applied to more complex
cases, and the general phenomena observed will remain the
same. The three columns in Figure 5 represent the kinetics for
rate constants ofk ) 10 s-1, k ) 1 s-1, and k ) 0.1 s-1,
respectively. Results are shown in three rows that correspond
to different diffusion coefficients, beginning withD ) 0 in the
first row. The diffusion coefficientD ) 1 × 10-10 m2/s used in
the second row is a typical value for medium-sized proteins
such as lysozyme, myoglobin, or cytochromec. These data
describe the situation that is encountered in continuous-flow
studies on protein folding.18,19 The third row uses the valueD
) 5 × 10-10 m2/s representative for molecules about the size
of sucrose. Each of the panels in Figure 5 compares a pair of
curves. The solid symbols show the kinetics that would be
observed in an ideal continuous-flow experiment (homogeneous

Figure 2. Signal monitored by a type II detector for a “semi-infinite
slug” of analyte molecules that flows through an observation tube. The
portion of the signal that is used for extracting the age distribution
functionP(a) is indicated. Parameters used in this simulation:D ) 5
× 10-10 m2/s; d ) 75 µm; Vj ) 0.113 m/s.

Figure 3. Flow of a thin sample plug through an observation tube.
Shown is the average concentration (monitored by a type II detector)
in the tube as a function of time at different positionsl. Scattered points
are obtained from current simulations, solid lines are theoretical curves
taken from the literature (see text). Data are shown for the following
conditions: (1)D ) 0 m2/s, l ) 32 cm; (2)D ) 5 × 10-10 m2/s, l )
32 cm; (3)D ) 5 × 10-10 m2/s, l ) 64 cm; (4)D ) 5 × 10-10 m2/s,
l ) 128 cm.

Figure 4. Age distribution function as a function of detector position
l for a type I detector and a diffusion coefficient ofD ) 5 × 10-10

m2/s. Tube lengths and the respective values ofτ are as indicated in
the three panels.
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flow), whereas hollow symbols describe the kinetics observed
for laminar flow conditions calculated from the corresponding
age distribution function by using eq 5. ForD ) 0 (parts A-C
of Figure 5), the deviations between ideal and the realistic curve
are most dominant. The maximum deviation occurs at around
two half-lives of the reaction when, under homogeneous flow
conditions, the average concentration〈C〉 in the tube has
decreased to 25%. For laminar flow, it has decreased to about
33% of the initial concentration. Molecular diffusion reduces
the extent of these deviations significantly. This effect becomes
more pronounced the longer the residence time of the reaction
mixture in the tube, as can be seen from parts D-F of Figure
5 for D ) 1 × 10-10 m2/s. For a short observation window of
0.6 s (Figure 5D), the reduction of the deviation is still small
but the discrepancies become successively smaller in the two
longer observation windows (Figure 5E,F). For a diffusion
coefficient of D ) 5 × 10-10 m2/s (Figure 5G-I), a notable
reduction of these deviations is observed even for the shortest
time window. For practical purposes, the differences in Figure
5H are negligible and the two curves shown in Figure 5I are
virtually identical.

Reaction Kinetics Monitored by Continuous-Flow Using
a Type II Detector. Qualitatively, very similar effects are
observed when a type II detector is used for monitoring the
kinetics. For short residence times in the tube, the age distribu-
tion functions for type I and type II detectors are significantly
different (see Figure 1). In the limit of long distances between
origin and detector andD * 0 (e.g.,l > 100 cm forD ) 1 ×
10-10 m2/s) they become identical (data not shown). For a type
II detector, even in the absence of diffusion, the time course of

〈C〉 is very similar to the kinetics that would be observed in an
ideal continuous-flow experiment (Figure 6A). The largest
deviation between both curves occurs roughly after one half-
life of the kinetics when〈C〉 has decreased to 50% and 44% of
the initial concentration, respectively. On a relative scale, these
differences are less than half of those seen for a type I detector
under comparable conditions. Again, the deviations become

Figure 5. Reactant concentration as a function of timeτ: C(τ) ) C0 e-kτ for C0 ) 1 mol/L and three different values ofk as indicated. Solid
symbols correspond to ideal conditions (homogeneous flow), hollow symbols are for laminar flow. These data were simulated for a type I detector.
Panels A, B, and C:D ) 0 m2/s. Panels D, E, and F:D ) 1 ×10-10 m2/s; panels G, H, and I:D ) 5 × 10-10 m2/s. Solid lines are spline curves.

Figure 6. Reactant concentration as a function of time as in Figure 5
but for a type II detector. Upper panel,D ) 0; lower panel,D ) 5 ×
10-10 m2/s.
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smaller when the effects of diffusion are taken into account.
An example forD ) 5 × 10-10 m2/s is shown in Figure 6B.

Discussion

This theoretical work emerged as the result of a number of
recent experimental studies where continuous-flow mass spec-
trometry (a type I detector) was used to study the kinetics of
protein folding,18,19,23enzymatic,20 and bioorganic reactions.35,36

These studies have demonstrated the enormous potential of mass
spectrometry as a new tool for monitoring the kinetics of
chemical reactions in solution. However, all these previous
studies were carried out in the laminar flow regime, whereas
turbulent-flow is widely regarded as an essential requirement
for this kind of experiment.1,2,7,8,14

In the previous literature, the effects of laminar flow on kinetic
continuous-flow measurements in solution have not been
examined in great detail.9 This is in contrast to studies on the
kinetics of gas-phase reactions where laminar flow conditions
are commonly employed.21 The processes occurring in gas flow
tubes are well understood for a wide range of diffusive
regimes.22 None of these previous studies on gas-phase kinetics
take into account specific properties of the carrying medium
such as compressibility or mechanisms of heat transfer. There-
fore, it should be possible to apply the principles governing
these gas-phase processes also to kinetic measurements in
solution. If gas flow experiments are carried out at low pressure,
radial diffusion is sufficiently fast so that the flow in the reaction
tube can be treated as homogeneous. As the pressure is
increased, diffusion becomes less effective and the gas in the
tube develops a parabolic velocity profile.21 In a recent study,
it has been shown that also under conditions of high pressure
and laminar flow the kinetics of gas-phase reactions can be
measured with high precision.22 In that study, a correction
method for the observed kinetics is described that is based on
an analytical solution of the continuity equation. This method
can be used for laminar and turbulent flow conditions. However,
in the intermediate regime, where diffusion is neither fast nor
slow, the continuity equation cannot be solved analytically and
possible asymptotic solutions do not provide an adequate
description of the processes in the flow tube. In this regime,
the problem has to be treated numerically. The same situation
is encountered in the current study that deals with diffusion
effects and laminar flow in solution. We could have based this
work on a numerical treatment of the continuity equation, but
instead a random walk model was chosen that provides a much
simpler solution to the problem.

The results of this work allow an assessment of the effects
of laminar flow on the reaction kinetics observed in continuous-
flow experiments in solution. We shall first discuss the effects
of the inhomogeneous velocity profile for conditions where
diffusion is negligible, i.e., for short reaction times or for large
tube radii (R . xDτ). These conditions lead to a deviation
between the observed and the true concentration-time curves.
However, this deviation appears to be surprisingly small, given
the odd shape ofP(a) under these conditions (see Figure 1).
The effects of the velocity profile on the observed kinetics are
less pronounced for type II detectors than for type I detectors
because the latter overemphasize contributions from the rapidly
flowing molecules near the center of the tube. Where kinetic
measurements with high accuracy are required, it will be
possible to work out deconvolution procedures that specifically
take into account the characteristics ofP(a). On the basis of
the current work, the development of such methods should not
be too difficult. These procedures will not be necessary in cases

where it is more important to characterize transient reaction
intermediates and to estimate their approximate lifetimes instead
of measuring their concentration-time profiles with high
accuracy.

The situation is greatly simplified when the dispersion of the
age distribution function is reduced by molecular diffusion. For
most practical purposes, the differences between measured and
true kinetics under these conditions will be negligible, consider-
ing the signal-to-noise ratio of the experiment or other limita-
tions such as irregularities in the tube diameter. If diffusion
contributes significantly to the age distribution function, it is
therefore a good approximation to neglect the effects of laminar
flow. Under these conditions, the kinetics can be analyzed as if
the flow in the tube was homogeneous. This explains why the
continuous-flow kinetics reported by Konermann et al.18-20 are
in good agreement with the results of control experiments using
stopped-flow spectroscopy.

The time range that benefits from diffusion effects can be
substantially extended by going to smaller tube diameters while
leaving the average flow velocity constant. This approach should
be especially feasible when modern mass spectrometry based
methods are used for signal detection.37 For the conditions used
in this work (Vj ) 0.113 andR) 37.5µm), the onset of diffusion
effects occurs roughly aroundτ ) 0.5 s forD ) 1 × 10-10

m2/s. From eq 14, it is concluded that the root-mean-square

deviation after this time isx〈s2〉 ) 2xDτ ) 14 µm ≈ R/3.
Generalizing this result, it follows that the condition for diffusion
to have a notable influence on the age distribution function is

As an example, forD ) 1 × 10-10 m2/s the onset of diffusion
effects in a tube withR ) 10 µm already occurs aroundτ ) 30
ms. ForD ) 5 × 10-10 m2/s, this time range would be extended
down to around 6 ms.

In view of these findings, turbulent flow no longer appears
to be essential for kinetic continuous-flow experiments. Instead,
this work clearly indicates the feasibility of kinetic studies in
the laminar flow regime. This conclusion has important implica-
tions. Maintaining turbulent flow in the observation tube requires
the use of very high flow rates and relatively large tube
diameters. This leads to considerable sample consumption, even
for experiments where high time resolution is not critical. In
early continuous-flow studies, as much as 3 L of sample were
required for each experiment,7,8,38 whereas the laminar-flow
setup used by Konermann et al.18-20,23 operates on a milliliter
scale. Miniaturized continuous-flow devices achieve a time
resolution on the order of tens of milliseconds or better, can be
easily assembled, and require no high-pressure pumps. When
these devices are used in conjunction with electrospray ioniza-
tion mass spectrometry, they can give valuable kinetic informa-
tion that is often not accessible by other methods. It is hoped
that this study will contribute to a more widespread use of this
elegant, simple, and inexpensive method for monitoring the
kinetics of chemical reactions.
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