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Abstract

Fluorescence correlation spectroscopy (FCS) is a powerful tool to predict molecular diffusivity in femtoliter observation volume. The applicable analytical
model in 3-D for porous chromatographic environment has been introduced to evaluate in this contribution. Regarding chromatographic environment, it is
important to understand and characterize both diffusion and adsorption-desorption kinetics at interfacial area between mobile and stationary phases. In this
contribution, a demonstration of a newly designed analytical model for FCS was presented that can predict simulated diffusion and adsorption-desorption
kinetics in 3-D matrix. This work was motivated by a previous 2-D analytical solution study. The range of desorption rate (800—1000 1/s) was found to be where
the analytical model can predict the molecular dynamics most accurately and precisely.
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1. Introduction

The theoretical modeling for diffusion and adsorption
kinetics using of fluorescence correlation spectroscopy
(FCS) was developed earlier in 1970’s by Elson and
Magde[1-3]. The further modifications of theoretical model
FCS and various applications of using FCS have been
conducted for observing various cases of diffusion and
kinetics depending on the unique investigation purposes[4-
11]. Investigation of interfacial area between mobile phase
and stationary phase has been required while most chemical
separation studies were conducted based on analyzing
column efficiency from bulk separation experiments[12].
One of the most challenging but required tasks is to
understand the molecular dynamics in chromatographic
interfacial areas. Single-molecule spectroscopy in the past
studies has vigorously revealed the problematic issues such
as band broadening and peak tailing[13]. The discovery of
heterogeneous strong adsorption was the main concern of
the peak tailing because of the organic modified layer, for
example, C;g (chloro(dimethyl)octadecylsilane)) on silica
surface. The pore surface was always exposed by both
silanol groups (SiOH) and dissociated silanols (SiO")[13,
14]. However, surface diffusion and sorption kinetics on
pore surface simultaneously play the central role of the
mass transportation in the real chemical separation[15, 16].
Therefore, it is important to develop a theoretical model or
an analytical model to interpret the diffusion and
adsorption-desorption kinetics before planning to observe
the molecular dynamics. Single-molecule spectroscopy
allows us to characterize single-molecule dynamics with
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picomolar concentration of fluorophore solution, but there
could be a limitation of collecting molecular dynamic
information for a short amount of time. Rather than
measuring the adsorption time and desorption time manually
based on the single-molecule level acquisition,

using fluorescence correlation spectroscopy (FCS) with a
higher sample concentration and a proper theoretical model
should be thought as the more efficient way to collect a
larger amount of molecular dynamics information; the
sample for FCS is usually nanomolar concentration that
allows to acquire a sufficient number of fluorophore
dynamics in a relatively short amount of time (several
seconds—minutes). FCS has been widely used because of its
capability to predict molecular diffusivity in a femtoliter
observation volume[5-7, 17-20]. In order to test a newly
designed analytical model[21], it is necessary to review the
theoretical background of the previous theoretical
autocorrelation functions and need to construct Monte Carlo
simulation to generate theoretical diffusion and adsorption-
desorption kinetics.

The simulation in this contribution generated virtual
fluorescence fluctuation data by combining diffusion and
adsorption events. Based on the fluctuation data,
autocorrelation curves were constructed, and they were
evaluated by nonlinear curve fitting (nonlinear least squared
fit). The computation method was motivated by the diffusion
and adsorption simulation work in 2-D confocal
environment[22]. The simulated observational volume and
the intensity distribution were based on Gaussian
distribution. The simulation was implemented by developing
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home-written MATLAB codes, generating Monte Carlo
simulation. The newly designed analytical model was tested
to see if it can be applied for observing diffusion and
adsorption-desorption kinetics and was evaluated by
statistical analysis.

2.  Theoretical background of modeling the
autocorrelation function

In short, Elson and Magde in 1974 has shown that the
chemical reaction was based on between DNA (A) and
EtBr (B) to form the complex (C) with rate constants k;
and k_, as shown the chemical equilibrium as below[1-3].

ky

A+B_ C

k_y
, and the general solution can be described with the Fourier
transformation with the variable, v = (v,, vy,n) where

n=2012,.
IC(W,1)
l )
o = Z My C (v, T)
k=1
where
M =
—(?Dy + k4 Cp) —k,C, k_y
_kICB _(UZDB + k1CA) k—l
kICA kICA _(Uch+k_1)

However, Wirth et al. (2001) pointed out that the specific
case of binding introduced in the paper of Elson and Magde
(1974) was not applicable for studying rare strong
adsorptions at chemical interfaces[22]. Wirth er al. (2001)
have modified and provided the different assumptions and
matrix elements for appropriate conditions of the rare
strong adsorptions[22]. Based on the chemical equilibrium
and the conditions what Wirth ez al. (2001) provided, A is
adsorption site (in C18 layers) which is nonfluorescent and
no diffusion (¢4 = 0 and D4 = 0, respectively), B is the
diffusing fluorophore (Dg = D), and C is the adsorbed
fluorophore with no diffusion (D, = 0). The concentration
of diffusing fluorophores, (Cg), is very low so the
adsorption sites are not saturated. The other key

2
assumptions were made for Dg/ (%) » ky(C,) and

k_y » ki{(C,) meaning that the strong adsorption is not
significantly frequently occurred in a step of time and the
rate of desorption (k_,) is significantly greater than the rate
of adsorption (k{C,)), respectively. The matrix, M, is
expressed by Wirth et al. (2001) as following matrix[22].

_kch _kICA k—l
M = kICB _(UZD + k1CA) k—l
kch kch _k—l
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Based on those terms, Wirth et al. (2001) derived G (7) in 2-
D system as below.
G(7) = €3Qp(Cp)Gpp(T) + €cQc(Cc)Gec(T)
where Ggg(T) = H;i and G (1) = exp(—k_,7).

™D
Because the spherical Cyg silica particle is 3-D environment,
the Ggp(7) is needed to be modified into 3-D rather than 2-
D. The paper of Aragon and Pecora (1976) provided the
theoretical model of 3-D Gaussian profile[23], so Gzp(T)
can be expressed as the pure diffusion model as below
equation[17, 24].

o =(1+3) (1)

D
where diffusion coefficient, D, can be introduced to the

following equation with characteristic diffusion time,
2

wo . . .
Tp =+ T means correlation time. The autocorrelation

function for diffusion model in 3-D without adsorption terms
can be expressed to the following equation, and this will be
called simply “pure diffusion model”.
G =L (120 (1 20y
YUEN wy? Zo?
where w, is lateral beam radius, z is axial beam radius.
After normalization for the value of G(t) with fractional

_ _ (cB) R ()
terms f5 = (Cp)+(Cc) and fe = (cp)+(ccy

can be expressed as below.

6(0) = eQsfs (1+ %)1 (1+ ;)—1/2

s2-1,
+ €cQcfeexp(—k_17)

the general solution

Z
where § = -2 .
wo

Finally, the autocorrelation function for data analysis can be
expressed as following equation[21] which will be simply
called “adsorption model”, assuming that the spectroscopic
properties have €3Qg = €.Q; = 1/N, where N represents
the average emission photons in the observational volume.
far  4DT\! 4Dty f,
G(T) = N (1 + W—OZ) . (1 + Z0_2> + Nexp(—k_l’[)
where f. =1—fz. Once the simulation of virtual
fluorescence fluctuation data under the realistic experimental
condition of FCS was generated, the autocorrelation curve
was constructed using the fluctuation data. The experimental
autocorrelation curve can be expressed as following
equation[5, 25].

(SF(t)SF(t + 1))

G(r) = 3

(F(®))
where SF(t) = F(t) — (F(t)) and () denotes the average
over time, t. (F(t)) represents mean fluorescence intensity
over t. The autocorrelation decay behavior includes
information of molecular dynamics through the observation
volume in FCS. The theoretical model fits the
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autocorrelation curve to extract the parameters of interest
such as diffusion time (7p) or diffusion coefficient (D), and
desorption rate (k_;). The comparison between simulation
input parameter and output parameter from the nonlinear
curve fits was evaluated to see how accurate and precise
desorption rate estimations.

3. Combination of diffusion and sorption kinetics
into computer simulation

The computer simulation of diffusion was constructed
based on generating molecular random walks such as
“hopping” on 3-D Cartesian coordinates. Based on the
information of molecular locations over the time, the
virtual fluorescence fluctuation was determined
following the Gaussian intensity distribution inside the
observational volume. The diffusion simulation was
implemented by writing MATLAB codes and the
nonlinear curve fit analysis with the theoretical
autocorrelation functions was conducted using the
software, OriginPro. For simulating the confocal system
in a realistic experimental condition, the input values of
beam size were 0.2 um and 1.0 pm for lateral and axial
beam radius respectively. For simulating a realistic data
collection, a single data trace of virtual fluorescence
intensity consisted of 65535 data points. To illustrate
molecular dynamics, the randomly located initial data
points were positioned to the next steps within a 3-D
Gaussian distribution.

variance = 2n-D -dwell

where variance means the variance of each step length
(L(t)), dwell means dwell time or bin of each step, and
n is the dimension of the environment[22]. The dwell
time in the simulation was 2 us. The whole system here
was limited to a spherical wall, and it was four times
larger than the axial beam radius. The wall radius was set
to 4 um, R4y At the initial placement (t, = 0), each
molecule position was randomly generated inside the
spherical wall as following the spherical coordinate
system[22].

x(ty) = rand - sin(¢@) - cos(0)
y(ty) = rand - sin(p) - sin(6)
z(ty) =rand - cos(p)

where random numbers for rand, 6, and ¢ are generated
with uniform distribution in the range of 0 < rand <
0.99Ry,qu1, 0 < 0 < 2m, and —g S < grespectively.

All simulation experiments here generated 600 diffusing
molecules in a spherical shell with 4 um radius which
makes a realistic 3.7 nM concentration of the solution.
Considering those conditions, another random number
set was generated following a normal distribution for
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adding the displacement of next steps. For the
fundamental explanation of molecular diffusive motion,
Fick’s second law should be referred which is described
as following equation.
2

o°_pop

ot dx?
where p(x,t) is the probability distribution of the
particle’s location (x) at the time (t). Assuming the
condition in 1-D of p(x,ty_4) =6(x —x,_,) and
limy 4, p(x,t) =0, the normal distribution can be
described as the following solution.

(x = xx-1)?
P (_ 4t — t:_i)D)

Jar(t — ty_1)D

where the mean is xj_, and the variance is 2(t — t;_,)D.
The position in x, y and z of a molecule after k steps of 3-
D diffusion, (xi, Yk, Zx), was calculated using the
probability density of a normal distribution with each
mean value of the previous position, Xj_q,Yr_q, and
Zr_1, and wvariance, where dwell =t; —t,_;. This
probability density can be expressed with mathematical
format as below equations[9].

p(x,t) =

P (i |xye—1)~ Normal (xje—q, 2ty — tr—1))

P(yilyi-1)~ Normal(yk_l, 2(ty — tk—l))
P(zk|zk-1) ~ Normal(zy_q, 2(tx — tg—1))

Because there are three independent one dimensional
random walks, each step on x, y, and z was generated
independently. Therefore, the dimension, n, was 1 as
input parameter during the simulation works. When the
position of a molecule deviates from the range of R,
the molecule stayed at the previous position as not
conducting the one displacement of the next step.
Assuming the quantum yield from the excitation is 100 %
for simplicity, the detection intensity of fluorescence (/) at
location (x, y, and z) and time ¢ can be expressed as
below.

16, y,2,t) = I - exp< Z(x(t)wz-l- y(t) ))
0

260"
»(=5)

where I, is the fluorescence intensity at the center of the
beam. The input value of I, was 250 for convention[22];
I, does not affect neither the results of diffusion. The
experimental shot noise and background counts were not
considered in the simulation as they don’t affect the
autocorrelation decay. In the computer simulation, the
hopping molecules traveling through the beam area were
converted to virtual photon counts dependent on their
locations of Gaussian beam intensity. Each simulated five

543 JREAS, Vol. 08, Issue 03, July 23



Journal of Research in Engineering and Applied Sciences

sequent diffusion steps of 2 us dwell time were summed
to one step of 10 ps dwell time when to construct an
intensity profile. A data trace of photon fluctuation was
constructed to a plot of fluorescence intensity over time.
The first 10,000 diffusion steps were considered as an
equilibrium process from the initial generations, and they
were excluded from the part of analysis. Once the photon
fluctuation data was generated, the autocorrelation curve
was constructed. Either the pure diffusion model or a
newly designed adsorption model was wused for
conducting nonlinear curve fitting on the autocorrelation
curve to determine the diffusion coefficient and
desorption rate parameter. The purpose of the simulation
was to assess how accurately and precisely we can obtain
the parameter of diffusion coefficient from the
mathematical fitting model on the constructed
autocorrelation curve.

For clarifying the term “adsorption event”, it describes a
phenomenon when the diffusing molecules (adsorbate)
are adsorbed to pore wall or interfacial area near the
stationary phase (adsorbent), and desorption is implicitly
included in this “adsorption event” because the
adsorption is not permanent but temporary in general.
These adsorption and desorption occur repeatedly, and
this phenomenon is called as adsorption event.
Therefore, the photon counting should include correct
information of both pure diffusion and adsorption events.
The average adsorption time (t,4s, the average time
between two sequent adsorption events) and the average
desorption time (tges, the average time of holding the
adsorption events) can be expressed as below
equations[22].

Lo e o bos
togs BT AT dwell
1
taos = Ages = k4

where POS represents probability of stopping for a dwell
time.

As described in Wirth’s paper (2001), the fractional
concentration of adsorbed molecules, f- can be
expressed with POS because the probability of stopping
controls the population of adsorption events[22].

POS
& awell
fe= |, __POS

k_; - dwell

Therefore, the fractional concentration of diffusing

molecules, fg =1 — f; = %

k—q-dwell

Both rates of adsorption and desorption were expected to
follow Poisson statistics, therefore the distribution of
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these events were expected to be exponential decay as
below equations[22].

P(taqs) = exp(—t - Agas)

P(tges) = exp(—t - Ages)
Using cumulative summation of those probabilities, the
random variables for adsorption and desorption steps
were generated, and the populations of adsorption and
desorption steps were acquired by tracking the simulation
results. Constructing the histograms of those populations
are important to evaluate whether the simulation has been
operated as intended or not; both adsorption rate
parameter (k;C,) and desorption rate parameter (k_;) as
input variables should be precisely approach to the
exponential decay on the histogram curve. The accuracy
of predicting the output k_; from the nonlinear curve fit
result can be evaluated by comparing to the simulation
input value of k_; as following theoretical error equation.

Error (%)

k_q simulation input — k_; fromnonlinear curve fit

k_q simulation input
% 100 (%)

4. Result and Discussion

One representative virtual intensity profile with
adsorption events (simulation input: k_; = 1000 1/s,
POS = 0.0005, and dwell = 2 ps before constructing the
intensity profile) was described in Fig. 1. The virtual
intensity profile in Fig. 1A showed the photon fluctuation
and an enlarged range as shown in Fig. 1B which
visualized some significant adsorption events. The
histogram result in Fig. 1C and Fig. 1D provided that
k,C, =256.0 £0.61/s and k_; =987 +41/s, and

those output values were very close to the simulation
0.0005

input values: k,C, = ET 2501/s and k_, =
1000 1/s. The accuracy of the histograms has been
evaluated with theoretical error equation as shown in
Table 1. The result from the fitting for k_; and fz were
1130 = 20 1/s and 0.786 + 0.005 respectively, and
diffusion coefficient was held same as input simulation
value (D = 6.78 x 10 cm?/s)[20]. Fig. 2 showed a set of
normalized autocorrelation curves with fitting consistent
POS and varied k_; (500, 1000, 2000, and 4000 1/s), and
another set of consistent k_; and varied POS (0.0001,
0.0005, 0.0009, and 0.0013). Overall, those curves
showed a good quality of fitting which implied the
prediction of the theoretical model on the realistic
autocorrelation curve was satisfying. In the same way of
analysis as shown in the examples in Fig. 2, there were
various pairs of POS and k_, to simulate and observe the
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decay curve trends and the predictions on them. The
summary table of k_; and fp from autocorrelation curve
fits were shown in Table 1. The summary plots for
theoretical error of k_; and fz were shown in Fig. 3
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Fig. 1. The summary of simulation result with a set of
input values of k_; =10001/s, POS = 0.0005.

[Caption: (A) Virtual intensity profile with dwell =
10 us, (B) Enlarged specific part of significant
adsorption events, Histogram of (C) adsorption and (D)
desorption steps in time with dwell = 2 ps. The orange
and green bar graphs show the histograms of adsorption
and desorption time length respectively on x-axis, and
the number of counts on y-axis. The red curves on both
bar graphs precisely follow to determine the adsorption
and desorption rate parameters. The reason why the
dwell time of the intensity profile was 5 times larger is
that each 5 sequent set of the simulated dynamics, which
converted to intensity, with dwell time 2 pus was merged
to one intensity point with dwell time 10 ps. It is to
mimic the continuous molecular dynamics while a
general setup of fluorescence detection would have a
certain dwell time (10 ps). The limitation to discrete the
molecular dynamics was 2 us regarding of the limited
computation power.]
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Fig. 2. Simulation result of normalized autocorrelation
curves (scatter plot) and nonlinear curve fits (line plot)
[Caption: (A) The combination of k_; = 1000 1/s and
POS = 0.0001 (square, black), k_; =10001/s and
POS =0.0005 (circle, red), k_; =10001/s and
POS = 0.0009 (upward pointing triangle, blue), and
k_; =10001/s and POS = 0.0013 (downward pointing
triangle). (B) The combination of k_; = 5001/s and
POS = 0.0005 (square, black), k_; = 10001/s and
POS = 0.0005 (circle, red), k_; =20001/s and
POS = 0.0005 (upward pointing triangle, blue), and
k_; = 4000 1/s and POS = 0.0005 (downward pointing
triangle).]
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Fig. 3. Scatter plots for the relationship of k_; in the
simulation and theoretical errors of k_;. [Caption: (A)
and fz (B), and POS in the simulation, as shown in x-
axis, y-axis, and a color bar respectively. The colors are
red, light red, light blue, and blue for POS of 0.0001,
0.0005, 0.0009, and 0.0013 respectively.

The Fig. 3 plot gives the idea that how much the error
of k_; can arise depending on both the simulation input
values k_; and POS in the photon fluctuation. The three
leftmost red dots (POS = 0.0001) in Fig. 3A gave
relatively high errors of k_; than other data points, and
the rightmost red dot gave the highest error of k_; in the
plot. The trend can be interpreted that the relatively too
lower or too higher simulation values of k_; (in a range
of k_; <500 1/s or k_; > 10000 1/s) with the relatively
lower values of POS can give relatively high fitting
errors. In contrary, the other red dots in the range of
800-1000 1/s of k_, with same POS value gave
significantly lower errors of desorption rate comparing to
the former cases (range of k_; < 500 1/s or k_; > 10000
1/s).
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The group of light red dots (POS = 0.0005) gave the
significantly lower errors of k_; comparing to the other
data points except the rightmost light red dot which
appeared relatively high (40 %) error. The group of light
blue dots (POS = 0.0009) gave relatively higher errors of
k_; than the group of light red dots, and there was no
specific trend of errors for the group of blue dots (POS =
0.0013). The common trend of each set of color dots
showed the higher errors when the k_, is either extremely
low (100-500 s™) or extremely high (>7000 s™).

When those two extreme cases come with fluctuation plot
from the simulation, they can be understood intuitively. In
the extremely low k_; with extremely low POS condition,
the width of desorption time will cover too long range in
the data trace and only few cases of adsorption events will
appear; the capacity of one data trace only includes the
time length of 655.35 ms. For example, 100 1/s of k_;
represents that the one molecule will be adsorbed at one
random location for 10 ms long in average that appears in
a data trace, which might be too long to distinguish other
overlapped individual adsorption events. Another
problem comes when there are only few cases of
adsorption events longer than 50 ms because of the low
POS, and probably the capacity of one trace is not enough
to include all the information to illustrate k_, and POS.
The relatively high errors (12-19 %) in histogram fits for
the low POS (0.0001) group in Table 1 verified that there
were relatively insufficient adsorption events in a data
trace. Therefore, the analysis of autocorrelation may not
be accurately interpreted when having low POS. The
combinations of k_; and POS in shaded cells with gray
color (Table 1) were excluded from the plot of Figure 3,
because they are not satisfying the assumption of
adsorption model; k;C, should be significantly smaller
than k_;.

The statistical comparison of two models (pure
diffusion “model 1” and adsorption “model 2”) was
conducted by F-test with three examples in Fig. 4
(example-1 and example-2, and example-3). Those three
examples come from the simulation with input pairs of k_;
= 1000 1/s and POS = 0.0001 (example-1, Fig. 4A and
4B), k.; = 1000 1/s and POS = 0.0013 (example-2, Fig. 4C
and 4D), and k_; = 10000 1/s and POS = 0.0001 (example-
3, Fig. 4E and 4F). The F-test of each example and model
was done for the first 50 data points (n = 50) because the
fitting quality from the early part is where to mostly affect
the nonlinear curve fits. D = 6.78 x 10° cm’s was
constant input parameter for both models when they were
fitted. The two models have different number of fitting
parameters: N for pure diffusion model (model 1,
number of fitting parameters = 1) and N, k_;, and f3
for adsorption model (model 2,
number of fitting parameters = 3). Therefore, F-test
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equation on model 1 (pure diffusion model) and model 2
(adsorption model) is following equation.

_ (p2 —p1)
F=—"%ss,
(n—p2)

where RSS represents residual sum of squares. The
residual data was transferred from the fitting result of
OriginPro. The critical value of F(vy,v,a)=
F(2,46,0.05) = 3.195, where numerator degrees of
freedom and denominator degrees of freedom are
v, = p, —p; and v, = n—p, respectively, and a =
0.05 for 5 % significant level of one-sided tail test; we
expect the more complex model, so model 2 should be
better fitting model than model 1. The summary of F-test
for the three examples was described in Table 2. The
RSS values in two models from example-1 showed a big
difference in values, 0.3559 at model 1 and 0.003985 at
model 2. Clearly this led to the calculated F value, 2075,
which is much higher than the critical F value, 3.195.
This meant the adsorption model showed significantly
better nonlinear curve fitting on the autocorrelation
curve. The RSS values in two models from example-2
showed a large difference in values, 4.488 at model 1
and 0.008929 at model 2. Clearly this led to the
calculated F value, 11790, which is much higher than the
critical F value, 3.195. This meant the adsorption model
showed significantly better nonlinear curve fitting on the
autocorrelation curve. The RSS values in example-3
showed relatively smaller gap between model 1 and
model 2 which led to the small, calculated F value,
1.400. Because the critical F' value was not higher than
the calculated F value in this case, it indicated that the
fitting quality of model 1 showed competitively good
quality as model 2 showed. The adsorption model was
not necessary in this case and the parameters in the
adsorption model were not expected to provide useful
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Fig. 4 Three representative examples for comparison of
fitting quality between model 1 (pure diffusion model,
red) and model 2 (adsorption model, green). [Caption:
Those three examples are called example-1 (k.; = 1000
1/s, POS = 0.0001) and example-2 (k.; = 1000 1/s, POS =
0.0013), and example-3 (k; = 10000 1/s, POS = 0.0001).
The left-side column of the figure (A, C, and E) are three
plots of nonlinear curve fitting on autocorrelation data
with model 1 (red) and model 2 (green). The right-side
column of the figure (B, D, and F) are three plots of
percent  residual  from  the  fitting  results.]
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Table 1. Summary of simulation for diffusion and adsorption events in the 3-D virtual confocal system results

[Caption: The boundary of two groups was indicated by a thick line between two rows in the chart. There were two
duplicated combinations (marked as *) of POS and k_; (s") because of showing two different comparison groups in
convention. Those filled with gray color in the table deviated the assumptions of strong rare adsorption, so those sets were
not included in Fig. 3.]

Simulation input values Output of autocorrelation curve fit Theoretical error of histogram curve fit
POS k_y k_q fs k1% kiCy %
*0.0001 100 (5.48, £ 0.097) E+01 0.6845 + 0.0025 18.80 2.62
0.0001 200 (3.99, £ 0.04,) E+02 0.759; + 0.004, 16.40 3.20
0.0001 400 (6.18 +0.15) E+02 0.892;7 + 0.0025 14.00 1.28
0.0001 800 (7.2, £0.2¢) E+02 0.952; +0.0015 13.54 0.29
0.0005 500 (5.037 £ 0.045) E+02 0.699, + 0.004, 2.52 0.10
*0.0005 1000 (1.13; £ 0.01,) E+03 0.786; + 0.004 2.41 1.28
0.0005 2000 (2.03¢ £ 0.03,) E+03 0.7574 £ 0.005¢ 2.08 0.37
0.0005 4000 (4.25 +0.15) E+03 0.867, + 0.007 2.97 2.35
0.0009 900 (4.645 + 0.054) E+02 0.731¢ + 0.005, 1.38 0.60
0.0009 1800 (1.515 £ 0.02,) E+03 0.822; £ 0.003, 0.64 0.74
0.0009 3600 (3.16+0.1;) E+03 0.857¢ £ 0.007, 0.96 1.10
0.0009 7200 (4.8, +0.6;) E+03 0.961¢ + 0.0064 1.16 3.33
0.0013 1300 (1.279, +£0.0095) E+03 0.5474 + 0.007, 0.06 0.46
0.0013 2600 (2.04¢ £ 0.046) E+03 0.861¢ + 0.004, 0.44 1.09
0.0013 5200 (2.86; £ 0.07;) E+03 0.870; £ 0.004, 0.87 2.37
0.0013 10400 (5.3p + 1.09) E+02 0.993, + 0.001, 0.74 4.00
*0.0001 100 (5.48, + 0.09;,) E+01 0.6845 + 0.0025 18.80 2.62
0.0005 100 (6.21, + 0.04;) E+01 0.397, + 0.003 7.64 0.92
0.0009 100 (1.082; £0.001,) E+02 0.162, £ 0.001,4 4.07 1.70
0.0013 100 (3.9985 + 0.005,) E+01 0.060, + 0.001, 5.86 0.97
0.0001 1000 (8.25+0.2)) E+02 0.923; + 0.002, 15.60 0.84
*0.0005 1000 (1.13; £ 0.01;) E+03 0.7865 + 0.0044 241 1.28
0.0009 1000 (7.62; £ 0.064) E+02 0.712, + 0.0045 1.44 0.37
0.0013 1000 (1.52; £ 0.013) E+03 0.676, + 0.005, 1.34 0.20
0.0001 10000 (2.5 +0.3)) E+04 0.869 + 0.02,4 12.00 4.36
0.0005 10000 (6.15+0.7;) E+03 0.9554 + 0.008, 1.22 3.15
0.0009 10000 (3.3, +0.2,) E+03 0.948, + 0.004, 1.14 4.04
0.0013 10000 (6.57 +0.65) E+03 0.946; + 0.009; 0.65 3.93
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Table 2. F-statstics comparison for two models: pure
model (model 1) versus adsorption model (model 2).

RSS Calculated F

value

example-1 0.3559 2075

with model 1

example-1 0.003985

with model 2

example-2 4.488 11790

with model 1

example-2 0.008929

with model 2

example-3 0.007917 1.400

with model 1

example-3 0.007472

with model 2

5. Conclusion

The mathematical model for interpreting the
autocorrelated fluctuation data was tested by generating
Monte Carlo simulation. The computer simulation
combined Brownian motion and random stopping-
departing motion. Based on the simulation result, the
range of desorption rate (800-1000 1/s) was where the
analytical model confidently predicts both diffusion and
adsorption-desorption dynamics. The limitation of
predicting adsorption and desorption rates was
discussed; either too small amount of adsorption events
or too short adsorption and desorption time in the data
trace will limit the accuracy prediction. The theoretical
autocorrelation model is expected to reveal not only the
diffusion but also the adsorption-desorption kinetics in
the porous environment, which are essential towards
developing a better understanding of the origin of the
resolution limit in chemical separation science.
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