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Abstract

The aim of this work is to determine the thermodynamic parameters and the kinetics of complex formation
between orthophthalaldehyde (OPA) and agmatine (AGM) in an alkaline medium (pH 13). Firstly, the
association constant (Ka) between orthophthalaldehyde and agmatine was determined at different
temperatures (between 298 K and 338 K) with a step size of 10 K. Secondly, the thermodynamic parameters
such as standard enthalpy (ΔH°), standard entropy (ΔS°),and Gibbs energy (ΔG) were calculated, where a
positive value of ΔH° (+45.50 kJ/mol) was found, which shows that the reaction is endothermic. In addition,
the low value of ΔS°(+0.24 kJ/mol) indicates a slight increase in the disorder in the reaction medium.
Furthermore, the negative values of ΔG between −35.62 kJ/mol and −26.02 kJ/mol show that the complex
formation process is spontaneous. Finally, the parameters of the kinetics of the reaction between OPA and
AGM were determined as follows: when the initial concentration of AGM (5 × 10−6 M) is equal to that of the
OPA, the results show that the reaction follows an overall 1.5 order kinetics with an initial rate of 5.1 ×
10−7Mmin−1 and a half-life of 8.12 min. The partial order found in relation to the AGM is 0.8. This work
shows that the excess of OPA accelerates the formation reaction of the complex.
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Introduction
Biogenic amines are low molecular weight organic bases
(Naila et al. 2010). They can be formed and degraded as
a result of normal metabolic activity in animals, plants,
and microorganisms (Arena et al. 2001). Indeed, bio-
genic amines are produced from the free amino acids
present in food, either by tissue decarboxylase enzymes
or by microbial decarboxylase enzymes (Ladero et al.
2010; Lonvaud-Funel et al. 2001). They can also come
from the hydrolysis of nitrogen compounds and the

amination of ketones or aldehydes (Özogul et al. 2019).
Thus, these biogenic amines can be produced by micro-
organisms capable of synthesizing specific decarboxylase
enzymes. For example, enterobacteria are mainly pro-
ducers of putrescine and cadaverine (Suzzi et al. 2003),
while enterococci faecia and actobacilli can produce tyr-
amine (Capozzi et al. 2012). Oenococcus oenis are pre-
cursors to putrescine, histamine, cadaverine, and
spermidine (Marcobal et al. 2004; Guerrini et al. 2002;
Landete et al. 2007). The production of these biogenic
amines is influenced by the environmental conditions
(pH, T, etc.) favoring the optimal growth of the bacteria,
the production of the enzymatic activity (Mazzoli et al.
2009), and the availability of proteins and free amino
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acids (Landete et al. 2006). At low doses, these biogenic
amines have important and varied physiological func-
tions. For example, they play an important role as neuro-
transmitters in vertebrates (Chase and Koelle 2007).
Similarly, the most known amine, histamine participates
in defense reactions in the body (Fetissov et al. 2000),
while putrescine, spermine, and spermidine are involved
in the growth, functioning, and proliferation of cells (Ali
et al. 2011). That is why, to facilitate the diagnosis of tu-
mors and the follow-up of cancer treatment, measure-
ments of the level of biogenic amine in tumor tissues,
blood, and urine are being used more and more (Hou-
gaard et al. 1982). However, at high concentrations, bio-
genic amines become toxic with very different symptoms
according to the biogenic amine (Ladero et al. 2010). For
example, histamine can cause headaches, redness, and
hypotension, while tyramine induces cerebral bleeding
and heart failure (Standarová et al. 2008). In addition,
the presence of cadaverine, tyramine putrescine, and
agmatine in foods may have a significant synergistic ef-
fect with increased histamine levels, causing acute tox-
icity (Halàz et al. 1994; Shalaby 1996). To recover, the
patient can still use medication. However, taking certain
drugs such as moclobemide and tranylcypromine (used
mainly in the treatment of depression) may inhibit the
effect of monoamine oxidase, which is an enzyme that
degrades biogenic amines and thus make the toxicity
more acute (Onal et al. 2007). Similarly, alcohol is also
known among the most active inhibitors against the ef-
fects of amine oxidases and therefore increases the risks
from these biogenic amines (Gardini et al. 2005). In
addition, the degree of deterioration of the food can be
measured by the presence of certain biogenic amines: for
example, if the presence of tyramine and cadaverine in
the food indicates a deteriorated product (Vinci et al.
2002), on the contrary, the presence of agmatine indi-
cates the freshness of the food. Indeed, the presence of
agmatine in foods such as meat, fish, and cheese serves
as a chemical indicator for their good hygienic qualities
(Eldeep et al. 2013). Agmatine is a biogenic polyamine.
It was discovered in 1910 by Albrecht Kossel in herring
sperm (Kossel et al. 1910). However, it can be synthe-
sized and stored in the astrocytes (Regunathan et al.
1995) and transported to cerebral nerve endings (Gor-
acke-Postle et al. 2007). Also, it can be produced from
arginine under the action of the enzyme arginine decarb-
oxylase (ADC) (Sun et al. 2015). It has a wide range of
activities related to the functions of the nervous system
(Gilad et al. 2000; Dreyfys 1994; Li et al. 1995). Indeed,
it acts as a potential neurotransmitter in the brain (Reis
and Regunathan, 2000; Halaris and Plietz, 2007). Agma-
tine is also a regulator of polyamine levels (Isome et al.
2007) and a precursor of putrescine by bacteria action
(Alberto et al. 2007; Landette et al. 2008). Thus, the

presence of agmatine in the body can generate a lot of
interest. In fact, agmatine reduces collagen accumulation
in diabetics (Marx et al. 1995), plays a protective role
against depression in mice (Mohseni et al. 2017), regulates
the growth of epithelial cells for healing wounds (Dreyfys
1994), and increases muscle growth while improving the
shape physically. Therefore, agmatine is used as a dietary
supplement (Gilad et al. 2014). Finally, agmatine is also
used in the treatment of autism spectrum disorders in rats
(Kim et al. 2017). Several analytical methods have been
used for the quantitative and qualitative determination of
agmatine. These methods include high-performance liquid
chromatography (HPLC), gas-phase chromatography
(GPC), nuclear magnetic resonance (NMR), and spectro-
fluorimetric method (Custodio et al. 2007; Chen et al.
2010; Mesnard et al. 2000; Nedeljko et al. 2016). Our pre-
vious work has been able to quantify the rate of agmatine
in some fish products (shrimp) by the spectrofluorimetric
method (Kital et al. 2019). Since agmatine is not fluores-
cent, the OPA has been used as a fluorogenic marker to
give a fluorescent OPA −AGM complex. The formation
of this complex is dynamic and more or less slow. This
complex stabilizes very fastly by agitation or by heating.
This is why it is necessary to study the thermodynamic pa-
rameters and the kinetics of this reaction and to infer from
it the optimal conditions of analysis.
Consumers are currently very demanding about the

quality of food, especially fish products. Before any ex-
port, these products are subject to strict controls either
to quantify toxic products such as histamine and putres-
cine or to determine their freshness such as agmatine. It
is therefore important to determine the level of agmatine
in order to have information on the freshness of these
products based on the analytical results, which must be
done more or less quickly and accurately.
So, the aim of this work is to first determine the

thermodynamic parameters of the reaction between
OPA and AGM and then to study in detail the forma-
tion kinetics of the OPA −AGM complex from the vari-
ation of the fluorescence intensities during the
formation time of this complex.
The knowledge of these parameters and speed allows

us to optimize the time it takes to accurately analyze a
sample containing agmatine, especially in the industrial
scale where time is very well rated.

Experimental procedures
Experimental setup
Fluorimetric analyses were performed using a Varian
Cary Eclipse spectrofluorometer. This spectrofluorome-
ter is coupled with a programmable thermostat for a
given temperature. During the experiments, a five-sided
polished quartz cell was used (optical path of 1 cm, in-
ternal volume of 3.5 mL). The fluorescence spectra were

Kital et al. Journal of Analytical Science and Technology           (2020) 11:41 Page 2 of 13



made by adjusting the voltage to 650 volts and the slot
to 5 nm. The weighings were carried out with a Sartorius
precision balance sensitive to 0.1 mg. The use of pi-
pettes, micropipettes, flasks and beakers, and a Consort
brand C6010 pH meter was required for the preparation
of the solutions. WinUV softwares for recording fluores-
cence spectra and OriginPro 8.5 for data processing
were also used.

Products
Agmatine sulfate (97%), orthophthalaldehyde (97%), so-
dium hydroxide (98%), and demineralized water were
used to this work. All products are analytical grade and
were purchased from Sigma-Aldrich.

Methods
Stock solutions of AGM and OPA, each with a concen-
tration of 10−2 M, were prepared in 25 mL vials in an
aqueous medium. From each stock solution, we made
dilutions to obtain daughter solutions of the desired
concentrations. The solutions were protected against
light with aluminum foil and stored in a refrigerator. To
set the experimental temperature, a minimum waiting
time of 3 min was necessary after placing the solution in
the sample holder.

Process to determine thermodynamic parameters
This section is devoted to the thermodynamic study of
the reaction between the OPA and AGM reactants. The
reaction process is given by the following equation:
OPA + AGM⇌OPA −AGM complex[R1].
Our previous work has shown that the formation of

the complex that arises between the reaction OPA and
AGM is a 1:1 ratio in (Kital et al. 2019). Therefore, to
determine the association constant (Ka) of the reaction,
the Benesi-Hildebrand equation (Padhan et al. 2017; Qin
et al. 2014; Rajamohan et al. 2011) was used:

1
I F − I F min

¼ 1
I F max − I F min

þ 1
I F max − I F minð ÞKa OPA½ �

ð1Þ

where Ka is the complex association constant, IFmin is
the initial fluorescence intensity of free AGM, IF is the
fluorescence intensity of the OPA −AGM complex, and
IFmax the observed fluorescence intensity at the maximum.
From the Benesi-Hildebrand equation, the representa-

tion of the function 1
I F − I F min

¼ f ð 1
½OPA�Þ gives a linear line

whose slope and the intercept allow us to calculate asso-
ciation constant (Ka).
In addition, by means of the Van’t Hoff equation

(Parlayici 2019), we determine the standard enthalpy
(ΔH0) and the standard entropy (ΔS0) given by Eq. 2.

ln Ka ¼ −
ΔH0

R
∙
1
T
þ ΔS0

R
ð2Þ

where R is universal gas constant (8.314 J mol−1 K−1), T
is temperature (K), and Ka is association constant. The
representation of the function ln Ka ¼ fð1TÞ gives a lin-

ear line with slope equal to − ΔH0

R and intercept to ΔS0
R .

Finally, the standard Gibbs energy (ΔG0) is calculated
according to the following equation:

ΔG0 ¼ ΔH0 − TΔS0 ð3Þ
However, Gibbs energy ΔG will be calculated from the

Gibbs relation given by Eq. 4:

d
dT

ΔG
T

� �
¼ −

ΔH

T 2 ð4Þ

Furthermore, integrating Eq. 4 in the temperature
range T0 and T at constant ΔH led to Eq. 5:

ΔG ¼ 1 −
T
T 0

� �
ΔH þ T

T 0
ΔG0 ð5Þ

Therefore, from Eq. 5, the value of the Gibbs energy
(ΔG) can be determined for each temperature value.

Determining the order of a reaction
To determine the reaction order between OPA and
AGM, the reaction process between OPA and AGM was
determined first. OPA and AGM interact by giving a
fluorescent OPA −AGM complex in a 1 : 1 molar ratio
according to the following equation:

OPA + AGM → OPA − AGM [R2]

At t = 0 C0 C
0
0

0

At t≠0 C0 − x C
0
0 − x x

where C0 and C
0
0 represent the initial concentration of

[OPA] and [AGM] respectively at the initial instant and
x represents the concentration of the complex formed at
the instant t which is equal to that of the AGM or the
OPA disappeared at this instant t.

In this case, the rate (V) of this reaction is written: V

¼ − d½OPA�
dt ¼ − d½AGM�

dt ¼ þ d½OPA − AGM�
dt .

This expression can be simplified to the following
expression for a reaction that has a rate law as:

V ¼ −
d AGM½ �

dt
¼ K OPA½ �p AGM½ �q ð6Þ

where K is the rate constant, p and q are orders of the
reaction with respect to OPA and AGM, and the sum
p + q = n represents the overall order.

Kital et al. Journal of Analytical Science and Technology           (2020) 11:41 Page 3 of 13



It is well known that fluorescence intensity (IF) is
proportional to the concentration of the fluorophore
(Brown et al. 2013) and proportional to the
concentration x of the complex formed. As a result of
the above: IF = 2.303ΦFI0εlx = hx where h = 2.303ΦFI0εl.
At instant t ≠ 0, [AGM] = C =C0 − x. Thus, at the end

of the reaction, the fluorescence intensity of the complex
becomes maximum corresponding to C0. So, one can
write that during all the reaction,

AGM½ � ¼ C0
I F max − I F

I F max

� �
ð7Þ

Overall order To determine the overall order, it is more
convenient to use equimolar concentrations of OPA and
AGM at the initial time. In this case at any time,
[OPA] = [AGM] =C0 − x =C.
So, Eq. 6 can be written:

−
dC
dt

¼ KCpCq ¼ KCpþq ¼ KCn ð8Þ

⇔ −
dC
Cn ¼ Kdt⇔

Z
−
dC
Cn ¼ K

Z
dt þ cte ð9Þ

In these conditions, two possible cases are present: n ≠
1 or n = 1

� First case n ≠ 1

In this case, the solution of Eq. 9 is

C1 − n − C1 − n
0

n − 1
¼ Kt ð10Þ

⇔
1

n − 1ð ÞCn − 1
0

I F max

I F max − I F

� �n − 1

¼ Kt þ 1

n − 1ð ÞCn − 1
0

ð11Þ

⇔
1

n − 1ð ÞCn − 1
0

I F max

I F max − I F

� �n − 1

− 1

" #
¼ Kt ð12Þ

Finally, the half-life of the reaction is given by

t1=2 ¼ C1 − n
0

K n − 1ð Þ
1

21 − n − 1

� �
ð13Þ

� Second case n = 1

In this case, a first order reaction is obtained and the
solution of Eq. 9 can be written:

ln
C0

C
¼ Kt⇔ ln

I F max

I F max − I F

� �
¼ Kt ð14Þ

where the half-life of the reaction becomes

t1=2 ¼ ln 2
K

: ð15Þ

Partial orders relative to AGM and OPA To
determine the partial order with respect to the AGM for
example, one used a large excess of OPA compared to

the AGM. When C
0
0≫C0 ⇒ C

0
0 − x ≈ C

0
0 at any time.

Thus, during the experiment, the concentration of OPA
remains constant; in this case, the rate law may be
written as

Fig. 1 Temperature effect on fluorescence spectra of the OPA − AGM complex (a); IF variation versus OPA concentration (b). ([AGM]0 = 5 × 10−6 M;
λex = 333 nm et λem = 473 nm)
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V ¼ K OPA½ �p AGM½ �q ¼ KC
0
0
p
C0 − xð Þq ¼ K

0
Cq ð16Þ

where K
0 ¼ KC

0
0
p
and K′ is the pseudo-order rate con-

stant with respect to AGM.
Therefore, the expression of the rate law can be

simplified as:

V ¼ −
dC
dt

¼ K
0
Cq⇔

dC
Cq ¼ − K

0
dt⇔

Z
−
dC
Cq ¼ − K

0
Z

dt þ cte

ð17Þ

In addition, it is also possible to have q ≠ 1 or q = 1

Results and discussion
Thermodynamic parameters
Effects of the temperature and the OPA on the fluorescence
spectra of the OPA − AGM complex
To study the effect of OPA on the fluorescence of
the complex, the concentration of agmatine was set at

5 × 10−6 M and the concentration of OPA was varied
from 0M to 8 × 10−6 M for each given temperature.
Using the repeat assay method, all measurements
were determined successively.
In the temperature range used, emission intensity of

the complex increases versus the temperature. However,
no change in the shape of the fluorescence spectrum
was detected as indicated Fig. 1a. Figure 1b represents
the variation of the fluorescence intensity (IF) of the
complex versus the concentration of OPA at different
temperatures between 298 and 328 K. Figure 1b
presents two parts, I and II, where the first part is
given by 0<[OPA] ≤ 5 × 10−6 M and corresponding to
the formation of the complex which is linear
(calibration of the OPA) and the second part starts at
[OPA] > 5 × 10−6 M, corresponding to the effect of OPA
on fluorescence intensity of the complex (Kital et al.
2019) which is nonlinear. Furthermore, an exaltation of
the fluorescence signal of the complex versus

Table 1 Association constant and thermodynamic parameters of the OPA − AGM complex

T (K) r2 Ka (M
−1) ΔG (k J mol−1) ΔH° (k J mol−1) ΔS° (k J K−1 mol−1)

298 0.99998 27,819 − 26.02 45.5 0.24

308 1 76,681 − 28.42 – –

318 1 122,885 − 30.82 – –

328 1 203,743 − 32.35 – –

338 1 252,396 − 35.62 – –

Fig. 2 Benesi-Hildebrand plots from the complexation between the AGM and the OPA
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concentration of the OPA is observed in all cases.
Beyond [OPA] = 5 × 10−6 M there is an interaction
(hydrogen bonding, charge transfer) between the
complex formed and the OPA which more or less
enhances the fluorescence of the complex. As the
quantity of OPA is increased, a change in the shape
of the aggregates is obtained which could influence
this excitement. This signal stabilizes from a certain
concentration of OPA which corresponds to the
optimal concentration ([OPA]max). This optimum

concentration decreases with increasing temperature.
For example, the optimal OPA concentration at
338 K is much lower than that expected at 298 K
(Fig. 1b).

Determination of association constant (Ka) between OPA
and AGM at different temperatures
To determine the correlation of the temperature on the
association constant between OPA and AGM at

Fig. 4 Plot of fluorescence intensity of the OPA − AGM complex versus time (t). [AGM] = [OPA] = 5 × 10−6 M ; λex = 333 nm, λem = 473 nm

Fig. 3 Van’t Hoff plot for the formation of complex
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different temperatures, the graphs of Benesi-Hildebrand
are plotted in Fig. 2.
Figure 2 shows that linear correlations were observed

with correlation coefficients (r2) greater than 0.9999 which
is very close to unity in the temperature range used. This

implies a good accuracy of our measurements (Table 1).
For each temperature, the association constant (Ka) was
determined from the slope and interception. The increase
in temperature causes a rise in Ka. This means that the
reaction is favored by an increase in temperature.

Fig. 5 Checking the various kinetics: a zero order, b first order, and c second order

Fig. 6 Checking the kinetics 1.5 order
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Determination of thermodynamic parameters at 298 K
In order to have a better thermodynamic understanding
of the complexation reaction between OPA and AGM,
the thermodynamic parameters namely the Gibbs free
energy (ΔG), the enthalpy (ΔH°) and the entropy (ΔS°)
of the reaction were determined. The plot lnKa versus 1/
T (Fig. 3) gives a linear correlation with a coefficient
greater than 0.94 (Fig. 3). The intercept and the slope of
this straight line allowed us to determine respectively
ΔS° and ΔH°. However, ΔG° is calculated from Eq. 3.
Finally, from Eq. 5, it was possible to calculate ΔG
corresponding to the different temperatures. The overall
results are summarized in Table 1.
The negative values of ΔG show that the process is

spontaneous and characterizes the stability of the OPA
−AGM complex. On the one hand, these negative values
of ΔG show that the formation of the complex involves
electrostatic interactions of the type Van Der Waals-
London (Dimicoli et al. 1971). On the other hand, the
enthalpy ΔH° is positive, which indicates that the reac-
tion is endothermic, thus favored by an increase in
temperature. The positive value of entropy ΔS° reflects
an increase in system disorder during the formation of
the OPA −AGM complex.

Kinetics of formation reaction of the OPA − AGM complex
Determination of the overall order
An equimolar concentration (5 × 10−6 M) of OPA and
AGM was firstly used in order to determine the overall
order of the reaction. Then the evolution of fluorescence
intensity versus the time (t) was recorded in Fig. 4.
Figure 4 shows that the intensity of the fluorescence
gradually increases over time before reaching its
maximum corresponding to the end of the reaction.
From Fig. 4, it is also possible to determine the general

order of the reaction between OPA and AGM. At time
(t), the concentration of the complex formed is
proportional to the fluorescence intensity (IF). Thus, the
maximum fluorescence intensity (IFmax) corresponds to
the maximum concentration of the complex. With the
stoichiometry (1 : 1) of the reaction, the concentration of
this formed complex is equal to that of the AGM
reacted. Furthermore, knowing IFmax, IF, and C0 (Eq. 7),
one can deduce the concentration C of AGM obtained
at instant (t). In this work, the order of the reaction (0,
1, and 2 order) was checked first. And Eqs. 11, 14, and
12 are used, respectively.
The representation of the curve C0ðI F max − I F

I F max
Þ ¼ f ðtÞ

(Eq. 11) gives a shape that is not a straight line (Fig. 5a).
Thus, the kinetics of complex formation is not of order 0.
However, this curve resembles either a decreasing
exponential or a hyperbola. If it is a decreasing

exponential, the kinetics would be of order 1, but if it is a
hyperbola, the kinetics would be of order 2.
However, the shape of the curve lnð I F max

I F max − I F
Þ ¼ f ðtÞ

(Eq. 14) does not give a straight line, so the kinetics is
not of order 1 (Fig. 5b). On the other hand, it can be
seen that the curve obtained has a downward concavity.
Similarly, the curve 1

C0
ð I F
I F max − I F

Þ ¼ f ðtÞ (Eq. 12) is not a

straight line either, so the kinetics are not of order 2 (Fig. 5c).
The result is a curve with the concavity pointing upwards.
Taking into account the concavities in the shape of

Fig. 5b, c, the order of the reaction is between 1 and 2.
For this reason, the order 1.5 was first checked.

Indeed, the curve 2
C0:5

0
½ð I F max
I F max − I F

Þ0:5 − 1� ¼ f ðtÞ (Eq. 12)

gives a positive slope line with a correlation coefficient
greater than 0.999, close to unity (Fig. 6). The slope of
this line gives us the value of the speed constant K

which is equal to 47:28 M − 1
2 min − 1 . Thus, we can well

note that the kinetics of this reaction is not far from
order 1.5.
For greater accuracy, the case where the n order would

be 1.3, 1.4, 1.6, and 1.7 was verified, respectively. In all
cases, straight lines were obtained with a positive slope
and correlation coefficients close to unity (Table 2).
However, this table shows that the correlation coefficient

Table 2 Variation of correlation coefficients according to the
order of reaction

Correlation coefficients (r2) n order of reaction

0.99860 1.3

0.99936 1.4

0.99979 1.5

0.99972 1.6

0.99927 1.7

Fig. 7 Evolution of fluorescence intensity versus time
(min) [AGM] = 5 × 10−6 M, [OPA] = 10−3 M
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corresponding to 1.5 order is closer to unity. In addition,
these coefficients move away from the unit as the
estimated value of n deviates from 1.5. For all these
reasons, it can be concluded that the association reaction
between the OPA and the AGM is 1.5 overall order.

Determination of reaction orders with respect to AGM and
OPA
To determine the partial order with respect to AGM
(5 × 10−6 M), a large excess of OPA (10−3 M) was used.
The evolution of the fluorescence intensity of the OPA
−AGM complex versus time (t) is shown in Fig. 7. It is
noted that the fluorescence intensity increases with
respect to t until it reaches a maximum (tmax = 20 min)
before decreasing afterwards.
Therefore, according to Eq. 16, it follows that:

V ¼ KC
0p
0 C

q ¼ K
0
Cq with C

0
0 ¼ 10 − 3M ¼ ½OPA�, C =

C0 − x = [AGM]t, and K
0 ¼ KC

0p
0

where K′is the pseudo-order rate constant with respect
to AGM.
In addition, it is also known that the overall order (n)

of the reaction is equal to 1.5, which implies that the q
order with respect to agmatine is between 0 and 1.5
because n = p + q.
We will therefore start by checking the extreme cases:

first case q = 0 and second q = 1.5 before checking the
intermediate orders.
If q = 0, experience shows that the curve C0ðI F max − I F

I F max
Þ

¼ f ðtÞ is not a straight line (Fig. 8a). It looks more like a
decreasing exponential or a hyperbola. However, it could
not be a hyperbola because the global order is equal to
1.5. If it is a decreasing exponential, the partial order

Fig. 8 Verification of the reaction orders: 0 order (a) and 1.5 order (b)

Fig. 9 Verification of the first order
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with respect to the AGM is equal to 1, which is still to
be verified.

If q = 1.5, according to Eq. 12, the curve 2
C0:5
0
½

ð I F max
I F max − I F

Þ0:5 − 1� ¼ f ðtÞ represented by Fig. 9b should

give a line of slope K'. Experience shows that the
curve does not show a straight line (Fig. 8b). This
indicates that the kinetics are not of order 1.5 with
respect to the AGM.
Thus, this kinetics is neither 0 order and nor 1.5

order. Since Fig. 8a looks like a decreasing exponential,

it is judicious to check if the reaction is a first order
with respect to AGM.
For instance, if the reaction is the first order,

according to Eq. 14, the plot lnð I F max
I F max − I F

Þ ¼ f ðtÞ shown
in Fig. 9 should give a straight line with slope K′.
However, experience shows that there is not a straight
line and the plot obtained has a concavity oriented
upwards. Thus, it would be more judicious to check the
orders lower than 1.
Figure 10 shows the plots representing the different

orders studied (between 0.6 and 1.1). As observed, all

Fig. 10 Verification of the different orders q between 0.6 and 1.1. q ¼ 1 : Y ¼ lnð I F max
I F max − I F

Þ, q≠ 1 :Y ¼ 1
ðq − 1ÞCq − 1

0

½ð I F max
I F max − I F

Þq − 1
− 1�

Fig. 11 Variation of the correlation coefficient versus to the order of reaction
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these different plots have a concavity directed either up
or down, except that of the order 0.8 which is linear.
This proves that the order with respect to the AGM is
close to 0.8.
To determine accurately the value of q, the cases

where q is equal to 0.7, 0.75, 0.8, 0.85, and 0.9 have been
checked, respectively. For these values of q, a linear
correlation occurred with correlation coefficients (r2)
between 0.9965 and 0.9996. The representation of the
plot r2 versus q order admits a maximum at the point
(r2 greater than 0.999 and q substantially equal to 0.8).
In addition, the values of these correlation coefficients
decrease on both sides away from the value 0.8 (Fig. 11).
Thus, it can be concluded with accuracy that the order
with respect to agmatine is equal to 0.8.
Thus, the reaction has an overall 1.5 order and 0.8

order with respect to AGM. Therefore, the order with
respect to the OPA would be equal to 0.7.
Moreover, from rate constants, the different initial

rates of reaction (V0) were determined and half-life (t1/2)
for the two cases by using Eqs. 6 and 13, respectively.
Thus, for the overall 1.5 order, V0 = 5.1 × 10−7 M min−1

and t1/2 = 8.12 min. In the case where the excess OPA
was used, V0 = 8.9 × 10−7 M min−1 and t1/2 = 3.6 min.
The results are summarized together in Table 3.
Table 3 shows that the initial rate (V0) of the reaction

between the OPA and the AGM is higher when the
OPA is in excess. In parallel, the half-life (t1/2) obtained
with an excess of OPA is much lower. Thus, the excess
of OPA accelerates the reaction between the OPA and
the AGM.
This large amount of OPA used is of great

importance. Indeed, during the industrial analysis of
agmatine in different matrices such as fish products,
fruits, wine, and physiological fluids, time plays an
important role. It is therefore advisable to work with a
high concentration of OPA to accelerate complexation
reaction in a relatively short time. In addition, to avoid
interference effects with other amines, it is necessary to
use a large excess of OPA.

Conclusion
In this work, the first the thermodynamic parameters
were studied, and then the kinetics of the reaction of
formation of the OPA −AGM complex was studied in
an exhaustive manner. The thermodynamic study shows

that the association constants between OPA and AGM
increase remarkably when the temperature is raised. The
positive value of the enthalpy (ΔH°) shows that the
reaction is endothermic and therefore favored by an
increase in temperature. Similarly, the positive value of
the entropy (ΔS°) found explains the existence of a
growing disorder during the reaction. However, the
negative value of free energy (ΔG) shows that the
reaction between OPA and AGM is spontaneous. These
results show that the analysis of agmatine by the
fluorimetric method can be done at room temperature
and does not require a large amount of energy.
Moreover, as the reaction between OPA and AGM is
endothermic and spontaneous, in tropical (hot)
countries, the analysis can be done directly at room
temperature, without the use of heating compared to
cold countries.
The kinetics of the reaction of complex formation

between the OPA and the AGM admits an overall 1.5
order and 0.8 order with respect to the AGM. Similarly,
this study shows that the initial rate of the reaction
increases with the concentration of OPA and in parallel,
the half-life decreases in the opposite direction of this
concentration: this shows that the excess OPA acceler-
ates the reaction. In addition, the excess OPA increases
the fluorescence intensity of the complex. This excess
also increases the speed of formation of the OPA −
AGM complex while reducing its optimal formation
time. The reduction of this time reveals a capital import-
ance in analysis, especially in industrial analysis, because
it saves time and money.
Thus, this work shows that the ideal conditions for the

determination of agmatine in several ranges of matrices
(e.g., industrial analysis) are to work with an excess of
OPA without the need to cool the cell. This study can
therefore contribute to the industrial analysis of
agmatine in various matrices: fish, shrimps, and fruits.
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