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Abstract

In the present work, three binary mixtures, derived from acrylamide (AM), vinylpyrrolidone (V P), and vinylbenzyl trimethylammonium
chloride (VBT A), were synthesized to form ionic copolymers through the inverse microemulsion method. A mathematical model

is proposed to describe the heat flow derived from thermoanalytical data of a binary polymerization reaction, utilizing the
Differential Scanning Calorimetry (DSC) technique. In the initial stage, the monomer conversion function model is proposed

to describe the experimental data derived from Nuclear Magnetic Resonance (NMR). Subsequently, in the second and final stage,

a calorimetric model (based on the previously derived conversion function and the molar fraction of each component) is proposed

to describe the heat flow data from polymerization reactions of binary mixtures of monomers.

Keywords: Calorimetry data, polymerization reaction, monomer conversion, heat flow.

Resumen

En el presente trabajo, se sintetizaron tres mezclas binarias, derivadas de acrilamida (AM), vinilpirrolidona (VP) y cloruro de
vinilbenciltrimetilamonio (VBT A), para formar copolimeros iénicos mediante el método de microemulsion inversa. Se propone
un modelo matemadtico para describir el flujo de calor derivado de los datos termoanaliticos de una reaccién de polimerizacién
binaria, utilizando la técnica de Calorimetria Diferencial de Barrido (DSC). En la etapa inicial, se propone el modelo de la
funcién de conversion de mondmeros para describir los datos experimentales derivados de Resonancia Magnética Nuclear
(RMN). Posteriormente, en la segunda y dltima etapa, se propone un modelo calorimétrico (basado en la funcién de conversién
derivada previamente y la fraccién molar de cada componente) para describir los datos de flujo de calor de las reacciones de
polimerizacién de mezclas binarias de mondémeros.

Palabras clave: Datos de calorimetria, reaccién de polimerizacidn, conversién de monémeros, flujo de calor.
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1 Introduction

Over the past two decades, scientific interest
in obtaining ionic macromolecules with positive,
negative, or zwitterionic properties has surged due
to their unique characteristics, including high ionic
conductivity, high viscosity in saline media, and
temperature resistance (Wang, 2012), (Sadeghalvaad,
2015). These macromolecules possess the ability
to incorporate water-soluble ionic compounds, such
as vinylbenzyl trimethylammonium chloride, which
enhance their polymeric chain properties. Notably,
VBTA provides tolerance to divalent ions at high
temperatures and hydrolysis (Xu, 2014), (Bai, 2015),
(Hassan, 2013), enabling the macromolecule to
increase its thermal resistance, develop tolerance to
saline media, and improve its dissolution capacity in
aqueous media (Li, 2017). These advantages make
these materials highly sought after and in demand,
particularly in the oil industry (Noppakundilograt,
2010).

Synthetic polymers are utilized in diverse
technologies due to their exceptional flexibility
in the synthesis process and the organization
of monomers within the polymeric structure.
Furthermore, the escalating complexity of numerous
industrial processes and their conditions necessitates
the development of novel polymeric substances
or materials that can meet contemporary demands
(Sheng, 2015), (Jung, 2013), (Wang, 2012). The
synthesis and demand for these polymers exert both
technological and societal impacts. Consequently,
novel approaches have concentrated on enhancing
properties to fulfill new requirements (Giles, 2005).
Consequently, polymeric structures are modified by
incorporating various types of monomers, resulting in
the formation of copolymers (Stahl, 2024), (Ferguson,
1979). Copolymers are compounds derived from the
incorporation of two distinct types of monomers into
the polymeric chain. They are typically designed
when the homopolymer fails to meet the requirements
or properties of a specific application (Shrivastava,
2018), (Mazrouaa, 2013), (Gaillard, 2010). Like
homopolymers, copolymers can be synthesized
employing diverse synthesis methods, each with
distinct advantages and tailored to the characteristics
of the final material (Choonara, 2011), (Lu, 2009).

Water-soluble synthetic polymers stable under
high salinity conditions (greater than 250,000 ppm of
total dissolved solids) and temperatures greater than
130°C are of high interest to the Mexican oil industry
for their possible application in the processes of
additional oil recovery and the preparation of chemical
compositions for water control in oil-producing
wells. The synthesis procedure of copolymers
involves the polymerization reaction that generates

a macromolecule. However, the primary challenge in
polymer synthesis lies in the selection of appropriate
methods and techniques. These methodologies and
techniques encounter significant limitations, including
the concentration and incorporation of monomers, heat
dissipation within the reaction matrix, and solution
viscosity (Adumitrchioaie, 2018), (Hamzehlou, 2020),
(Gu, 2005). These factors directly impact the desired
properties of the macromolecules, which, in turn,
influence the final application (Namazi, 2017), (Hao,
2005).

In this context, emulsion copolymerization and
even liquid crystalline phase copolymerization are
effective methods for incorporating ionic monomers
into the main polymer chain, resulting in the formation
of ionic polymers with a reduced polydispersity
degree and enhanced molecular weight (Qiu, 2008).
Notably, the inverse microemulsion method facilitates
the integration of water-soluble monomers, such
as acrylamide, vinylpyrrolidone, and Ionic Liquids
(ILs), including VBT A, which contribute to system
stability. However, it is important to note that
this method entails an increase in the anisotropy
degree of the polymer formation, as each monomer
exhibits distinct reactivity (Singh, 1994), (Ianchis,
2014). The complexity of the system necessitates
meticulous analysis, where challenges, such as
data processing, must be overcome through the
utilization of mathematical models, normalizations,
statistical treatment of deconvolutions, and even
fitting techniques, including square methods. These
approaches enable the appropriate projection of the
reaction progress (Colman, 2016), (Colman, 2014),
(Silva, 2011).

Since 1994, the method developed by Fineman
and Ross was utilized to determine the reactivity of
AM and VP in inverse microemulsions (Singh, 1994).
In another approach, the conversion of monomers
into polymerization reactions with inverse emulsion
is considered a first-order process. The primary
challenges in this type of reaction include the
kinetic polymerization, the evolution of polymer
weight, and the simultaneous action of an “intrinsic”
initiator (Alb, 2006). Subsequently, models developed
by Ugelstad/O’Toole, Nomura, and Gilbert were
employed to determine the velocity constants for
copolymerization of AM and butyl-acrylate under
inverse microemulsions (Yildiz, 2007). Moreover, the
monomer conversion of AM and the number of
particles were described with a model developed for
a polymeric reaction in an inverse microemulsion
with controlled propagation at high conversion
(Torraga, 2021). Recently, mechanistic models were
developed to describe the global and individual
monomer conversion, the final molecular weight
of the polymeric product, the polymerization rate,
the size distribution, the conversion velocity, and
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other properties of inverse emulsions containing AM,
styrene, and anhydric maleic acid (Moghaddam,
2025). Despite these significant contributions, our
proposed model is based on the empirical monomer
conversion formula and the concept of distribution
of monomers with a free radical, the latter being the
basis for the calorimetry model. The model represents
a mesoscopic view rather than a microscopic view, a
focus that has not been previously explored.

The goal of the work is to find an efficient way
to obtain polymer using a calorimetric mathematical
model for monitoring and quantifying the monomer
conversion in polymerization reactions. In this work,
the progress of the polymerization reaction by the
inverse emulsion method for three binary systems,
namely AM-VBTA, VBTA-VP, and VP-AM, was
monitored by NMR and DSC techniques. The data
from this monitoring were fed into a calorimetric
mathematical model, which was developed to describe
the heat flow of the polymerization reactions.

2 Monomer conversion

2.1 Laboratory details
2.1.1 Materials

Analytical grade reagents were acquired from Sigma-
Aldrich. The employed monomers were acrylamide
(AM, 98%), N-vinylpyrrolidone (VP, 99%) and
vinylbenzyl trimethylammonium chloride (VBTA,
99%); azobisisobutyronitrile (AIBN, 12 wt.% in
acetone) was used as initiator; cyclohexane (99%)
was the continuous phase of the inverse emulsion,

and polyoxyethylene isooctylphenyl ether (Igepal® ca
720) and sorbitan monooleate (Span® 80) were the

emulsifiers.

2.1.2 Inverse microemulsion preparation

The synthesis of three distinct copolymers AM-VBTA,
VBTA-VP, VP-AM was accomplished employing the
inverse emulsion method, as outlined in Table 1.
The formulation of microemulsions with an HLB
of 6.7 and an emulgents concentration of 14.5%
comprises two distinct phases: In one phase, the
continuous lipophilic phase of the inverse emulsions
was meticulously prepared by dissolving 3.3g de
Span® 80 in 16mL of cyclohexane. Simultaneously,
the second phase, the hydrophilic dispersed phase was
meticulously crafted by utilizing 6mL of degassed
deuterated water, 1.0g of Igepal® ca 720, and the
corresponding monomers, as specified in Table 1.
Subsequently, both phases (lipophilic and hydrophilic)
were meticulously combined using an Ultra-turrax
T25 Basic homogenizer at a rotational speed of
13,000 rpm for 8min. Subsequently, each of the three
emulsions, characterized by an average droplet size
of 0.1um, as determined using an AccuSizer 780
AD Autodiluter device, was individually transferred
into a three-necked round-bottom flask. Subsequently,
the emulsions underwent deaeration through the
deliberate introduction of nitrogen gas via bubbling
for 30min. Under the continuous presence of nitrogen
gas and a constant stirring rate of 350rpm, the initiator
AIBN (with an initiator mole ratio of 0.007 to the
monomers) was meticulously added to each emulsion
at a rate of 30mL/h, utilizing a syringe pump. For
each emulsion, two distinct samples were collected to

monitor the ongoing polymerization reaction.

Table 1. Molar ratio of monomers for each emulsion system.

Molar and weight ratios of monomers

Synthesized copolymer structures Monomers
AM-VBTA
O
\
- | cr
VBTA-VP

AM (0.050 mol (3.575 g)) / VBTA (0.007 mol (1.430 g))

VBTA (0.009 mol (2.000 g)) / VP (0.027 mol (3.000 g))
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O 0]
] NH,

VP-AM VP (0.017 mol (1.878 g)) / AM (0.044 mol (3.130 g))

Table 2. Vinyl groups peaks of monomers taken for monitoring.

Peak
(region of chemical shift), ppm

Structure
(the protons of the signals are marked in red)

Vinyl groups of monomers
(quantity of hydrogen atoms)

H
Hﬁ%\ CONH,
H

AM (2H) 6.13 (5.68-6.53)
H
H
%/AH
N_ o
7
VP (1H) 6.88 (6.71-7.25)
H g
H cr
/
N
|\
VBTA (1H) 6.60 (6.14-7.02)

2.1.3  Monitoring of the polymerization reaction by
!H NMR spectroscopy

A sample of the formed emulsion was placed (under
a nitrogen atmosphere) in a 1.0mL NMR glass tube,
which was sealed. The 'H NMR monitoring was
performed using a Bruker BioSpin GmbH 600MHz
piece of equipment for 44 at a constant temperature
of 60°C. The reaction progress spectrum was collected
every 15min for each of the three copolymer systems.
For each monomer, the peaks for monitoring the
monomer conversion in the mixture are represented in
Table 2.

2.2  Mathematical adjustment

The conversion of monomers into polymers plays
a significant role in understanding the evolution of
polymeric reactions. The conversion data derived from
the polymerization experiment for each monomer in
the binary mixture were described through Equation
(1), namely,

Palt) = Ag erf (aat)™ + (100 = Ag) erf (bat)" (1)

where « is the monomer label, ie. a €
{AM, VP, VBTA}, and erf is the error function

—— (AM-VBTA)  po 283 f 169

J;\UUVL

7.40 ‘ 4.39
7 6 5 4 2
(VBTA-VP) Do 203

719 435 2.73 1.66
T T T T T T
7 6 5 4 3 2
(VP-AM) D0

8 7 6 5 4 3 2 1

Figure 1. "H NMR spectra of the obtained copolymers.

(Abramowitz, 1972) given by Equation 2:

2 Y
erf(x)= —f e Tdr 2)
Vr Jo
The conversion function and its time derivative at = 0
fulfills with p,(0) = 0 and p,(0) = 0, and therefore,
exponents must be m, > 2 and n, > 2. Moreover,
Pq corresponds to a non-decreasing function; thus, its
parameters are a, > 0 and b, > 0. In summary, the
monomer-a conversion function p, has the domain
0 < t, is a continuous function, has no negative
values p,(f) > 0, is a monotonically non-decreasing
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function po(f) > 0, and has the limit p,(r) —»100%
at t — oo. The adjustment parameters are in the
set So = {Ag,My,Ng,aq,be }, and are determined by
minimizing the mean square deviation between the
experimental data and results from the conversion
function po(t).

2.3 Results

Figure 2 shows experimental data for the conversion
of monomers to copolymers, denoted by dot symbols,
for the three polymeric reactions: AM-VBTA, VBT A-
VP, and VP-AM copolymers. The solid line represents
the outcome of Equation 1, applied to each component
within the polymeric reaction. The parameter values
were determined through the minimization of the
mean square deviation between the experimental data
and Equation 1; and those values are in Table 3.

In the case of the copolymer AM-VBTA,
the gradual reaction progress and corresponding
conversion of the monomers into polymers were
observed. The VBT A monomer exhibited a conversion
of 24% at the initial reaction stage. However,
at 126min, its conversion percentage increased to
94%, indicating the acceleration stage. Finally, 100%
conversion was achieved at 160min. Regarding AM,
the initial percentage was 41%. At the acceleration
stage (at 105min), a conversion of 97% was observed,
with the maximal conversion occurring at 160min.

In the case of the copolymer VBTA-VP,

conversions of 57% and 47% were observed for
VP and VBTA, respectively, at 9min and 29min,
respectively. The acceleration stage for VP occurred
at 76min, while for VBTA, it happened at 138min,
with conversions around 97%. Finally, at 200min, both
monomers reached the same speed, achieving 100%
conversion.

The copolymer VP-AM exhibited an immediate
reaction rate, with both monomers reaching
conversions of approximately 51% within 2min.
While AM exhibited a similar onset, it demonstrated
increased reactivity after 10min, reaching conversion
percentages of 99%. Conversely, the reaction time
required by the VP monomer was longer than that of
AM to achieve 100% conversion.

In general, Equation (1) adequately described the
monomer conversion observed in the experiment.
Notably, the VP-AM experiment exhibited a faster
monomer conversion rate compared to other cases.
Although the experimental data for VP monomers
appeared scattered, Equation (1) offered useful
insights into the conversion behavior. In this case,
the deviation indicates that adding more terms
to Equation (1) could enhance its multimodal
description (Guzmadn, 2024). Furthermore, the most
rapid monomer chemical reaction was observed in the
mixture of VBTA (blue dots), VP (green dots), and
AM (red dots). These components exhibited the fastest
chemical reactions in the AM-VBTA, VBT A-VP, and
VP-AM experiments, respectively.

Table 3. The parameters value of Equation (1), which adequately fits the experimental data of the polymerization

reaction.
Copolymer a Ay [P]  mygy Ny aq [min™'] b, [min~!]
AM-VBTA  AM 50.14 2 20.84 0.01282 0.01659
VBTA  54.88 2 5742 0.03243 0.01748
VBTA-VP VBTA  53.65 2 2369  0.04522 0.008702
VP 53.60 2 2 0.1656 0.02640
VP-AM VP 53.60 2 2 1.0936 0.02176
AM 53.58 2 2 1.0064 0.2109
3 Calorimetry standard, the temperature of the fusion point is
known and is 156.59°C, 231.94°C, 327.47°C, and
419.56°C, respectively. The enthalpy of one of them
is calculated from the area under the main peak from
3.1 Laboratory details the endothermic effect and its base; its value is also
known and for each standard corresponds to 28.5 J/g
In the second stage, heat flow data were @ 1In, 60.2J/g @ Sn,23.0J/g @Pb,and 107.4 J/g @

collected using Differential Scanning Calorimetry
(DSC) technology equipped with SETARAM
EVO equipment. The equipment calibration was
conducted to ensure the precision, comparability,
and reproducibility of the temperature and heat flux
measurements. The procedure was executed using
the standard kit S60/50194. A precise polymer with
a concentration of 500mg per standard is utilized,
specifically indium, tin, lead, and zinc. For each

Zn. The calculated value derived from 5 experiments is
compared with those values, and its deviations must be
within the range defined by the equipment uncertainty,
namely: +0.5 J/g.

A sample of the 15uL formed emulsion (as
described in 2.1.2 and the AIBN initiator) was placed
under a nitrogen atmosphere into hermetically sealed
aluminum crucibles with a capacity of 30uL. An
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isothermal process was conducted at 60°C for a
duration of 4h to determine the heat released from
each of the proposed copolymerization reactions:
AM-VBTA, VBTA-VP, and VP-AM. Subsequently,
the mathematical fitting was performed, and the
correlation between the heat flow data and the
conversion data obtained by '"H NMR spectroscopy
was observed.

3.2 Heat flow model

In Section 2, an empirical formula was introduced to
explain monomer conversion during a polymerization
reaction. Section 3 builds on this by combining the
concept of monomer distribution with a free radical
and the earlier empirical formula to develop the heat
flow model. The first step is to define g(¢) as the heat
flow system (in mW unit) at time ¢ € [0,r], where tf
is the final time. For this time interval, the baseline
was defined as gpase(t) = (q(tr) —q(0))t/tr + q(0).
The baseline gradient and baseline height derived from
experimental data are reported in Table 4.

Table 4. Baseline gradient M = (q(tr) — q(0)) /tr, and
baseline height ¢(0) derived from experimental data.

Copolymer M [mW/min] q(0) [mW]

AM-VBTA -1.421 -2.942
VBTA-VP  5933x107° —3.842
VP-AM  9.572x 1073 -3.950

Excess heat flow was defined as Ag(r) = q(¢) —
qbase(t) and modeled with Equation 3

t
Aq(t) = fo p(7) Qi —7) dr 3)

Certainly, the model’s validity is restricted to the
interval + € [0, tr]. Equation (3) represents the
convolution of two functions, namely p(¢) and Q(¢).
The former, p(f), represents the monomer distribution
with a free radical and is modeled using the gamma
distribution, as specified in Equation 4, namely,

_ Al
P(l)—r(z)(/lt) e 4

where I'(z) is the gamma function [30]

I(z) = f ” e dr. (5)
0

Certainly, a monomer with a free radical is generated
when its double bond becomes open and is eliminated
during the chemical reaction. Consequently, p(f)
represents the concentration of such monomers with
a free radical (in units of 1/min) within the system.
The gamma distribution is applied here because
its valid range aligns with non-negative times, and
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Figure 2. Monomers conversion function in the
polymerization reaction: (a) AM-VBTA, (b) VBTA-
VP, and (c) VP-AM. Equation (1) is the solid curve,
and the dots correspond to experiment data. Red
circles, green triangles, and blue squares are associated
with AM, VP, and VBT A, respectively.

its shape resembles (though is not identical to) a
typical Gaussian distribution. Additionally, the mean
value (m) and standard deviation (o) defining this
distribution are provided in the following equations,

m=-; 0 =4 (6)

In Equation (4), z and A are the parameters. For
illustration, Figure 3 depicts the Gamma distribution
obtained from the AM-V BT A polymerization reaction.
This function reached its peak number of active sites
at approximately 36min. Subsequently, the number
of free monomers declined over time, consequently
leading to a reduction in the density of monomers with
a free radical.
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Figure 3. Function p(f) obtained from the AM-VBTA
polymerization reaction. This distribution reached a
mean value m = 43.0min and a size distribution o =
16.8 min (see Table 5).

Table 5. Parameters of the gamma distribution
function, p(#), Equation (4), determined by the
minimization of the mean square deviation between
experimental excess heat flow data and Equation (3).

Copolymer m [min] o [min]

AM-VBTA  43.04 16.84
VBTA-VP 86.93 50.16
VP-AM 107.1 57.82

The second function in Equation (3) is Q(¢), which
describes the mean heat generated by the chemical
reaction on a monomer with a free radical. This
function was modeled with Equation 7.

0 =A(p(n)+ Bt p1)" )

where A, B, and n represent the parameters.
Meanwhile, p(¢) and p{¢) denote the time derivative
and second time derivative of the function p(7),
respectively. The average heat produced by the
reaction of monomers with free radicals depends
on the reaction velocity (linked to p(f)) and its
acceleration (linked to pi{t)). Equation (7) provides
a plausible assumption for this unknown function.
Additionally, the function p(f) describes the total
monomer conversion in the system and is modeled
with

PO =" X palt) @®)

2

where p,(f) is the monomer conversion function in
Equation (1), and x,, is the molar fraction in the binary
mixture. In short, the model for describing the excess
heat flow is Equation (3). This model is based on
the convolution of two contributions: the distribution
p(t) and the mean heat generated from the chemical
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Table 6. Parameter values in the mean heat flow, Q(7),
Equation (8), determined by the minimization of the
mean square deviation between experimental excess

heat flow data and Equation (3).

Copolymer A [mW] B [min~!] n
AM-VBTA 1.241 0.07226  0.2691

VBTA-VP 3.316 0 1
VP-AM 3.367 0 1
AM-VBTA
B
E
3 2
15
VBTA-VP
s 2
£
E,z.s
£ 3
-4
'g‘l
E
3

0 50 100 150 200 250
Time (min)

Figure 4. Heat flow ¢(¢) obtained from the AM-VBTA,
VBTA-VP, and VP-AM polymerization reactions. The
solid curve is the result of Ag(?) + gpase(?) and the
experimental data are red dots.

reaction, Q(f). All the parameters in this model belong
to the set S = {A, B, n, m, o}, their values are
displayed in Tables 5 and 6 and were computed by
using a minimization procedure applied in the square
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mean deviation of the excess heat flow Ag(?) derived
from experimental data and Equation (3).

3.3  Results

Employing the DSC technique, the heat flow of the
three copolymerization systems was quantitatively
determined. For the copolymerization system AM-
VBTA, the maximum energy peak was observed at
88.8min, accompanied by a heat flow of -1.61mW.
Similarly, for the copolymer VBT A-V P, the maximum
heat flow of -1.26mW was recorded at 67.7min. Lastly,
for the copolymer VP-AM, the maximum heat flow of
-1.38mW was observed at 78.3min. The experimental
data are presented in Figure 3, with red dots. The
solid line in Figure 4 represents the heat flow model,
specifically Equation (3) plus the baseline, namely:
q(t) = Aq(t) + qpase(t). This model captured the
average characteristics of experimental data. However,
it exhibited a deviation at the end of the window
time in all instances. In contrast, the AM-VBTA
model exhibited a maximum peak to the right of
the experimental data. Furthermore, the experimental
data exhibited intricate behavior patterns, potentially
suggesting a multimodal distribution of monomers
with a free radical.

Conclusions

By employing the '"H NMR monitoring methodology
outlined in the experimental design, it was feasible
to ascertain the conversion percentage for the diverse
copolymer systems. Utilizing the in-situ '"H NMR
technique, the reaction progression was quantified by
monitoring the signals associated with vinyl groups
of the monomers, thereby analyzing the pairwise
polymerization systems (copolymers).

The monomer conversions function into polymers
during the polymerization reaction, namely p,/(f),
whose data are derived from 'H NMR experiments,
are accurately described with Equation (1). However,
Equation (1) could be improved by adding more
terms to describe the multimodal behavior of VP
in Figure 2 (polymer VP-AM). In contrast, for heat
flow data obtained using the DSC technique, it was
concluded that the correlation Equation (3), namely
Aq(t), that is based on a density of monomers with
a free radical, and this distribution is modeled using
a Gamma-type distribution and validated for time
t > 0 by employing the baseline of each system.
In general, an acceptable correlation between the heat
flow derived from experimental data and the model,
with an overall error of less than 15%, was observed.
Finally, the model was developed for polymerization
reactions using inverse microemulsions, but it is

also sufficiently general to apply to conventional
polymerization reactions.
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