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Abstract:

This work aimed to evaluate the influence of Cu?* salts counterions (acetate and chloride) and the synthesis
conditions on the reaction yield of MOF-199, a well-known metalorganic framework. Therefore, a factorial design
was performed for this purpose in which three reaction parameters were analyzed: temperature, time and metal
concentration, varying in two levels (minimum and maximum), resulting in a combinatorial analysis, where each
experiment consisted in a different configuration of the factors at their respective levels, which led to a batch of 23
= 8 experiments, for each Cu?* salt. Syntheses with average values of each parameter were also performed,
totalizing 9 experiments for each counterion. Reaction yield was the factorial design response variable and the
products were characterized by infrared vibrational spectroscopy, thermogravimetric analysis and powder X-ray
diffraction. Analytical techniques confirmed the production of MOF-199 and the proposed statistic model of the
response variable showed good agreement with the experimental values. In addition, the temperature parameter
was the only significant variable on the reaction yields for the syntheses with Cu?* chloride. The syntheses carried
out with Cu?* acetate provided higher yields compared to Cu?* chloride, however the evaluated synthesis conditions
were not significant.
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molecular adsorption [8], gas separation and
storage [9,10,11,12], drugs delivery [13],

1. Introduction

Metalorganic frameworks (MOFs) consist of a
class of compounds on the rise and have been
extensively studied in recent years due to their
various interesting properties and consequently
numerous applications. MOFs consist of
crystalline and robust structure materials,
geometrically well defined, resulting from the
coordination of organic ligands to metal ions or
clusters, polymerizing and forming a coordination
network containing potential voids [1]. Each
ligand, together with the metal, is responsible for
imparting specific properties to each MOF in
terms of structure and functionality [2, 3, 4, 5].
Cavities are formed along the framework
structure, which may also be called pores and
those are able to capture small molecules and are
therefore useful for reaction catalysis [6,7],
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antibacterial activity [14], precursor for electrode
materials [15] and in plant hormones absorption
improvement [16], etc.

The first synthesized MOF was MOF-5,
composed by Zn?* and 1,4-benzenedicarboxylic
acid. However, the lack of active sites available in
zinc ions limited the material applications and a
Cu?*-based MOF seemed to solve that problem.
MOF-199, also known as HKUST-1, was firstly
synthesized by Chui and coworkers and it
consists of a metalorganic framework composed
by Cu?* ion and 1,3,5-benzenetricarboxilic acid
(BTC) ligand, also known as trimesic acid [17].
The presence of metal-containing clusters with
coordinative vacancies, in this case, Cu?*, makes
MOF-199 capable of binding smaller molecules
for both carrying and transportation, or catalyzing
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reactions. In its structure, Cu?* form dimers, where
each Cu?* atom is coordinated to four oxygen
atoms, coming from the carboxylate groups of
BTC linkers, and to one water molecule. The
presence of water molecules suggests the
possibility to obtain a coordinative vacancy on the
metal ions species, by dehydration, leading the
material to have potential activities in catalysis
[17,18].

There are distinct methodologies reported in
literature concerning MOF-199 synthesis, which
can be, for example, solvothermal, hydrothermal,
or dripping with magnetic stirring. In addition,
Cu?*:BTC proportion, reaction medium, time,
temperature and reagent concentration are also
distinct. Cao et al. [11], for instance, produced
MOF-199 by adding Cu?* nitrate (17.1 mmol)
dissolved in water into a solution of trimesic acid
(9.5 mmol) dissolved in ethanol:DMF 1:1 (v/v) and
then transferred the final mixture to a solvothermal
vial to react for 10 hours at 100 °C. Nguyen et al.
[7], in turn, dissolved both the metal salt Cu?*
nitrate (1.81 mmol) and the BTC ligand (1.12
mmol) at the same time in a solvent mixture of
ethanol:DMF:water (4:3:2 v/v) in a 20 mL vial,
which was then heated at 85 °C in an isothermal
oven for 24 hours. Khan et al. [15] dissolved Cu?*
nitrate (3.0 mmol) in DMF and then added it
dropwise on a suspension of trimesic acid ligand
(1.0 mmol) in DMF containing triethylamine under
stirring at room temperature. These mentioned
procedures did not evaluate the influence of the
experimental parameters on the reaction yield, for
example, and several recent works reported the
synthesis optimization based on a factorial design
of experiment with different level and factors, such
as: sonication time, initial concentration and
adsorbent dose for obtaining optimum parameters
for copper and lead ions removal by a MOF of
cadmium and terephthalate, Cd-TPA,in two
levels (23) [19]. Similarly, interactive -effects
among the key synthesis parameters such as
drying time, calcination temperature,  stirring
speed and mass of CaCOs were investigated in
two levels (24) to achieve the highest vyield of
supported bimetallic (Fe-Co/CaCQOs) catalyst
synthesis [20]. Another factorial design (22) was
developed to study the crystallization time and
temperature of the MCM-48 mesoporous
materials synthesis, to analyze the specific area
of compounds in two levels [21]. Finally, the
influence of absorbed dose, reaction time and

monomer concentration over the synthesis of
polypropylene-g-poly(glycidylmethacrylathe), a
functional material for metal ion adsorption, was
tested by a factorial design (42) [22].

Based on the variety of experimental
procedures reported or producing MOF-199 and
the absence of information in literature concerning
the importance of understanding the significant
experimental conditions for MOF-199 production,
the aim of this work was to apply a 23 factorial
design to evaluate the influence of Cu?* salts
counterions, acetate (OAc) and chloride (CI), and
the synthesis parameters (time, temperature and
metal concentration) on the reaction vyield
(response variable) of MOF-199.The obtained
compounds were characterized by infrared
vibrational spectroscopy (FT-IR spectroscopy),
thermogravimetric analysis (TGA) and powder X-
ray diffraction (XRD).

2. Results and Discussion

MOF-199 presents two different Cu?* ion
coordination spheres, depending on the presence
or absence of water molecules coordinated to
Cu?*, Literature reports [Cuz(BTC)2.3H20] units, a
turquoise form of MOF-199 containing terminal
axial aqua ligands (Figure 1), and dark blue form
obtained after a dehydration processes of
[Cus(BTC)2.3H20] units, without coordinating
water molecules [17, 18, 23]. In this work, all 18
obtained compounds were dried up under vacuum
at 80 °C during 7 days and the bluish color was
the first evidence leading us to conclude those
were all MOF-199 containing terminal axial aqua
ligands. The reaction yields were calculated
based on [Cu3(BTC)2.3H20] formula.

Figure 1. Hydrate MOF-199 structure obtained
and determined by Chui et al [17]. Cu?* (dark
grey balls), O (black balls) and C (light grey
balls).
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In addition to the color, the characterization
techniques were important to confirm the
successful coordination of Cu2* to BTC molecules
and the presence of water coordinated to Cu?*.
Compound 9 (CI) and Compound 9 (OAc) were
chosen as representative of all other synthesized
compounds, since all results were similar between
them. Free BTC was used as reference for FT-IR
spectroscopy and TGA.

2.1. FT-IR spectroscopy

FT-IR spectra of free BTC ligand, Compound
9 (CI) and Compound 9 (OAc) are shown in
Figure 2. Bands from 3300 to 2400 cm™
correspond to OH stretching from BTC carboxyl
group, as can be seen in the ligand spectrum. This
is characteristic of carboxyl group, which tends to
strongly interact through hydrogen bonds forming
a kind of dimers on solid state. However, in the
synthesized compounds spectra those small
dimer-like bands were replaced by a single
broadband, indicating that the dimer-like form was
lost, being an evidence of BTC coordination to
Cu?* [7,12]. The synthesized compounds were
blue-colored and, according to the literature, it is
an evidence of water coordinated to Cu?'.
According to the literature, free water exhibits
symmetric and asymmetric stretching vibration
modes at 3652 and 3756 cm', respectively. Since
the synthesized compounds spectra exhibit a
stretching band around 3345 cm, it can be an
evidence of coordinated water [24]. Another
evidence of BTC coordination to Cu?* was the
replacement of C=0 stretching from free BTC
carboxyl group at 1690 cm-! by characteristic C-O
symmetric and asymmetric stretches of
carboxylate ion at 1370 and 1640 cm™,
respectively, from deprotonated and coordinated
BTC. FT-IR spectra of synthesized compounds
are in agreement with those related by Nguyen et
al. [7], supporting the evidence of MOF-199
production in this work.

2.2. TGA

Free BTC and synthesized compounds TGA
curves are shown in Figure 3. Free BTC
thermogram displayed a single weight loss
starting at 300°C due to its thermal
decomposition. There was no residue formation,
as expected for an oxidizing atmosphere. The

production of MOF-199 was also confirmed by
TGA, since the synthesized compounds
thermograms exhibited a weight loss up to 100 °C
attributed to coordinated water molecules. From
100 to 200 °C there was the removal of DMF
molecules located in the pores. Afterwards, there
was an intense mass loss corresponding to
coordinated BTC thermal decomposition. At 320
°C residual mass was observed and it can be
attributed to CuO, since the TGA was performed
under oxidizing atmosphere. Cao et al. [11] also
performed TGA for MOF-199 and their
achievements are similar to the results exhibited
in Figure 3, reinforcing success on MOF-199
formation.

(a) Compound 9 (OAc)

(b) BTC

Transmittance
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(c) Compound 9 (CI)

T T T T T T T T T T T T T
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Figure 2. FT-IR spectra of (a) Compound 9

(OAc), (b) BTC and (c) Compound 9 (CI").
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Figure 3. TGA curves of (a) Compound 9 (OAc),
(b) free BTC and (c) Compound 9 (CI).

2.3. XRD

Orbital: Electron. J. Chem. 10 (7): 543-551, 2018



Amorim et al.

FULL PAPER

Compound 9 (OAc) and Compound 9 (CI-) X-
ray diffractograms are shown in Figure 4. The
main peaks appear at 26 = 6.6°, 9.5°, 11.7°, 13.5°,
19.0° and 26.0°, which are in agreement with
previous reports concerning MOF-199 synthesis
[7,11, 25], a final indication of successful MOF-
199 production. The cell parameters for these
compounds were in agreement with previous
reported literature [17, 26]. According to Chui et
al, in MOF-199 Cu?* ions form dimers, where each
Cu?* ion is coordinated by four oxygens, coming
from BTC linkers and by one water molecule
(Figure 1) [17].

l
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(a) Compound 9 (OAc)

chloride played an important influence over MOF-
199 production, with acetate ion contributing for
considerable higher vyields for all reaction
conditions compared to those reaction yields with
chloride as anion. This difference may be due to
the fact that acetate ion is derived from a weak
acid and, as a consequence, it is a stronger
conjugate Brgnsted base than chloride ion, which
comes from a strong acid. As a stronger base,
acetate ion plays a greater tendency to abstract
the hydrogen atom from BTC carboxyl group, thus
favoring BTC coordination to Cu?* [27].

Table 1. Reaction yields for each synthesized

compound.

Compound Cu3(BTC)2.3H20 Cus3(BTC)2.3H20
Yield (acetate) Yield (chloride)

_ (%) (%).
5 1 18.48 5.85
S 2 4215 1.36
3- — (b) Simulated 3 4356 243
b l Y Y 4 55.05 0.12
§ 5 49.25 13.26
= 6 48.23 10.22
' {c) Compound 9 (CI) 7 46.97 18.11
e 8 46.34 15.05
9 37.35 2.91

10 20 30 40 50 60

20 (degree)

Figure 4. Powder XRD patterns of (a)
Compound 9 (OAc), (b) simulated data from the
deposited structure [17] and (c) Compound 9
(CI).

2.4. Factorial design

According to XRD results, reaction yields of all
18 compounds were calculated based on hydrate
MOF-199 structure (Figure 1) and the results are
listed in Table 1. As can be seen, acetate and

2.41. Compounds synthesized from Cu?
acetate factorial design

For the analysis of Cu?* acetate, a model was
built (described on item 3.) with interactions
between two factors and a coefficient of
determination (R?) of 93.56% was obtained. From
Table of Effects (Table 2) it was possible to
observe the influence of each factor on the
response variable and the interaction between the
factors.

Table 2. Table of Effects for compounds synthesized from Cu?* acetate.

Factor Effect Coefficient Std. Err. t(2)* p**

Mean/interactions 43.0422 43.04 1.77 24.36 0.002
(1) Concentration (mol L) 8.3775 4.19 3.75 2.23 0.155
(2) Time (min) 8.4525 4.23 3.75 2.25 0.153
(3) Temperature (°C) 7.8875 3.94 3.75 2.10 0.170
(1*2) Concentration*Time -2.9475 -1.47 3.75 -0.79 0.514
(1*3) Concentration*Temperature -9.2025 -4.60 3.75 -2.46 0.133
(2*3) Time*Temperature -10.5375 -5.27 3.75 -2.81 0.107

*Student-test; ** p-value.

Orbital: Electron. J. Chem. 10 (7): 543-551, 2018
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Only the mean was shown to be significant.
Concentration, time and temperature factors have
an increasing effect on the response variable.

(negative values), which means the variables are
antagonistic and the surface graphics confirm this
analysis (Figure 5). However, concentration, time

and temperature at higher level increased the
reaction yield.

Interactions between the factors
decreasing effect on the

have a
response variable
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Figure 5. Surface Graphics for compounds synthesized from Cu?* acetate. (a) Concentration x Time x
Yield, (b) Concentration x Temperature x Yield, (c) Time x Temperature x Yield.

The coefficients values allowed fitting a

are not significant to the response variable.
regression model based on:

60

9(x1, %y, %3) = 43.04 + 4.19%; + 4.23%, + 3.94x; — = | )
1.47x,%, — 4.60x,x3 — 5.27x,%3 Eq.1 s | . 6
The obtained yield (response variable) for Cu?* oL 0 8 :
acetate syntheses showed good proximity with g w0l * e
the predicted yield, as presented in Figure 6, -
indicating a good agreement to the model. 3
Although the controlled factors are not significant, § T
the proposed model responds well to the yield. % L
The significance coefficients of the model S I
(Eq.1) were evaluable by Student t-test with 15 ‘ ‘ ‘ ‘ ‘ ‘ ) )

15 20 25 30 35 40 45 50 55 60
Experimental yield (%)

Figure 6. Experimental yield against predicted
yield for compounds synthesized from Cu?*
acetate determined by Eq.1.

significance level of 5%. For a = 5%, p-value
values lower than 5% are significant to the
response variable. In the ANOVA Table (Table 3)
it is seen that p-value values are higher than 5%
for all factors and interactions, inferring that they

Table 3. Table ANOVA for compounds synthesized from Cu?* acetate.

Factor SS df MS F* p**
(1) Concentration (mol L) 140.3650 1 140.3650 5.00 0.155
(2) Time (min) 142.8895 1 142.8895 5.08 0.153
(3) Temperature (°C) 124.4253 1 124.4253 443 0.170
(1*2) Concentration*Time 17.3755 1 17.3755 0.62 0.514
(1*3) Concentration*Temperature 169.3720 1 169.3720 6.03 0.133
(2*3) Time*Temperature 222.0778 1 222.0778 7.90 0.107
Residual 56.2022 2 28.1011
Total SS 872.7074 8

*Fisher-Snedecor F-test,** p-value.

2.4.2. Compounds synthesized from Cu?* chloride factorial design

547 Orbital: Electron. J. Chem. 10 (7): 543-551, 2018
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For the analysis of Cu?*chloride (described on
item 3), with interactions between two factors, R?
= 92.48% was obtained. Table of Effects (Table 4)

presented the influence of each factor on the

response variable and the interactions between
the factors.

Table 4. Table of Effects for compounds synthesized from Cu?* chloride.

Factor Effect Coefficient. Std. Err. t(2)* p**

Mean/interactions 7.70111 7.70 1.21 6.36 0.024
(1) Concentration (mol L) -3.22500 -1.61 2.57 -1.25 0.336
(2) Time (min) 1.25500 0.63 2.57 0.49 0.674
(3) Temperature (°C) 11.72000 5.86 2.57 4.56 0.045
(1*2) Concentration*Time 0.54000 0.27 2.57 0.21 0.853
(1*3) Concentration*Temperature 0.17500 0.09 2.57 0.07 0.952
(2*3) Time*Temperature 3.58500 1.79 2.57 1.39 0.298

*Student t-test; ** p-value.

From Table 4 it is possible to observe that

means the variables are synergistic. Surface

concentration factor had a decreasing effect on
the response variable, while temperature, time
and the interactions between the factors had an
increasing effect on the response variable, which

graphics confirmed this statement (Figure 7). For
higher temperature and time values, the yield
increases and for higher concentration values the
yield decreases.
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Figure 7. Surface Graphics for compounds synthesized from Cu?* chloride. (a) Concentration x Time x
Yield, (b) Concentration x Temperature x Yield, (c) Time x Temperature x Yield.

The coefficients values allowed fitting a ?
regression model based on: e

%7

12 |
(x4, %2, %3) =

7.70'1.61X1+0.63X2+5.86X3+0.27X1x2+0.09X1x3+1
Eq.2

%6

Predicted yield (%)
*

The obtained yield (response variable) for Cu?* 2
chloride syntheses showed good proximity with k ‘ ‘ ‘
the predicted yield, as presented in Figure 8, ’ ooyl () B
indicating a good response with the model. Only
the central point estimated presented a residue
higher than expected.

Figure 8. Experimental yield against predicted
yield for compounds synthesized from Cu?*
chloride determined by Eq.2.
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In the ANOVA Table (Table 5) it is seen that
only the temperature factor has a p-value lower
than 5%, whereas other factors and their

interactions have a p-value higher than 5%, which
means only the temperature was significant to the
response variable.

Table 5. Table ANOVA for compounds synthesized from Cu?* chloride.

Factor SS df MS F* p**
(1) Concentration (mol L) 20.8013 1 20.8013 1.57 0.336
(2) Time (min) 3.1500 1 3.1500 0.24 0.674
(3) Temperature (°C) 274.7168 1 274.7168 20.79 0.045
(1*2) Concentration*Time 0.5832 1 0.5832 0.04 0.853
(1*3) Concentration*Temperature 0.0613 1 0.0613 <0.01 0.952
(2*3) Time*Temperature 25.7045 1 25.7045 1.95 0.298
Residual 26.4291 2 13.2145

Total SS 351.4461 8

* Fisher-Snedecor F-test; ** p-value.

3. Material and Methods
3.1. Materials

Absolute ethanol (99.8%), Cu(OAc)2.H20 and
CuCl2.2H20, both P.A. grade, were purchased
from VETEC®, BTC (95%) was provided by
ALDRICH®, and DMF (P.A. grade) was obtained
from Scientific Exodus®.

3.2. Factorial Design description

For the synthesis of MOF-199, a two-leveled
(lower (-) and upper (+) levels) full factorial design
was performed in order to study the influence and

the interaction of the reaction variables on the
reaction yield (response variable). The adopted
procedures, as well as synthetic conditions, were
chosen based on previous MOF-199 reported
literature [2, 7, 9, 11, 12, 15, 25]. Thus, the
reaction conditions (variables or factors) studied
were: metal concentration, time and temperature.
Being three variables studied at two levels, plus
the variables average values, nine experiments,
for each counterion (acetate and chloride), were
performed combining those parameters. The
expected response of the factorial design was the
synthesis yields. The lower and upper values for
each variable are listed in Table 6.

Table 6. Factorial design variables and their respective values for lower (-) and upper (+) levels.

Variables / Levels Lower (-) Upper (+)
Concentration (mol L) 1.7 x 1072 3.5x102
Time (min) 60 120
Temperature (°C) 25 78

78 °C was chosen as temperature upper level
since it is the boiling point of ethanol, one of the
solvents used in the reactions. In addition,
synthesis at higher temperatures can lead to
formation of MOFs without ancillary ligands [28].

3.3. Experimental procedure

In terms of experimental methodology, all
syntheses of the factorial design proceeded in a
very similar way, differing from each other on the
pre-established values of the studied factors. The
random sequence of synthesized compounds and

their reaction conditions are shown in Table 7.

05 mL of a Cu? aqueous solution
(concentration described at Table 6) was added
to a BTC ethanol/DMF 1:1 (v/v) solution (1.9 10
?mol L' and 3.8 102mol L' for lower and upper
level, respectively) drop wise by using a 500 pL
micropipette every 2 minutes for a total of 20
minutes of addition time (not taking in account for
the reaction time parameter), under magnetic
stirring, at 25 or 78 °C, and during 60 or 120 min.
The dark blue solids were washed with an
ethanol:DMF:water (1:1:1) mixture, dried at
vacuum for 1 week at 80 °C, and characterized by

Orbital: Electron. J. Chem. 10 (7): 543-551, 2018
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FT-IR spectroscopy, XRD and TGA.

Table 7. Synthesized compounds and their respective combination of factor levels, where the upper
level is represented by (+), the lower level by (-) and the average level as (0).

Compound Factor 1 Factor 2 Factor 3
(Concentration) (time) (temperature)
1 - - R
2 + - -
3 - + -
4 + + -
5 - - +
6 + - +
7 - + +
8 + + +
9 0 0 0

3.4. Experimental design

Statistical treatment of the reaction yields data
was carried out using Statistica software [29]. This
statistical treatment is based on the analysis of the
influence of each factor (concentration, time and
temperature) on the response variable (reaction
yield).

The standard error (Std. Err.) was calculated
based on prediction error (e) from model:

e=y—Jp Eq.3,

where J is the yield predicted by model:

y\(xl, Xy, X3) = bg + b1x1 + b2X2 + b3X3 +

bi,x1x5 + bi3x1X3 + bysXyxs Eq.4,

being b the reaction parameters coefficient, x1
metal concentration; x2 = reaction time; xs
temperature and xixz, x1x3, X2x3 the interaction
between those factors. Sum of squares (SS) error
was determined by:

SS = Z 62 Eq'51
then:
Ss=% -2 Eq.6.

The experimental variance estimative was
performed by mean squares residual MSiesidual:
from analysis of variance (ANOVA) of the

residuals model:
MSresidual = SS//df Eq.7,

where df is the number of degree of freedom of

the residuals, determined by:
df =n—-d Eq.8,

where n and d are the number of samples (n = 9)

and coefficients model (d = 7).

The square root of MSesiqual is @ good estimative
for the standard deviation model. Thus, the
standard error was calculated by:

Std.Err.= v MSresidual/,/df

Standard error was used to determine the
significance of coefficients model b’s.

Eq.9.

3.5. Characterization

Infrared spectroscopy analysis was performed
with Spectrum 400 FT-MIR / FT-NIR - Perkin
Elmer®, in attenuated total reflectance (ATR)
mode, 16 scans, with a resolution of 4 cm-'. TGA
was conducted with a SDT Q600 - Ta
Instruments®. Analyses were done under
synthetic air atmosphere at a flow rate of 50 mL
min-', at a heating rate of 10 °C min-', from room
temperature to 600 °C. Powder X-ray diffraction
(XRD) patterns were taken on a D8 Discover —
Bruker® using Cu Ka radiation (A = 0.15406 nm).
The tube voltage was 40 kV and the current
was30 mA. XRD diffraction patterns were taken in
20 range of 5 — 70° at a scan speed of 2° min-'.

4. Conclusions

FT-IR spectra, TGA and XRD were important
to confirm the formation of MOF-199. The
proposed statistic model was robust within the
investigated range for these three variables.
Although most of the factors presented no
significance, the model showed good response,
since the experimental yield value was close to

Orbital: Electron. J. Chem. 10 (7): 543-551, 2018
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the predicted yield value. For Cu?* acetate,
isolated studied variables increased the reaction
yield, but it was not significant and the interactions
between the factors were antagonistic.
Nevertheless, the temperature showed the most
positive influence over the response variable for
the syntheses using Cu?* chloride, being the only
significant factor and the interaction between the
variables were synergistic. In addition, the
syntheses using Cu?* acetate showed much
higher yields than those syntheses performed with
Cu?* chloride.
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