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Abstract: Carbon nanotubes (CNTs) are effective supports for nanometals and together they represent
hybrids that combine the unique properties of both. A microwave-induced reaction was used to
deposit nanopalladium on carboxylated and octadecylamine functionalized multiwall CNTs, which
were used to carry out C-C coupling reactions in dimethylformamide (DMF) and toluene. These
hybrids showed excellent catalytic activity with yield as high as 99.8%, while its enhancement with
respect to commercially available Pd/C catalyst reached as high as 109%, and the reaction times were
significantly lower. The polarity of the functionalized form was found to be a significant factor with
the polar carboxylated CNT showing better activity in DMF while the relatively nonpolar octadecyl
amine was better in toluene. The results suggest the possibility of tailor making functionalized CNTs
when used as catalyst supports.

Keywords: Pd-CNT nanohybrids; functionalized CNTs; polarity; semi-homogeneous catalysis;
heck reaction

1. Introduction

Hybrid structures involving carbon nanotubes (CNTs) and metal nanoparticles (NM) combine
the unique properties of both [1]. These have been used in gas and liquid phase catalysis as well
as electro catalysis [2-14]. Several CNT-NM hybrids have shown excellent reactivity [15-23], and
different synthetic procedures have been used to immobilize Pt, Pd, Ru, and Rh NPs and a Rh/Pd
alloy on CNTs. Various approaches [8-14] have been used to attach noble metals to CNTs [24-27].
These include in situ reduction [10], covalent bonding, electrostatic deposition, and physisorption [28].
Direct chemical reduction has been shown to increase metal loadings by as much as 50-fold [29] and
microwave reactions have been reported as a fast method [30-33].

The pd-catalyzed reaction between aryl or alkenyl halides and olefins to deliver substituted
olefins with high E-selectivity—known as the Heck reaction—is one of the most fundamental reactions
in cross-coupling chemistry [34,35]. Initially, soluble Pd /Pt containing organometallic compounds
were used as catalysts [34,35]. Later on, metal nanoparticle coated CNTs which represents the next
generation of homogeneous catalyst were used to carry out these cross-coupling reactions. These have
an advantage of easy separation of catalyst through centrifugation or precipitation [34-36].
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In these typical reactions, the particle size, surface area, dispersion, and chemical nature of the
support are important parameters [37-39]. In the case of CNT-NM, the presence of functional groups
can alter many of these properties, but its role is not well understood. An added advantage of CNTs is
that covalently introducing functional groups such as carboxylic carboxylic (-COOH), and (-CONH,)
can make them dispersible in different solvents and can be made solvent dispersible for different liquid
phase reactions [40-42]. The synthesis of highly dispersed CNT-NM hybrids has been a challenge and
is highly desirable for liquid phase reactions. We have reported the microwave induced synthesis
CNT-Pt for catalytic hydrogenation of m-nitrochlorobenzene [19]. The objective of this work is to study
the effect of CNT functionalization in CNT-Pd hybrids as applied to the Heck reaction and to study
the effect of parameters such as dispersibility and polarity.

2. Experimental Section

2.1. Materials and Methods

Multiwall carbon nanotubes (MWCNT) (OD 20-30 nm, Purity 95%) were purchased from
Cheap Tubes Inc. (Cambridgeport, VI, USA), and all other chemicals (iodobenzene, styrene,
triphenylphosphine, (5 wt % Pd/C and PdCl,)) were purchased from Sigma Aldrich (Bengaluru,
Karnataka, India) with purity higher than 95%.

2.2. Synthesis of CNT-Metal Nanohybrids

Carboxylated Multiwall Carbon Nanotubes (MWCNT-COOH) were synthesized following a
previously published methodology [42]. Briefly, the CNTs were functionalized in a Microwave
Accelerated Reaction System (Mode: CEM Mars, CEM Corporation, 3100 Smith Farm Road, Matthews,
NC, USA) fitted with internal temperature and pressure controls. Pre-weighed amounts of purified
MWCNT were treated with a mixture of concentrated H,SO, and HNOj; solution under microwave
radiation at 140 °C for 20 min. This led to the formation of carboxylic groups on the surface leading to
high aqueous dispersibility. The resulting solid was filtered through a 10 um membrane filter, washed
with water to a neutral pH and dried under vacuum at 80 °C to a constant weight.

The MWCNT-COOH was used as the starting material to synthesize organic dispersible
MWCNTs [43]. Pre-weighed amounts of MWCNT-COOH were mixed with thionylchloride (SOCly)
and dimethylformamide (DMF) and were subjected to microwave radiation at 70 °C for 20 min
leading to formation of MWCNT-COCI. The product was filtered and washed with THF till and was
then dried in a vacuum oven at room temperature for 12 h. MWCNT-COCI was then reacted with
octadecylamine (ODA) under microwave radiation at 120 °C for 10 min. The product was filtered
and washed with hot ethanol and dichloromethane and dried at room temperature under vacuum to
obtain MWCNT-ODA. The products MWCNT-COOH and MWCNT-ODA were used to synthesize the
palladium loaded functionalized CNT nanohybrids: p-MWCNT-Pd and np-MWCNT-Pd respectively.
The former was expected to be more polar. The p-MWCNT-Pd and np-MWCNT-Pd were synthesized
by direct chemical reduction of metal salts as previously published by our group [19]. Pre-weighed
amounts of the selected CNTs (MWCNT-COOH or MWCNT-ODA) were added to the reaction chamber
together with a palladium dichloride (PdCl,)-ethanol mixture. The reactions were carried out under
microwave radiation at 190 °C for 10 min. After cooling, the products were filtered, washed with 0.5 N
hydrochloric acid and MilliQQ water to a neutral pH. The products (p-MWCNT-Pd or np-MWCNT-Pd)
were dried at room temperature in a vacuum oven to constant weight.

The CNT-NM hybrids were characterized using a scanning electron microscope (SEM, Zeiss,
Oberkochen, Germany) fitted with an Energy Dispersive X-ray spectrometer (EDX, Zeiss, Oberkochen,
Germany), Thermogravimetric analysis (TGA, Perkin Elmer Inc., Waltham, MA, USA), and Fourier
Transform Infrared spectroscopy (FTIR, Perkin Elmer Inc., Waltham, MA, USA). SEM data was collected
on a LEO 1530 VP Scanning Electron Microscope equipped with an energy-dispersive X-ray analyzer.
TGA was performed using a Pyris 1 TGA (Perkin-Elmer Inc., Waltham, MA, USA). FTIR measurements
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were carried out in purified Pottasium bromide (KBr) pellets using a Perkin-Elmer (Spectrum One)
instrument (Perkin Elmer Inc., Waltham, MA, USA).

2.3. Catalytic C—C Coupling

Heck reaction was carried out as follows. CNT-NM (p-MWCNT-Pd or np-MWCNT-Pd) (3 mg,
0.01 mol %), iodobenzene (496.8 uL, 4.44 mmol), styrene (765.1 uL, 6.69 mmol), tributylamine (TBA)
(2.014 mL, 8.92 mmol) and 0.5 mg PPh; were mixed in 5 mL of dry solvent in a two necked round
bottom flask. The resulting suspension was placed in a preheated rota-mantle at 140 °C with magnetic
stirring. The course of the reaction was followed by periodically withdrawing aliquots (50 puL) from
the reaction mixture and analyzing by GC. The reaction was carried out with triphenylphosphine
(PPh3) in dimethylformamide (DMF) and toluene. The same reaction was carried out with commercial
Pd/C (24 mg, 0.01 mol %) and also with PdCl, (2 mg, 0.01 mol %) to compare the catalytic activity of
the CNT-NMs. The reaction is shown in Scheme 1.

p-MWCNT (or) np-MWCNT+Pd . O
i solvent,base,1h

Scheme 1. General representation of reaction.

After 1 h reflux, the mixture was cooled for 15 min and extracted with diethyl ether. This was
followed by washing with 2 N HCl and water to remove any base present. The ether layer was then
dried over CaCly. Finally, the solution was filtered and dried in vacuum desiccator to constant weight.
The obtained product was recrystallized from absolute alcohol and its composition was confirmed by
comparison with pure stilbene. The final product did not show the presence of any byproducts by thin
layer chromatography (TLC) analysis. The melting point of the recrystallized product and UV-Amax
were found to be 122.5 °C and 296 nm which was in line with what was expected for pure stilbene [44].
GC analysis of the product also showed only the presence of stilbene.

The aforementioned reactions were also carried out in microwave conditions at 420 W [45]. The
amount of reactant, catalyst, and base (but no solvent) were maintained the same as done under
reflux conditions. But, here the vessel was kept in microwave oven for 17 min where reaction went to
completion with no reactant observed in the TLC analysis.

3. Results and Discussion

3.1. Nanohybrid Characterization

Figure 1 shows the SEM images of MWCNT-COOH, p-MWCNT-Pd, np-MWCNT-Pd and Pd/C.
The MWCNTs had diameter in the range of 20-40 nm and the length was about 10-30 pm. There was
no detectable change in tube morphology after acid treatment or after hybrid formation, implying
that there was minimal visible damage to the tube structure. It is quite evident from the SEM images
that the CNTs were coated with the metal nanoparticles. The EDX data shows large amounts of metal
particles on the surface of the CNTs which are around 41.02% and 36.78% for p-MWCNT-Pd and
np-MWCNT-Pd, respectively. The size of Pd particles ranged from 1 to 10 nm on p-MWCNT-Pd and
from 5 to 50 nm on np-MWCNT-Pd. This implied that the catalyst was nanostructured and this was
expected to contribute towards enhanced activity [19].

The FTIR spectra shown in Figure 2 confirmed the presence of functional groups in
MWCNT-COOH, MWCNT-ODA, p-MWCNT-Pd, and np-MWCNT-Pd hybrids. The carbonyl
stretching frequency in MWCNT-COOH was seen at 1716 cm~! (COOH). The 3440 cm ™! band (O-H)
present in MWCNT-COOH spectrum was attributed to the hydroxyl vibration of the carboxylic acid



Appl. Sci. 2018, 8, 1511 40f12

group introduced through functionalization. In Figure 2b, the peaks around 1636 cm ™! and 1715 cm ™!
were attributed to stretching vibrations of the amide C=O group, the sharp peaks at 2921 cm~! and
2847 cm~! were attributed to the C-H stretching vibration of the alkyl chain from ODA, the peak at
3460 cm~! was attributed to the N-H stretching vibration from ODA, and the peak at 1250 cm~! was
attributed to C-N stretching vibration. In all the samples, the peak around 1580 cm ! was assigned to
the C=C stretching of the carbon skeleton. The appearance of new bands at 993 cm~! and 996 cm !
in the spectra for the hybrids confirmed the presence of Pd [37-39]. The broad peak centered around
3440 cm~! in MWCNT-COOH was not prominent in the IR spectrum of p-MWCNT-Pd, and the shift in
the carbonyl stretching frequency from 1716 cm ™! to 1721 cm ™! in the spectra for the hybrids indicated
interaction of Pd with the COOH group.
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Figure 1. SEM images of (a) MWCNT-COOH, (b) p-MWCNT-Pd, (c) np-MWCNT-Pd, and (d) Pd/C.
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Figure 2. FTIR data for (a) MWCNT-COOH, (b) MWCNT-ODA, (c) p-MWCNT-Pd, and
(d) np-MWCNT-Pd.
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3.2. Dispersibility

Figure 3a—f shows the dispersibility of p-MWCNT-Pd (5 mg), np-MWCNT-Pd (5 mg), and Pd/C
(5 mg) in N,N-dimethylformamide (5 mL), and toluene (5 mL). It is evident that p-MWCNT-Pd,
np-MWCNT-Pd, and Pd/C were significantly more dispersible in DMF than in toluene. The particle
size of the dispersed CNT-NM is presented in Table 1. It shows that there is not much difference
between p-MWCNT-Pd and np-MWCNT-Pd in toluene, but there was significant difference in DMF.
The particle size of CNT-NM agglomerates in toluene were higher than those in DMF. As can be seen in
Figure 3, there was significant precipitation of the MWCNT-Pd in toluene, so the particle size represents
what remained dispersed. The colloidal dispersion in DMF and TBA remained homogeneously
suspended for several weeks without need for mechanical stirring.
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Figure 3. Photographs of different dispersions: (a) np-MWCNT-Pd dispersed in DMF,
(b) p-MWCNT-Pd dispersed in DMEF, (¢) np-MWCNT-Pd in Toluene, (d) p-MWCNT-Pd in Toluene;
(e) Pd/C dispersed in DME, (f) Pd/C dispersed in Toluene.

Table 1. Particle size of dispersible CNT-NM.

Samples/Solvents pP-MWCNT-Pd np-MWCNT-Pd
Toluene 240.3 nm 234.2 nm
Dimethylformamide (DMF) 168.2 nm 126.4 nm

The metal nanoparticles loading in the hybrid materials were quantified using TGA as shown
in Figure 4. The resulting weight above 600 °C was attributed to the weight of residual metal. The
nanohybrids were found to contain 43.02 and 38.93 percent by weight of Pd in p-MWCNT-Pd and
np-MWCNT-Pd, respectively, while Pd/C contained 5% by weight of Pd.
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Figure 4. TGA of (a) MWCNT, (b) MWCNT-COOH, (¢) MWCNT-ODA, (d) p-MWCNT-Pd, and
(e) np-MWCNT-Pd.
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3.3. Effect of CNT Functionalization

The CNT-NM hybrids were used as catalysts in the Heck reaction of iodobenzene with styrene.
All the reactions were carried out keeping substrate to Pd molar ratio constant at 0.01 mole percent.
In all cases, trans-stilbene was the only product detected which was established by the single spot
in the TLC analysis and confirmed by GC analysis. This was also confirmed by the melting point of
122.5 °C and UV max at 296 nm of the isolated product.

The mechanism of the reaction in presence of PPhj is shown in Figure 5. In general, the Pd from
the CNT-NM desorbed to a soluble form to form a loose complex such as Pd(PPhs)s. These complexes
were more soluble than Pd and facilitated desorption of Pd from the catalyst. This may account for

the high yield observed in the presence of PPh;. At the end of the reaction, the Pd readsorbed on the
CNT phase.
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Figure 5. The role of CNT-Pd in the in the Heck reaction.

Table 2 presents isolated yields of all the reactions after the completion of the reaction and

recrystallization. The results of reaction at 150 °C are presented in Table 2 and Figure 6. In general,
shorter reaction times and greater yields were obtained with p-MWCNT-Pd and np-MWCNT-Pd
compared to Pd/C, demonstrating the superiority of these nanohybrids in the reaction. The time
to completion for the reaction for both p-MWCNT-Pd and np-MWCNT-Pd were 60 min in DMF

compared to 90 min for Pd/C. Similar results are also seen in Figure 6, where yield enhancement of
CNT-NM hybrids with respect to Pd/C is also presented.
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Table 2. Table 2. Isolated yields of all the reactions at completion. Analysis was done
after recrystallization.

Reaction Completion % Yield Yield

S.No. Catalyst Time (min) Enhancement

Dimethylformamide (DMF) as solvent

1 Pd/C 90 55.70 -
2 np-MWCNT-Pd 60 58.70 5%
3 p-MWCNT-Pd 60 99.78 79%
4 PdCl, 120 45.67 -
Toluene as solvent
5 Pd/C 105 10.90 -
6 p-MWCNT-Pd 90 14.39 32%
7 np-MWCNT-Pd 90 17.44 60%
Microwave (solvent free)
8 p-MWCNT-Pd 17 90.01 -
9 np-MWCNT-Pd 17 66.92 -
~—&— p-MWCNT-Pd/DMF (b) ~&— p-MWCNT-Pd/Toluene
(@ —&— np-MWCNT-Pd/DMF —&— np-MWCNT-Pd/Toluene
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120.00 20.00
100.00
15.00 |
80.00
g g
T 60.00 T 1000 |
£ £
40.00
5.00 |
20.00
0.00 . . . \ . . 0.00 L L L L + L
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Reaction Time (min) Reaction Time (min)
(C) 100 (d) 100
§ 80 s 80
§ 60 g 60
g g
£ 40 £ 40
- =
=20 £ 20
0 0
np-MWCNT-Pd p-MWCNT-Pd p-MWCNT-Pd np-MWCNT-Pd

Figure 6. Yields of the CNT-metal nanohybrids and Pd/C catalyzed reactions (a) in DMF and (b) in
toluene from GC analysis (Tri-butyl amine as base, temp 150 °C); (c) yield enhancement with respect to
Pd/C in DMF; (d) enhancement with respect to Pd/C in toluene.

It is estimated that the ODA group will cause steric hindrance of the reactants. To test this
hypothesis, the reactions were carried out under microwave conditions in absence of solvent. The
reaction was complete in 17 min. During microwave heating, the CNT catalysts were seen to mix
uniformly in the reaction mixture. The isolated yields for the reactions are shown in Table 2. The yield
was much higher in the p-MWCNT-Pd than in np-MWCNT-Pd. The difference was attributed to steric
effects, where the ODA group provided steric hindrances leading to lower yield.

In DMF, the p-MWCNT-Pd showed higher catalytic activity than np-MWCNT-Pd which was better
than commercial Pd/C and PdCl,. The yield for p-MWCNT-Pd reached as high as 99.78% in DMF,
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whereas np-MWCNT-Pd, Pd/C, and PdCl, showed yields of 58.7%, 55.7%, and 45.7%, respectively.
The catalytic activity of p-MWCNT-Pd with larger particle size was higher than np-MWCNT-Pd
with smaller particle size (Table 1). The p-MWCNT-Pd was more polar than np-MWCNT-Pd and its
interactions with DMF, which is a polar solvent, were better. Also, the long C1g chain from octadecyl
group in np-MWCNT-Pd may have provided some steric hindrance to the reactants. Thus, the polarity
and functionalized forms of support material are important in the matter of catalytic activity.

In the case of toluene as solvent, the results were the opposite. The np-MWCNT-Pd showed
significantly higher catalytic activity than p-MWCNT-Pd, which was better than Pd/C. Compared
to Pd/C, the enhancement for np-MWCNT-Pd and p-MWCNT-Pd were 60% and 32% respectively.
Therefore, the enhancement nearly doubled for the nonpolar np-MWCNT-Pd. In this case, the catalytic
activity of p-MWCNT-Pd with larger particle size was lower than np-MWCNT-Pd with smaller particle
size. The steric hindrance from the octadecyl group did not reduce yield. Therefore, the higher yield
of np-MWCNT-Pd was attributed to the higher interactions of the nonpolar np-MWCNT-Pd with
nonpolar toluene. Figure 6a,b show yield as a function of time in DMF and toluene, respectively.
As already mentioned, DMF was the better solvent with these catalysts, with yield reaching as high as
99.78% in 60 min. Yields were relatively lower and reaction times were longer in toluene, which was in
line with what has been reported before [34,35]. In the case of DMF, the reactions were completed in
60 min with the nanohybrids and it took 90 min with Pd/C. On the other hand, when toluene was the
solvent, the time taken for the same reactions were 90 min with the nanohybrids, and 105 min with
Pd/C. Yield enhancement of CNT-NM hybrids with respect to Pd/C for the Heck reaction at 60 min
reaction time in both DMF and toluene are shown in Figure 6¢,d. In DMF, the enhancements were 79%
and 5% for p-MWCN-Pd and np-MWCN-Pd, respectively, while the corresponding enhancements in
toluene were 32% and 60% in toluene. It is evident that the polarities of the functionalized form of
catalysts and solvents is the important factor for catalytic activity. DMF is a better solvent than toluene
for Heck reaction due to the greater dispersibility of the catalyst in DMF and high boiling point. High
boiling point of the solvent enables the reaction to be carried out at a relatively higher temperature.
Also, for catalysts containing polar groups (-COOH in this case), a polar aprotic solvent like DMF is a
suitable solvent for Heck reaction.

The reason for higher yields in DMF compared to the toluene (Boiling Point (B.P); 110.6 °C) is
due to the better dispersibility of catalyst in addition to the higher boiling point of DMF (B.P; 153 °C).
Nevertheless, when toluene was used as the solvent, np-MWCNT-Pd showed significantly higher
catalytic activity than p-MWCNT-Pd, which was better than Pd/C. These were also attributed to
dispersibility of catalyst (refer to Figure 6). Hence, it is evident that disparities in the polarity play an
important role.

3.4. Active Metal Requirement and Reusability

Since DMF was the better solvent, the catalyst requirement for CNT-NM was calculated. Typical
Heck reaction with conventional palladium salts requires 1-2 mol % catalyst [34,35]. In the present
work with MWCNT-Pd hybrids, significantly lower quantities of Pd (order of 0.01 mol % Pd) resulted
in higher yield at shorter reaction times. Therefore, this study showed that nan palladium on
functionalized CNTs is more effective than conventional palladium salts. The turnover frequency
(TOF) of the two catalysts were calculated as follows:

Product (mol)
Pd (mol) x Reaction time (h)

TOF = 1)

Under reflux conditions, the TOF of p-MWCNT-Pd and np-MWCNT-Pd in DMF were 9977 and
5863, respectively, and in toluene 1090 and 977, respectively, which shows that the polar p-MWCNT-Pd
in polar solvent has higher catalytic activity. Under microwave conditions, the TOF of p-MWCNT-Pd
and o-MWCNT-Pd were 9000 and 6681, respectively.
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An important issue has been the reusability of the catalyst. In the case of p-MWCNT-Pd and
np-MWCNT-Pd, leaching of Pd from MWCNT support to hot DMF was demonstrated by carrying out
a reaction under the aforementioned conditions and filtering the solid catalyst after 30 min while the
mixture was still hot (around 150 °C). The filtrate was allowed to reflux in the absence of solid catalyst
and yield from the reaction was determined. The yields were found to remain the same in the presence
of the p-MWCNT-Pd as well as np-MWCNT-Pd. This demonstrated that Pd desorbed from the CNT
support had remained suspended into the liquid phase in hot condition.

Irreversible leaching is a major consideration while dealing with solid catalysts due to depletion
in the metal content and subsequent loss in activity. In another set of experiments in DMF with
p-MWCNT-Pd and np-MWCNT-Pd, the recovered catalysts obtained by filtration after one hour
reaction and subsequent cooling to room temperature were reused for a three consecutive reactions.
The yield obtained with recovered catalysts in each step was within 2% of the previous step yield.
This showed that there was no significant decrease in the catalytic activity of the recovered catalyst.
This can be explained by “boomerang effect” [45-47] where catalyst which is dispersed into the bulk
solution under the hot condition from the solid support redeposits under cold conditions. In order
to study this, the reaction mixture (after 1-h reaction) was filtered in the hot condition to recover the
catalyst. Similarly, the reaction mixture (after 1 h) was filtered after cooling to room temperature. The
catalysts were analyzed for Pd content. The weight percent of Pd from the hot and cold conditions
in the p-MWCNT-Pd were 11.9 and 22.9, respectively, as determined by EDX. This supported the
existence of boomerang effect. In the future, poison testing will be conducted for these catalysts to
understand the nature of catalysis which assist in designing next generation catalysts.

4. Conclusions

p-MWCNT-Pd and np-MWCNT-Pd were synthesized using a microwave induced reaction and
they showed high catalytic activity compared to commercially available Pd/C. The CNT-Pd needed
a smaller amount of active catalyst but led to faster reactions and higher yields. The best reaction
conditions were found to be with DMF as solvent, TBA as base, and triphenylphosphine as ligand.
While p-MWCNT-Pd showed better performance in polar DMF, np-MWCNT-Pd was more effective in
toluene. Matching the polarity of CNT functionalization with that of the solvent is clearly an effective
way to maximize yield.
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