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Triethylamine as a tuning agent of the MIL-125 particle morphology
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Abstract

- Maria Alejandra Grela'?

MIL-125 is prepared using a modified version of a previously reported strategy, in which different ratios of trimethyl-
amine (TEA) are added to the reaction mixture. It is shown that TEA made the synthesis of MIL-125 more feasible, at lower
temperatures, and limiting the formation of TiO,. The solids are then characterized by various means and finally studied
in the photodegradation of Rhodamine B (RhB). The shape and size of MIL-125 particles can be tuned by varying the
number of TEA equivalents, with the smallest particles yielding the highest rate of RhB decomposition. It is found that
the adsorption of the photocatalyst on MIL-125 plays an important role in the photodegradation mechanism of the dye.
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1 Introduction

Metal-Organic Frameworks (MOFs) are a class of materi-
als with promising properties for many applications [1-3],
ranging from gas storage [4] to heterogeneous photoca-
talysis [5-7]. However, the synthesis and stability of MOFs
are still subject to continuous analysis [7-9]. Some of these
materials present weak interactions between the metal (or
metallic cluster) and the ligands, which makes them prone
to hydrolysis, as it is the case of Zn-based MOFs. Neverthe-
less, these Zn-based materials were the first MOFs to be
synthesized at the end of the twentieth century and from
their study much insight was gained regarding their strik-
ingly high surface areas [4], the possibility of tuning their
properties [10], and some ways to inhibit the hydrolysis of
these materials [11].

Other kinds of MOFs were prepared in the years follow-
ing the first reports. In particular, Ti-based MOFs are inter-
esting because of their higher stability in water or humid
conditions, compared to those synthesized using Zn pre-
cursors. Dan-Hardi et al. [12] prepared in 2009 a MOF using
a Ti precursor for the first time, MIL-125. The synthesis of
MIL-125 involved the solvothermal reaction of a mixture of
titanium (IV) isopropoxide and terephthalic acid (H,BDC)
in N,N-dimethylformamide (DMF) and methanol. How-
ever, it was recognized that the product obtained by this
method contained impurities of TiO, [12]. In 2013 Hen-
don et al. [13] obtained MIL-125 by a new strategy, which
involved the synthesis of a Ti-oxocluster coordinated by
pivalic acid. This solid was then mixed with H,BDC in DMF
and methanol and heated to obtain MIL-125.
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The Ti-oxocluster is less reactive than titanium (V)
isopropoxide, which makes it easier to handle. How-
ever, this precursor is barely employed in later reports.
Titanium isopropoxide [14-23] and titanium t-butoxide
[24-31] are currently the preferred precursors in the
synthesis of MIL-125 materials or derivatives. In the
experience of this group, MIL-125 could be obtained
from the Ti-oxocluster only by using PARR reactors,
with some syntheses failing to lead the desired material.
Other custom-made Teflon-lined reactors were not suit-
able for the task. For that reason, it is more appealing
to turn to other usual titanium precursors which, on the
other hand, are more prone to lead to TiO, as impurity.

Nevertheless, there are ways to overcome the prob-
lems associated with the low reactivity of the reactants
in these kinds of syntheses, by adjusting the pH of the
mixture. Tranchemontagne et al. [32] obtained several
Zn-based MOFs, usually synthesized by heating the
reactants to around 120 °C, at room temperature by
adding triethylamine to the reaction mixture. However,
the ratio of H,BDC:TEA needs to be regulated, to avoid
the hydrolysis of the metallic precursor (Compare the
work of Huang et al. [33] with that of Feng et al. [34]). In
this context, the present work deals with the synthesis
of MIL-125 samples obtained by employing different
TEA:H,BDC ratios in the reaction mixture.

MIL-125 has been employed in a range of photocata-
lytic applications, mainly in advanced heterostructured
materials [16, 35, 36]. Despite its high bandgap, dyes
from waste water can be decomposed under visible
light with this kind of materials, thanks to the reactions
induced from the injection of photogenerated electrons
in the dye to the semiconductor, as shown in many
works employing TiO, [37]. In particular, the photodeg-
radation of Rhodamine B (RhB) is currently an impor-
tant model to test the activity of new photocatalyst,
as proven by the continuous work on the field [38-40],
driven by the need of better means for the treatment
of waste waters. This studies include the analysis of
the morphology of a photocatalyst in its photocata-
lytic activity [41]. In that sense, it will be shown in this
work that the use of different TEA: H,BDC ratios leads to
MIL-125 samples of different particle sizes and shapes,
which are analysed by various means. Then, the suitabil-
ity of each sample for the photocatalytic degradation of
RhB is tested and the influence of the morphology on
these systems is discussed. It is expected that this work
provides an insight in new ways to synthesize MIL-125
by employing the Ti-oxocluster precursor, especially in
the preparation of advanced heterostructures whose
particles’ shape and size play a critical role in its design.

SN Applied Sciences

A SPRINGER NATURE journal

2 Materials and methods
2.1 Chemicals

Titanium (IV) isopropoxide (Sigma-Aldrich), terephthalic
acid (Sigma), N,N-dimethylformamide (Sintorgan), metha-
nol (Sintorgan), pivalic acid (Sigma-Aldrich), acetonitrile
(Sintorgan), triethylamine (TEA, Sintorgan), and Rhoda-
mine B (RhB, Sigma-Aldrich) were employed as received.

2.2 Synthesis of MIL-125 samples

As stated previously, MIL-125 was obtained from the modi-
fied version of the procedure reported by Hendon et al.
[13]. The first step involves the isolation of the Ti-oxoclus-
ter. This was achieved by dissolving 5 mL of titanium (V)
isopropoxide and 17.5 g of pivalic acid in 60 mL of acetoni-
trile. The solution was heated at 120 °C during 3 daysin a
Teflon-lined stainless steel reactor. The solid product was
then washed with small volumes of acetonitrile and dried
in atmospheric conditions.

MIL-125 was obtained by dissolving 1.13 g of the Ti-
oxocluster and 1.4 g of H,BDC in 68 mL of DMF and 22 mL
of methanol. Different amounts of TEA were added to the
solution to obtain different samples: 0, 1, 2, 3 and 4 equiv-
alents (0 mL, 1.2 mL, 2.4 mL, 3.5 mL and 4.7 mL of TEA,
respectively). Reaction mixtures were heated at 120 °C
during 3 days, and a second mixture with 2 equivalents
of TEA in the reaction mixture was heated during 7 days.
Table 1 presents the name of each sample according to the
amount of TEA used and the time of reaction. The solids
were then washed with DMF first and then methanol to be
finally dried at room temperature.

2.3 Characterization
X-ray powder diffraction (XRD) patterns were obtained
from a PANalytical X'Pert diffractometer under Ka copper

radiation. Themogravimetric analysis were carried out on
a Shimadzu TG-50 instrument under a synthetic air flow.

Table 1 Names of the prepared samples

Equivalents  Reaction time Sample name Colour code
of TEA (days)

0 3 MIL-125_TEAO Brown

1 3 MIL-125_TEA1 Green

2 3 MIL-125_TEA2 Red

2 7 MIL-125_TEA2_7d Black

3 3 MIL-125_TEA3 Blue

4 3 MIL-125_TEA4 Orange
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FTIR spectra were acquired on a PerkinElmer Spectrum BX
Il FTIR spectrometer equipped with an attenuated total
reflection (ATR) unit and Raman spectra were obtained by
means of a Renishaw inVia spectrometer equipped with a
near-IR (785 nm) excitation diode laser.

Optical absorptance spectra of powders were measured
on a Shimadzu UV-2450 spectrophotometer equipped
with an integrating sphere. As shown in a previous report
[7] the ratio of absorbed light, or absorptance a(}) is cal-
culated from the reflectance, R(\), and the transmittance,
T(N), of the sample as follows:

a(A)=1-=R(A) =T (M

Scanning electron microscopy (SEM) images were
obtained on a LEO 1550-Gemini. Particle size was meas-
ured using a Zetasizer Nano S90 (Malvern). The absorption
spectra of RhB solutions for were recorded on an Agilent
8453—G1103A UV/vis spectrophotometer.

2.4 Photodegradation of Rhodamine B

Fifteen milligrams of the photocatalyst were dispersed in
15 mL of a 100 mg L™" aqueous solution of RhB. The result-
ing dispersion was stirred for 2 h in the dark to allow the
adsorption of the dye. Then, the dispersion was irradiated
with a blue LED lamp emitting at 470 nm (50 W, Epistar).
Aliquots of 125 pL of the irradiated dispersion were taken
at different irradiation times, diluted with 1050 pL of water
and centrifuged (12,000 rpm, 5 min). 1000 uL of the super-
natant were taken and diluted with another 1000 uL of
water. The solutions were then analysed by UV-Vis light
spectrometry to follow the decay of RhB concentration as
a function of irradiation time, by measuring its absorption
at 550 nm.

Adsorption isotherms were obtained to analyse
whether the adsorption of the dye plays a role in its
photodegradation rate. This was achieved by dispersing
5 mg of the MIL-125 samples in different volumes of RhB
1000 mg L™" (between 100 and 750 pL). The solutions
were diluted to a total volume of 5 mL and agitated under
dark during 2 h. Small aliquots were taken, centrifuged
(12,000 rpm, 5 min), diluted in a 1:20 ratio and analysed by
UV/Vis spectroscopy to determine the amount of free RhB.

3 Results and discussion
3.1 Characterization of the samples
The solids were analysed by X-Ray diffraction to deter-

mine the crystalline phases present in each material, as
seen in Fig. 1. It is observed that the samples obtained

i —— MIL-125_TEA3
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Angle (26, degrees)

Normalized intensity (a.u.)

Wadlosvn,

Fig.1 XRD patterns of the synthesized solids. Colour codes in
Table 1

by using between 1 and 3 equivalents of TEA show the
characteristic peaks of MIL-125. On the other hand, the
samples MIL-125_TEAO and MIL-125_TEA4 only present a
few broad peaks. A closer inspection to the XRD pattern of
MIL-125_TEAO shows that it actually presents the two most
intense peaks corresponding to MIL-125. Further analyses
were carried out on the samples to explain the differences.

It can be concluded, from the XRD patterns, that the use
of TEA allows the synthesis of MIL-125 at a lower tempera-
ture than the initially reported (120 °C against 150 °C). In
fact, it was found that MIL-125 can also obtained by heat-
ing the reaction mixture at only 80 °C during 4 days (data
not shown).

To understand the effect of the concentration of TEA in
the morphology of the solids, the crystallite size of each
MIL-125 sample was determined by analysing the peaks
at 26=16.57°, 18.97° and 19.51°. The width at half of the
peak was found by adjusting Gaussian functions to each
signal. The uncertainty of the crystallite size (At) was esti-
mated from the standard deviation in the fitting of the
Gaussian function (At) and the standard deviation of the
mean value obtained from the three peaks (At;) according
to the equation:

At? = Atg? + Atp? ()

The effect of TEA on crystallite size is not monotonic
(Table 2) and the uncertainty of the measurements has the
same order of magnitude as the differences between some
of the estimated crystallite sizes. However, ANOVA analysis
shows that there are statistical differences between some
of the mean crystallite sizes (p=0.041). This point will be
revisited when analysing the effect on RhB degradation.
Besides, it appears that the addition of 3 equivalents of
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Table2 Crystallite size of MiL- Sample Crystal T
125 samples lite size
(nm)
MIL-125_TEA1 58+5
MIL-125_TEA2 44+4 3
c
MIL-125_TEA2_7d 49+5 5
MIL-125_TEA3 50+5 £
E s —— MIL-125_TEAQ
= F —— MIL-125_TEA1 3
[ —— MIL-125_TEA2
L —— MIL-125_TEA2_7d E
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J07F Fig.3 FTIR of the obtained samples. The spectra of MIL-125_TEAO
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Fig.2 Thermograms of the synthesized solids. Colour codes in
Table 1

Table 3 Content of Ti (as TiO,) of each MIL-125 sample

Sample XRD pattern TiO,
content
(%)
MIL-125_TEAO Amorphous/low cryst. 86
MIL-125_TEA1 MIL-125 42
MIL-125_TEA2 MIL-125 43
MIL-125_TEA2_7d MIL-125 42
MIL-125_TEA3 MIL-125 43
MIL-125_TEA4 Amorphous/low cryst. 90

TEA to the reaction mixture has the same effect as the
addition of 2 equivalents, provided that a reaction time
of 7 days is employed in the latter case. It will be shown
that this trend will be also seen in the analysis of particle
sizes and shapes.

Thermogravimetric analyses (Fig. 2) were performed
in order to analyse the compositions of the MIL-125 sam-
ples. The weight loss below 200 °C is ascribed to the loss
of solvent molecules adsorbed at the materials’ surface.
The ratio of Ti as TiO, was determined from the weight at
500 °C divided to that at 400 °C, before the decomposition
of MIL-125. Table 3 summarizes the content of titanium as
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TigOg(OH), (CgH40,), + 45 O, — 8 TiO, + 48 CO, + 14 H,0
3)

Eight units of TiO, represent the 41% of the weight
of MIL-125. Samples presenting the XRD pattern of MIL-
125 are composed of 42% and 43% of TiO,. However, the
other two samples showed more than 85% of TiO, in their
compositions.

FTIR spectra of these two samples also differ substan-
tially from the rest (Fig. 3). The solids with XRD patterns
matching that of MIL-125 show very similar FTIR spec-
tra between them, which are in accordance to previous
reports [12]. MIL-125_TEAO shows the typical bands of
the ligand at 1545 and 1385 cm ™' (C=0 stretching), which
allow to infer that a small amount of MIL-125 has been
formed. Bands near 950 cm™' and 635 cm™' are usually
adscribed to C-O and Ti-O stretching [42].

On the other hand, MIL-125_TEA4 shows very different
FTIR signals. These bands suggest the presence of other
species in the sample. This could be accounted by the fact
that the excess of TEA can induce the decomposition of
DMF at high temperatures, and the products of that reac-
tion may remain trapped within the MOF. The fact MIL-
125-TEA4 presents a yellowish colour, is also indicative of
the hydrolysis of the solvent. This trend was previously
reported in the synthesis of MOF-5 [8].

In that sense, UV-Vis spectra of the solids (Fig. 4) show
that the crystalline samples have absorption edges near
350 nm, whereas MIL-125_TEA4 absorbs in visible region
of the spectrum. From this information, it can be con-
cluded that only samples obtained using 1-3 equivalents
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Fig.4 DRUV spectra of the MIL-125 samples. Colour codes in
Table 1
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Fig.5 Raman spectra of the MIL-125 samples. Colour codes in
Table 1

of TEA are made of MIL-125. For that reason, the analysis
that follows focuses on those specific solids.

All MIL-125 samples showed very similar Raman spectra
(Fig. 5), except for that of MIL-125_TEA1, which showed
a considerable less intense spectrum than the rest. MIL-
125_TEA2 presents the most intense bands. The most
intense band at 1617 cm™ is located in the region cor-
responding to H-O-H of H,O (adsorbed on the solid) [42].
It is known [43, 44] that the intensity of Raman signals
decreases with the increase of particle size, and this trend
shows that there is a correlation between particle size and
crystallite size.

To further characterize the morphology of the parti-
cles of the different samples, SEM analyses were carried
out (Fig. 6, complementary pictures displayed in Fig. S1)
and the results are summarized in Table 4. From these

results, three different morphologies can be distinguished.
First, MIL-125_TEA1 is formed of quasi cubic particles of
approximately 450 nm width. On the other hand, MIL-
125_TEA2_7d and MIL-125_TEA3 samples are very simi-
lar between them: they are constituted by particles with
a width of 230 nm and between a third or a half of the
depth. Particles of MIL-125_TEA2 seem to have the similar
features of the last two samples, but with a smaller average
size. However, the shape is not completely defined and the
diameter of the particles is around 130 nm. Table 4 shows
the estimated widths of the samples from pictures in Fig. 6.

The determination of the particle size was comple-
mented by measurements of dynamic light scattering
(DLS) whose results can be seen in Fig. 7 and are also
summarized in Table 4. In general, the particle sizes deter-
mined via DLS analysis are higher than those obtained
from SEM images, except for MIL-125_TEA1.This could be
explained by the fact that MIL-125_TEAT1 particles have the
smallest aspect ratio and, therefore, resemble more closely
a sphere. In the other samples, the observed size is in fact
the radius of gyration, which deviates from the width and
depth when the particles are less spherical [45]. However,
both methods show the same trend. It is noteworthy that
the DLS analysis of MIL-125_TEA2_7d shows the presence
of some particles 90 nm wide. In fact, some small particles
can be observed in the respective SEM image, but they do
not seem to account for a considerable ratio of the sample.

Table 4 shows that particle sizes are correlated with
crystallite sizes. Thus, the sample prepared by using only
1 equivalent of TEA shows the biggest particles and the
biggest crystallites. And, correspondingly, both MIL-125_
TEA2_7d and MIL-125_TEA3 present similar particle sizes
and morphologies, while MIL-125_TEA2 presents both the
smallest crystallites and particle size.

As a summary, the number of equivalents of TEA have
aremarkable influence on the shape and size of MIL-125
particles. It has been seen that increasing the number
of TEA equivalents from 1 to 2 increases dramatically
the nucleation speed, reducing the size of the parti-
cles. However, further increase from 2 to 3 equivalents
seem to favour crystal growth, as its effect is the same
of increasing the time of reaction of a batch with 2 TEA
equivalents to 7 days. The reaction conditions explored
are not exhaustive, which means that further work could
be employed to identify other conditions for the prepa-
ration of MIL-125 particles depending on the application
or desired properties. It is noteworthy that the controlled
use of TEA facilitated the synthesis of a crystalline MIL-
125 in custom made reactors, previously not suitable for
the task. Aside, this approach is an alternative to other
strategies recently employed in the synthesis of MIL-125
or derivatives. Depending on the conditions of reaction,
previous works have obtained samples with some of the
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Fig.6 SEM images of (a) MIL-
125_TEAT1, (b) MIL-125_TEA2,
() MIL-125_TEA2_7d and (d)
MIL-125_TEA3

Tab'?‘l‘ 5_“”“"‘:‘?: of the Sample Width (SEM, nm) Depth (SEM, nm) Aspectratio  Size (DLS, nm)

particle sizes 9 the MIL-125 (N° of measurements) (N° of measurements)

samples, obtained from SEM

images and DLS analysis MIL-125_TEA1 450+40 (16) 285+32(19) 16 460+110
MIL-125_TEA2 130+£20(16) 57+2(3) 2.3 190+50
MIL-125_TEA2_7d 230+20(23) 79+13(6) 3.0 300+40
MIL-125_TEA3 230+20(19) 107+13(10) 2.2 250+80

1 00 T T T L} L} L}
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Fig.7 Particle size profiles of relevant MIL-125 samples. Colour
codesinTable 1
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morphologies here reported, like MIL-125_TEA1 [16, 18,
20] or MIL-125_TEA3 [14, 17] (as mentioned in the Sect. 1,
without using the Ti-oxocluster as a precursor). It should
be pointed out that Hu et al. [21] made an extensive
analysis of how to control particle shape and size by add-
ing mono-functionalized ligands in the reaction mixture.
This work is a complement of that work in the sense that
they employed aminoterephthalic acid as the organic
precursor, instead of terephthalic acid. That change not
only influence the optical properties of the solid (usually
named as MIL-125-NH,) but we have detected that the
presence of the amino functionality allows the synthesis
of MIL-125-NH, from the Ti-oxocluster without the need
of TEA [6]. For that reason, this approach to the size and
shape control not only complements previous reports,
but it is a viable strategy to the synthesis of MIL-125 in
conditions which minimize the presence of TiO, because
of the use of the Ti-oxocluster.
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3.2 Photocatalytic activity

After the synthesis and characterization of MIL-125, its
performance in the photocatalytic decomposition of RhB
was analysed. Figure 8 shows the degradation curves of
RhB, typical C/C, runs can be seen in Fig. S2. It was deter-
mined that the dye does not decompose in the absence
of light or the photocatalyst. The solids were analysed
via XRD and no significant changes were observed (Fig.
S3). Because MIL-125 does not absorb blue light, the cen-
tral step in the mechanism of RhB photodegradation is
the injection of electrons from the excited Rhodamine B
(RhB*) to the catalyst, as represented by steps (4) and (5).
This means that not only holes (h+) are not expected to
play a significant role in the RhB degradation, but neither
"OH radicals, as this group is formed by the reaction of
holes with organic molecules [46]. The electrons in MIL-
125 are then transferred to the oxygen in the solution
(6) to form radicals which further the oxidation of the
dye (7) [37].

RhB + hv — RhB* (4)
RhB* + MIL — 125 — RhB*™* + MIL — 125 (e ) (5)
MIL — 125 (egc ™) + Oy = MIL— 125+ 0, (6)
RhB** + O, — oxidation products )

Under this mechanism, the effect of the photocatalyst
is given, on the one side, by the competition between
the injection of electrons from RhB* to MIL-125 and the
relaxation of the excited RhB molecules:
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Fig. 8 Degradation curves of RhB in presence of different photo-
catalysts. Colour codes in Table 1

RhB* — RhB + heat or light (8)

Aside, there is the competition between the transfer of
electrons from MIL-125 conduction band to dissolved oxy-
gen and the electron backtransfer to oxidized RhB:

RhB*" + MIL — 125 (egc ™) — RhB + MIL — 125 9)

As the rate of decomposition is exponential, the loga-
rithm of the dye concentration is plotted to find the reac-
tion rate. It is found that there is an inverse correlation
between the crystallite size and the particle size with
the degradation rate of RhB (Fig. 9a and b, respectively).
This can be due to two different reasons. One of them is
the higher surface area of the samples with the smallest
particles. In fact, the adsorption isotherms (Fig. 10) show
that MIL-125_TEA2 (which has the highest rate of dye

0.08 [— T T r T T T
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0.07 F : 1 [+3 B
e 0.06F 1 F B
E .
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Fig.9 Correlation between rate constants and (a) crystallite size,
(b) particle size of MIL-125 samples. Colour codes in Table 1

L} L} L} L} L} L} L}
o _.--
50 F -7 .
o -
2740- .// ——_.__—"'-
s == P
- / _-e, __---"
f30f ,.,:’,,—“ ]
H / .///,‘. o
E I e ""',-
820 @ /7 - ]
@ ¢ _--€ ® MIL-125_TEA1
£ " .- ® MIL-125_TEA2
10 7 ® MIL-125 TEA2 7d 1
; ® MIL-125_TEA3
0.l....l....l....l....l....l....l...
0 20 40 60 80 100 120

[RhBJeq (mg.I")

Fig. 10 Adsorption isotherms of RhB by the different MIL-125 sam-
ples. Colour codes in Table 1
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degradation) is the material which adsorbs the highest
amount of RhB. Accordingly, MIL-125_TEA2_7d and MIL-
125_TEA3 adsorbs similar amounts of Rhodamine B and
degrade it at a similar rate, while MIL-125_TEAT1 is the
material which adsorbs the lowest amount of dye and
has the smallest photodegradation rate of RhB. A higher
adsorption of RhB favors the step (5), increasing the rate
of RhB decomposition.

The crystallite size may also influence the degrada-
tion rate of RhB. The effect of the different crystallite
sizes may be the trapping of the injected electrons to
the conduction band of MIL-125, which inhibits step (9).
However, the correlation seems to be less pronounced.
In fact, the mean crystallite size of MIL-125_TEA2 is not
statistically different from MIL-125_TEA2_7d (p=0.12),
however, the adjusted rate constants are considerably
different. On the other hand, the difference between the
mean particle size is significant for any two of the three
groups of samples discussed, correspondingly to the dif-
ference between the rate constants.

4 Conclusions

It has been observed that TEA makes the synthesis of
MIL-125 (from a Ti-oxocluster) possible in milder condi-
tions, and that the H,BDC:TEA ratio influences the mor-
phology of the resulting particles. Both reaction time
and temperature play an important role in the final
shape of the particles, and can be reliably tuned in order
to obtain the desired product. This difference in mor-
phology greatly influences the rate of photo-oxidation
of Rhodamine B by MIL-125 under blue light. The main
cause for these changes seem to be the absorption of
the target molecule, favoured by smaller particles.

As the Ti-oxocluster is less reactive than other wide-
spread precursors and it is not usually employed, there
is room for improvement in the optimization of reactions
conditions, in which TEA can be one of the variables to
tune, according to the desired application. In particu-
lar, it is noteworthing that the optimal particle size of
MIL-125 samples for RhB degradation is obtained at an
intermediate ratio of TEA (2 equivalents).
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