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ABSTRACT: The application of photocatalysis for organic synthesis, both in the
laboratory and on an industrial scale, will depend on the achieving of good yields
and the ease with which it can be applied. Selective irradiation of the
photocatalyst with LED light has made it possible to activate the reactions easily,
without the need for UV or heat filters. However, a common problem is the need
to separate the photocatalyst from the reaction products through extraction and
chromatography isolation processes. These procedures make it difficult to recover
and reuse the catalyst, which is not compatible with scale-up applications.
Photocatalysts attached to heterogeneous supports resulted in an alternative,
which facilitates their removal and reuse. In this study, we use chromatographic
silica gel as a low-cost heterogeneous support to bind photosensitizers such as
Riboflavin or Eosin Y. The modified silica gel was analyzed by FTIR-ATR and
diffuse reflectance UV−visible spectroscopy, thermogravimetric analysis, and
optical microscopy. These hybrid materials have a suitable size for easy separation by decantation and were found to be photoactive
against two photooxidation reactions. These easy-to-handle materials open the door to effective applications for photoinduced
organic synthesis methods at medium to large scale.

■ INTRODUCTION
Currently, most of the chemical products on the market
require catalysts at some stage in their production. For this
reason, and to reduce the environmental impact, the search for
more efficient and environmentally friendly catalysts is critical.1

Photocatalysis has become an emerging and cutting-edge field
in organic synthesis. This catalysis is an attractive alternative to
perform oxidations, reductions, and C−C and C−Heteroatom
bond formation under mild reaction conditions using visible
light as a sustainable and low-cost energy source.2 These
catalytic processes involve excited states that allow the transfer
of energy (photosensitization) or electrons (photo-redox).3,4

Many of the photocatalysts studied are based on transition
metal complexes (e.g.: Ir and Ru);2c however, they are
potentially toxic and rare elements, and their use raises costs
and limits their application, hindering sustainability and scale-
up applications. Alternatively, the use of organic molecules
with photochemical activity has advantages.5 They are cost-
efficient, less toxic, and their physicochemical properties can be
easily modified compared to transition metal complexes.5

However, a common drawback is the need for additional
isolation steps to separate the products and recover the
catalyst. Therefore, work up steps and isolation becomes a time
demanding procedures in homogenous photocatalytic proto-
cols. To overcome this, the use of heterogeneous macroscopic
catalyst materials allows the separation and reuse the catalyst
using simple laboratory techniques.

Recently, our group has focused on photocatalysis in organic
synthesis, its reaction mechanisms, and possible platforms to
apply this process.6 Different photocatalysts “based on” or
coupled to nanoparticles (NPs) have been tested. However,
the construction, characterization, reproducibility, and recov-
ery of these nano-systems have been difficult, expensive, and
time-consuming. The nanostructures have low stability and
require ultracentrifugation for their separation. Both issues
make it difficult to use and recycle NPs on a laboratory scale,
and even transferring their application to large-scale synthesis
is not an easy goal to achieve.
We are therefore looking for a catalyst that is easy to build

and use at laboratory scale, consisting of organic molecules
bound to a granular and inert support platform. There are few
examples of macroscopic photocatalysts in the literature. In
these examples, an organic photocatalyst is bound to silica
matrices,7 molecular sieves,8 chitosan,9 polymers,10 sponges,11

cellulose,12 and cotton fibers,13 which are easier to separate
and adapt for laboratory use. To assemble these systems the
photocatalyst is generally attached to a heterogeneous support
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through electrostatic,11a,13−15 hydrophobic-hydrophilic inter-
actions,16,17 or covalent bonds.7,9,10a,11b,12,18 The binding to
the support material is usually achieved with a linker.
An interesting example of a heterogeneous photocatalyst is a

thin layer-flavin system from Dongare et al.19 who report the
photooxidation of a family of aromatic hydrocarbons by
phosphate flavin mononucleotide surface-bound to metal-oxide
films. In addition, König et al. achieved the photooxidation of
benzyl alcohols using fluorinated or hydrophobic derivatives of
flavin adsorbed on fluorinated (35−70 μm) o reversed-phase
silica gel (40−63 μm).16 In that report good yields of aldehyde
formation (45−90%) were achieved for various benzyl
alcohols. In both papers, the sensitizers were not covalently
attached, and the leaching of the catalyst represents the main
drawback. On the other hand, Marin et al. have reported the
preparation of silica nanoparticles (420−460 nm) decorated
with riboflavin and successfully applied to the photo-
degradation of phenolic derivative pollutants in water.20

With this in mind, we turn to silica gel for chromatography
as a possible heterogeneous support. Chromatographic silica
gel is widely available and accessible in almost every laboratory.
This SiO2·(H2O) material is well known and has Si−OH
groups on its surface, which can be used to bind a linker and a
photocatalyst.21 A wide variety of photocatalysts have been
studied on the literature; however, we chose riboflavin and
Eosin Y (Scheme 1) because their commercial availability and

well stablished photochemical properties.22,23 In addition, their
carbon skeleton has appropriate functional groups that allow to
bind to a spacer-linker molecule. In our approach, these
organic molecules are used to test two grafting techniques on
silica gel crystals. We perform a detailed analysis of the
construction and characterization of the hybrid material
through optical microscopy, UV−visible spectroscopies,
FTIR-ATR, and TGA. Then, we complete the studies with
chemical tests to evaluate the performance of these photo-
catalysts hybrid materials.

■ RESULTS AND DISCUSSION
Silica Gel Properties and Photocatalyst Selection.

Many heterogeneous matrices can be considered as support.
However, we chose Silica gel 60 (SG), used in chromatography
because it is a commercially available material and widely used
in laboratories. SG consists mainly of an SiO2 crystal lattice

(60.08 g/mol) with high and variable water content. This
white solid has particles between 0.2−0.5 mm.24 Silica gel has a
slightly acid character given by its Si−OH groups in the outer
layer (pH 3.7−4.7) and is therefore sensitive to strong basic
media. According to the manufacturer, its solubility in water is
0.076 g/L at 37 °C and its density is 1.430 kg/m3.20 Generally,
SG is considered to be an insoluble solid and unreactive for the
reaction conditions used in organic synthesis. Upon observa-
tion by optical microscopy, the commercially available solid
contains irregularly shaped crystalline particles in its three
dimensions (Figure 3a). To establish the size distribution, we
adopted the criterion of measuring an average 2D diagonal in
∼800 particles (See SI, page S14). We observed that most SG
particles have sizes between 0.06 and 0.2 mm and are
transparent to light. The observed white color at the
macroscopic level is due to internal scattering. Although the
manufacturer indicates a melting point of 1713 °C for SG, our
thermo-gravimetric analysis (TGA) showed that silica gel has
between 5 and 10% of adsorbed water, which is easily lost at
100 °C, and the crystallization water is lost between 250−800
°C temperature. Then, all these characteristics make silica gel a
suitable support for photocatalysis. The particles are large
enough to allow their separation by simple laboratory
techniques such as filtration, centrifugation, or decantation.
Reactions for covalent attachment of dyes to supports typically
require multiple wash steps, which can result in the loss of a
significant amount of the desired material. In a comparative
test, simple decantation was found to be the best washing and
recovery method for silica gel chromatography (See SI, page
S3).
As mentioned above, Riboflavin (RF) and Eosin Y (Eo)

were chosen as photocatalysts. However, each compound
requires different anchoring techniques. Both photosensitizers
have a chromophore group which is responsible for their
photochemical properties. (Scheme 1). Likewise, the mole-
cules have other functional groups that allow them to attach to
other molecules. RF has a ribityl side chain that gives the flavin
chromophore freedom of movement. Using unmodified RF,
four hydroxyl groups can serve as an anchor site. In particular,
the HO group on the primary carbon is expected to be the
most reactive.25 However, it makes no difference to the system
whether the anchor occurs in the other secondary HO groups,
at least for photocatalyst purposes. Since we expect that, the
flavin will have freedom of movement in all cases (See SI, page
S4). Besides, Eo has a more rigid skeleton, its −C6H4-COO−

group is perpendicular to the chromophore. For Eo, (3-
aminopropyl)triethoxysilane (APTES) is selected as the linker
that attaches the Eo to the SG resulting in a lesser rigid hybrid
material.

Silica Gel Grafting. Two different grafting methods were
used to modify the SG surface, both of which require stirring
where the silica particles can suffer collision and erosion
effects. Therefore, to reduce these effects, magnetic stirring was
kept to a minimum r.p.m. Subsequently, both grafting methods
require many washing and decanting cycles (See Methods
section) and UV−visible spectroscopy was used to monitor the
complete removal of the unbound dye (Rf or Eo) on the SG.
However, this method does not allow the quantification of the
dye bound to the SG. Thermogravimetric analysis (TGA),
attenuated total reflectance infrared spectra (FTIR-ATR) and
diffuse reflectance spectroscopy methods were then used to
characterize the hybrid material. In both cases, modified silica
gel was obtained. These hybrid materials can be separated by

Scheme 1. Riboflavin and Eosin Y Structures, and Their
AM1 Energetic Minimization 3D Images at Room
Temperature (∼300 K)
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simple decantation and possess fluorescence due to the
attached photosensitizer (Figure 1).

RF Attach to Modified Silica Gel. A two-step strategy was
used to bind the commercially available RF. First, succinic
anhydride binds to the SG surface to form an ester group using
refluxing pyridine as a solvent for 4 h. The pyridine activates
the silica surface for ester formation. The pyridine solution was
then removed, and the solid was washed with water, ethanol,
and acetone. Finally, the modified SG-Succ was dried (See SI
page S5). This succinic linker thus binds to SG, leaving a free
COOH group to anchor the RF through the HO groups in the
ribityl side chain in a second step-pot. (Scheme 2a). Afterward,
the new ester bond formation was promoted by a carbodiimide
(DCC) and dimethyl amino pyridine (DMAP) as the base.
The same reaction was performed in DMSO, DMF, and DCM.
Even though DMSO and DMF dissolve RF better than DCM,
the coupling reaction gave better results with DCM, giving

yellow-colored silica. With DMSO and DMF, the RF remains
in the solution and does not bind to the SG-Succ. (See SI, page
S8). In this reaction there are two solid phases: the SG
modified with RF (SG-Succ-RF) and the dicyclohexyl urea
residue generated by the DCC coupling. While the SG-Succ-
RF precipitates, the urea residue remains at the upper layer of
the solvent, and it was removed in the first washes. After
extensive washing steps with DMF, water, ethanol, and
acetone, SG-Succ-RF was oven dried. (Figure 1, up panels).

Eosyin Y Attach to Silica Gel with APTES. A classical
method of silica modification was used to bind Eosin Y.26,27 In
the first step, Eosin Y and APTES linker react in a 10 mL vial
using DCC in DMSO (Scheme 2b). This mixture reacts for
two hours and is then transferred to a conical flask containing
SG suspended in 12.5% pyridine/DMSO. Under these
conditions, the pyridine activates the silica gel surface to
promote the formation of the silane ester bonds with the
linker. This reaction was left overnight with gentle stirring. The
next day, the hybrid solid was allowed to decant, and then
wash/decantation cycles were performed with DMSO, water,
ethanol, and acetone, and then oven dried. (Figure 1, bottom
panels). Depending on the amount of Eo used in the reaction,
different SG-APTES-Eo hybrids were obtained (See SI, page
S9).

Hybrid Material Characterization. In order to confirm
the covalent bond, several tests and checks were carried out on
the hybrid materials. For example, we tried to bind SG using
succinic acid as a linker for the first RF binding step. After the
second reaction step with RF, only white SG was obtained.
The same happens when the DCC coupling agent is not
present (See SI, page S8). Similarly, for SG modified with
Eosin Y controls where the APTES linker or coupling agents
are not added, the silica does not present pink color after the
washing steps. These modified SG particles precipitate out of
solution, and constant stirring is necessary to keep the
dispersion of the hybrid material, a condition in which UV−
visible spectrum cannot be recorded. As mentioned above,
UV−visible spectroscopy was used to determine the presence
of unbound dye, but this technique is not accurate enough to
establish the amount of bound dye to SG (See SI, pages S7 for
RF and S9 for Eo).

Figure 1. Chromatographic silica gel modified with RF (up panels) or
Eosin Y (bottom panels). From left to right, hybrid material re-
suspended in water (A, E), after decanting (B, F) and the recovered
solid (C, G). Finally, the hybrid material with RF is seen under the
light of 395 nm (D), or for Eo, under Green LED (517 nm) in DMF.

Scheme 2. Reactions for Surface Modification of Silica Gel for Chromatographya

a(a) A succinic linker is attached to the silica gel in the first step. In the second step, SG−Succ reacts with riboflavin to give the hybrid material
SG−Succ−RF. (b) The Eosin Y disodium salt reacts with APTES to form an amide using DCC. In a second step, the APTES−Eosin product was
transferred to a second−round flask and reacted with the silica gel, pre−activated with pyridine in DMSO to obtain the SG−APTES−Eo.
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Therefore, thermos-gravimetric analysis (TGA) was used to
determine the composition of the hybrid product. (Figure 2).
The succinic linker content in SG-Succ is low and difficult to
determine. However, the TGA shape analysis showed
significant differences. In the case of SG-Succ, the curve
corresponds to the decomposition of the Succ residue, around
500 °C. However, the final weight at 800 °C is similar to that
of the SG. These results, therefore, make it difficult to quantify
the degree of grafting of the Succinic linker. However, for SG-
Succ-RF there is a significant change in both shape and mass at
800 °C, with a loss of 3.8% in weight. A pure RF control
experiment shows that the dye decomposes between 250−500
°C, leaving a residue corresponding to 17.8%. Considering
both results, we determined that the SG-Succ-RF contains
about 0.035 mmol RF/g of hybrid material (See SI, page S11).
A similar analysis shows that SG-APTES-Eo contains 3% Eosin
by weight, and corresponding to 0.058 mmol of Eo/g (See SI,
page S13).
In addition, these materials were characterized by FTIR-

ATR spectroscopy and UV−vis diffuse reflectance spectrom-
etry (DRS). In FTIR-ATR analysis, a strong broad absorption
band of the Si−O bond at 1100 cm−1 hinders the signals of the
attached organic compounds. For this reason, digital
subtraction of the pure SG spectrum to SG-Succ and SG-
Succ-RF spectra was performed to facilitate further spectro-

scopic analyses. As shown in Figure 2, the (SG-Succ)-SG
subtraction presents a signal at 1690 cm−1 attributed to the
carbonyl groups (st C�O) of the succinic linker. Similarly, the
spectra subtraction for (SG-Succ-RF)-SG show bands assigned
to RF between 1700 and 1650 cm−1. A similar behavior was
observed for the hybrid materials which combine silica gel and
Eosin (See SI, Figure S12). Besides the observable color at the
macroscopic level, a reflectance diffuse UV−visible light
spectrum of the hybrid material was recorded for further
characterization. As can be seen in Figure 2D, dried SG and
SG-Succ show no signal, but an increase of 0.3 abs across the
visible spectrum. While for RF powder, the absorbance is
increases from 565 nm to saturate the detector below 500 nm.
On the other hand, SG-Succ-RF presents an increase at 525
nm and a shoulder at 450 nm with 0.6 abs. Thus, the band
presented by the SG-Succ-RF differs from the solid RF
spectrum but matches with the RF spectrum in ethanol (with a
maximum at 450 nm). This effect would indicate that the RF is
not present in aggregated form on the surface. The same was
observed for SG-APTES-Eosin with a maximum at 525 nm,
similar to Eosin Y in solution (See SI, page S13).
Summarizing, the weak IR signals make it difficult to

unequivocally confirm the ester or amide bond formation for
RF and Eosin Y, respectively. However, the combination of
washes monitored by UV−visible, chemical controls, TGA,

Figure 2. Analysis for modified SG with RF and a Succinic linker. (A) FTIR-ATRs of the SG-Succ. The detailed analysis of the spectra subtraction
present signals that suggest the presence of the Si-O-CO-CH2-CH2-COOH residue. (B) FTIR-ATRs of SG-Succ-RF and the spectra subtraction
showing RF signals. (C) TGA analysis for both “dry” SG (black), SG-Succ (blue), SG-Succ-RF (dark yellow), and riboflavin (red). The light blue
shadow shows the shape difference due to the presence of the organic linker. (D) Diffuse reflectance spectroscopy at 45° for SG (black), SG-Succ
(blue), SG-Succ-RF (dark yellow), and riboflavin powder (red) or riboflavin solution in ethanol (orange).
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FTIR-ATR, and DRS results points to the presence of the
covalent bond in these hybrid materials.
In addition to chemical composition and spectroscopic

study, the micro-particle morphology was also a significant
aspect of the materials to be further explored. As mentioned
above, the micrography of the SG starting material is presented
in Figure 3a. The changes in the morphology along the grafting

process were monitored by microscopy. Thus, after succinic
linker binding, which involves 12 washing cycles, the
micrographs showed no significant changes in the shape and
size of the particles (Figure 3b). Subsequently in the RF
binding reaction, which involves several washes with water, a
slight variation in the particle size population was observed
(Figure 3c). The histograms show a decrease in large particles,
and a concomitant increase in small particles, possibly due to
erosive beating that reduces the size of particles. A second
batch of SG-Succ-RF showed a similar distribution. This
second batch was left in water for 48 h to study the RF
leaching. After this time, the silica discolors, and the aqueous
solution presented an intense yellow color, while micrograph
analysis shows no critical changes in shape along this bleaching
process (Figure 3d). We attribute this change to the solubility

of SG in water, with the modified SG losing its RF outer layer
in strongly polar solvents (See SI, page S16). In the case of SG-
APTES-Eo, since its synthesis requires fewer washes, there are
no significant differences between the original SG and the dry
SG (See SI, page S15).

Photochemical Properties. To evaluate the performance
of the modified silica in photochemical reactions, the oxidation
of 9,10-dimethylanthracene (DMA) was used as proof of
concept. This compound reacts with singlet oxygen to form a
9,10-dimethyl-9,10-dihydro-9,10-epidioxyanthracene endoper-
oxide (eq 1, 1) in DMF as solvent. Under the reaction
conditions, singlet oxygen is photogenerated by SG-supported
RF or Eo dyes under blue or green LED irradiation,
respectively.
In our experiment, DMA solution and SG-Succ-RF

suspended in DMF are stirred and irradiated at different
times. The vial was then removed from irradiation and allowed
to decant for 2 min. Then 3 mL were extracted, and the
decrease of the 379 nm band of the DMA was measured by
UV−Visible spectroscopy (Figure 4). With this procedure, the
SG-Succ-RF particles remain in the irradiation vessel. Figure 4,
inset B2, shows that RF is absent in the supernatant solution.
Several controls were performed for this study (See SI, page

S19). Usually, with this reaction, kobs can be determined by a
pseudo-first order kinetic equation.22 Although this curve does
not show a linear behavior, the estimated values of the kobs of
the SG-Succ-RF are 24 times higher than those of the DMA
irradiated with blue light only. Since DMA absorption bands
slightly overlap with blue light, its self-bleaching is negligible
compared to the SG-Succ-RF composite (See Table 1, and SI
pages S19−S23). Furthermore, in the corresponding dark
control, DMA is not affected. On the other hand, the presence
of SG particles shows a similar behavior to DMA irradiated
alone (Figure 4C).
The amount of RF in the SG-Succ-RF composite used was

similar to a solution of RF with 0.3 absorbance at λmax = 442
nm, based on the RF content of the hybrid material
determined by TGA. An RF dye solution (0.3 absorbance)
decomposes the DMA faster than SG-Succ-RF, but several by-
products appear in the solution (See SI, Figure S22).
Curiously, even SG-Succ-RF is less photoactive resulted
more photostable than homogeneous RF for the same
irradiation time. SG-Succ-RF takes about 25 min to bleach,
and the discoloration indicates the loss of the chromophore.
The same effect was observed with soluble RF at <5 min.
Furthermore, a complementary experiment with homogeneous
RF 0.005 abs showed that the photocatalytic activity of the SG-
Succ-RF does not correspond to an RF release or desorption
from the hybrid material (Figure 4C, and SI Figure S23).
The results obtained clearly demonstrate that the hybrid

material contributes to the oxidation reaction. It is important
to note that photochemistry of this composite does not follow
a pseudo-first-order mechanism. Since the RF is immobilized
on the support, the oxygen must approach to the RF* and then
the singlet oxygen migrates in the solution to find the DMA.
Under these conditions, the concentration of singlet oxygen in
the vicinity of the solid cannot be considered constant.
Although the reaction is slower, the advantages of purification
are evident. The product can be easily isolated and separated
from the catalyst. In addition, typical RF photobleaching by-
product spectra were not detected in the solution (See SI,
Figure S18).

Figure 3. Size distribution histogram of silica gel particles and
microscopy images for (a) SG (b) SG-Succ), (c) SG-Succ-RF, and
(d) the discolored SG-Succ-RF after incubation in water for 48 h.
Note that 800−1000 crystals were counted for the histogram.
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The response of SG-APTES-Eo was also evaluated in a
similar experiment. Again, the hybrid material was effective for

DMA oxidation (See Table 1 and SI, page S24). Unlike SG-
Succ-RF, SG-APTES-Eo remained colored after the irradiation
experiment and could be reused.
To further explore the potential of these materials, the

photochemical response of the oxidation of furfuryl alcohol
(FFA) in aqueous solution, was considered. The oxygen
consumption assay gets more insight into the performance and
versatility of these hybrid materials. It is well documented that
a Flavin mononucleotide (FMN) solution, when irradiated,
can produce 1O2 and O2•−; with quantum yields of 0.49 and
0.009 respectively.28,29 To confirm the production of 1O2, the
O2-uptake of a FFA solution (0.5 mM) was measured when an
aqueous dispersion SG-Succ-RF particles (0.03% w/v, pH = 6)
was irradiated at different irradiation times (Figure 5). FFA is a
common reference substrate to identify 1O2. Furfuryl alcohol
reacts with 1O2 to give 6-hydroxy(2H)pyran-3(6H)-one (eq 2,
2) as the main product (∼85%)25 with a reactive rate constant,
kr = 1.2 × 108 M−1 s−1.30,31

The results of O2-uptake measurements upon irradiation of
the SG-Succ-RF + FFA system, are shown in Figure 5B and
strongly suggest the involvement of radical oxygen species
(ROS). To confirm the 1O2 formation by an irradiated
suspension of SG-Succ-RF, the same experiment was
performed in the absence of FFA. In this case, the rate of
O2-uptake was significantly lower compared to the same
solution containing 0.5 mM of FFA. To confirm the 1O2
generation, the O2-uptake of the SG-Succ-RF + FFA system
was also measured in the presence of 2.3 mM NaN3. Anion
N3− is a physical quencher that deactivates 1O2 with a
quenching rate constant of 3 × 108 M−1 s−1.32 However, the
quenching of excited RF by azide anion cannot be ruled out,
since the quenching rate constant (kq) for the singlet and
triplet exited state of tetra acetylated RF (RFTA) derivative are
5.9 and 7.3 × 109 M−1 s−1 respectively.33 As can be observed in
Figure 5B, the addition of N3− to the SG-Succ-RF + FFA
system produces a notable decrease in O2 consumption. The
results of the O2-uptake experiments evidence the formation of
1O2 when a suspension of SG-Succ-RF is irradiated. This assay
confirms that these dyes attached to silica gel are capable of
similar photochemistry to the same compound in solution. Yet,
as mentioned above, in this test, SG-Succ-RF decolor after
irradiation.
The same experiment produces O2-uptake when SG-

APTES-Eo suspension is irradiated in the presence of a 0.5
mM FFA (Figure 5C). The most remarkable difference
between the SG-Succ-RF and SG-APTES-Eo systems is that
the latter keep their color after the FFA photosensitized

Figure 4. (1) DMA photooxidation with photogenerated singlet
oxygen. (A) experimental procedure used in the experiment. (B)
DMA photolysis followed by UV−Vis Spectroscopy. In insert B1, the
decay of the 379 nm band is shown in detail. In insert B2, in the
region close to 452 nm, the presence of soluble Riboflavin released
from the hybrid material is not observed. (C) Comparative
experiments of the decrease in absorbance (ΔAbs 379 nm) by
photosensitization of DMA with SG-Succ-RF under Blue LED
irradiation (orange) or in the dark (violet) and compared with RF
in solution (Abs 0.3, in red; Abs 0.005 in pink). As an additional
control, the photobleaching of DMA under blue light (black) or in the
presence of SG alone is shown (blue).

Table 1. Comparative kobs for DMA Photooxidation

sample pseudo 1st order

ln (A0/Ai) vs t (s)

kobs 10−4 s−1

Irradiation Blue LED 3 W-λmax 455 nm
DMA control yes 0.234 ± 0.004

SG yes 0.301 ± 0.004
SG-Succ-RF no 4.8 ± 0.4
RF solution no large
RF 0.005 Abs no 1.53 ± 0.07

Irradiation Green LED 3 W-λmax 517 nm
DMA control yes 0.127 ± 0.002

SG yes −0.008 ± 0.01
Eosin Y solution yes 41.9 ± 0.04
SG-APTES-Eo no 0.69 ± 0.08
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degradation. In addition, the same FFA assay was employed to
study the numbers of reuses for SG-APTES-Eo. Sensitized
photolysis experiments were carried out in the water at pH 6,
with a suspension of 0.017% w/v of SG-APTES-Eo and 0.5
mM of FFA. Figure 5C shows a pronounced change in slope
after two cycles of photolysis (cycles 1 and 2, with a similar
slope). For cycles 4 and 5 the slopes indicate no generation of
1O2. Therefore, the FFA is not degraded by the photo process
under light irradiation since the oxygen consumption is low.
This situation is similar to the photolysis of SG-APTES-Eo
without FFA. It’s important to mention that the SG-APTES-Eo
decolored after the third photolysis cycle. According to our
results, we conclude that the SG-APTES-Eo can be recovered
and reused up to three photolysis cycles.

Application and Reuse of Silica Gel Modified with
Organic Dyes. To evaluate the reusability of these hybrid
materials, the reaction of DMA with photogenerated singlet
oxygen in DMF was chosen. It is important to note that DMF
is not a first option solvent in organic chemical reactions
because its removal is difficult. However, we focused our study
ass a proof of concept. The modified SG was placed in a 10 mL
vessel, and 5 μmol of DMA was added in 3 mL of DMF. In this
experiment, 0.1 g of modified SG was used and irradiated with
blue or green LED according to the attached dye (RF or Eo).
After 1 h of LED irradiation and stirring, the vial was removed
from the photoreactor. The reaction is then decanted in the
absence of light. The supernatant solution was gently removed
and quantified by UV−visible spectroscopy (See SI, page S30).
The modified SG was washed with DMF between cycles. A
new dose of 5 μmol of DMA in DMF was then added, and the
vessel was irradiated for an additional 1 h. Figure 6 shows the

percentage of DMA consumption after 1 h of irradiation
quantified by UV−visible spectroscopy. As shown in the Figure
6, using SG-Succ-RF with blue light (yellow bars), the material
was fully active for only one cycle. This low activity
corresponds to the noticeable pale yellow discoloration of
SG-Succ-RF (See SI, page S17). In the second cycle, the
activity of SG-Succ-RF is reduced to half. The remaining
activity in the third cycle is attributed to autoxidation of the
same DMA with blue LED irradiation, as shown in the control
experiment (Figure 6, blue bars). In this case, the RF attached
to SG behaves similarly to the RF in the solution; and other
immobilized RF.18 Under our reaction conditions, the RF does
not survive irradiation with a 3 W blue LED. On the other
hand, when SG-APTES-Eo is used in successive cycles, the
material is still active during 3 reaction cycles, (Figure 6, pink
bars). These experiments show that the Eosin derivative is less
active than RF, yet, compensated by higher photostability.

■ CONCLUSIONS
The properties and nature of silica gel chromatography make it
an ideal support material for organic photocatalysts such as
Riboflavin and Eosin. The silica gel particles have a size and

Figure 5. (B) O2-uptake at different irradiation times of aqueous
suspensions of: (black line) SG-Succ-RF (0.03% w/v); (red line) SG-
Succ-RF (0.03% w/v) + FFA (0.5 mM); and (blue line) SG-Succ-RF
(0.03% w/v) + FFA (0.5 mM) + NaN3 (2.3 mM). (C) Number of
cycles for which SG-APTES-Eo can be reused at pH 6 plus visible
irradiation. 0.5 mM FFA plus SG-APTES-Eo, cycle 1 (black), cycle 2
(red), cycle 3 (blue), cycle 4 (green), cycle 5 (orange). SG-APTES-
Eo (magenta).

Figure 6. DMA consumption cycles. In each cycle, 5 μmol DMA in 3
mL DMF in the presence of 0.1 g of SG-Succ-RF or SG-APTES-Eo
and irradiated for1 h with blue LED or Green LED, respectively.
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density that allows separation and recovery by simple
decantation. In addition, the surface of the Silica gel can be
covalently modified by grafting techniques already known for
structural derivatives of SiO2. One aspect that deserves to be
improved is the performance of the coupling reactions, since
this will reduce the number of dyes used and the number of
washes required. Techniques such as TGA and DRS provide
quantitative and qualitative information about the hybrid
material under study. In addition, visual observation of the
material obtained, together with washing cycles and chemical
controls, allows confidence that the desired product has been
achieved.
Thus, the modified SGs obtained are easy to handle and

recover by decantation. Both materials were tested in two
singlet oxygen oxidation reactions in two different solvents. In
the case of FFA, we could corroborate the consumption of
oxygen when the material is irradiated, indicating the
formation of singlet oxygen. The photosensitized reaction
with DMA in DMF is presented as a proof of concept for use
in organic synthesis. Contrary to RF, the higher stability of
Eosin Y containing hybrid material can be recovered and
reused in several cycles. These results are very encouraging
because silica-gel for chromatography is a known material,
commercially available and it is widely used in organic
chemistry laboratories. We have shown that it is easy to
chemically modify and to handle and recover in the laboratory.
With appropriate linkers, diverse photosensitizers can be
attached to the SG surface. Binding photosensitizers to
macroscopic SG allows photochemistry to be applied in a
scalable manner. These new materials will make catalyst
recovery easier and simplify product purification. This system
is environmentally friendly, and its catalytic performance is
acceptable.

■ EXPERIMENTAL SECTION
Reagents. All chemical reagents were commercially

purchased and used without further purification. Silica gel 60
(0.063−0.200 mm) for column chromatography (70−230
mesh ASTM), and sodium azide (NaN3), both from Merck,
Germany. Succinic anhydride, from Riedel de Haen̈ (AG-
D3016 seeize 1). Riboflavin (RF), Eosin Y (Eo), (3-
am i n o p r o p y l ) t r i e t h o x y s i l a n e (APTES ) , N ,N -
dicyclohexylcarbodiimide(DCC), 4-dimethylaminopyridine
(DMAP), 9,10-dimethylanthracene (DMA), and furfuryl
alcohol (FFA) were all from Sigma, USA.
Solvents: water (miliQ), dichloromethane (DCM), ethyl

acetate (EtOAc), and acetone, were distilled before use, while
acetic acid, HCl 35% (both p.a ACS, Cicarelli, Argentina) and
dimethylsulfoxide (DMSO, p.a ACS, Biopack) N,N-dimethyl-
formamide (DMF, p.a ACS, Biopack) were used as received.
General Equipment: UV−Visible spectra were measured

using a Shimadzu 1800 spectrophotometer. FTIR spectra were
recorded using a Nicolet iS5 infrared spectrophotometer with
ATR iD7 module with ZnSe crystal. Irradiation experiments
were carried out in a home-made photoreactor, consisting of 4
vial spots, and 4 LED plates in the bottom. Blue LED 3 W-22
Lm-λmax 455 nm or green LED 3 W-110 Lm-λmax 517 nm.

SG-Succ Preparation. Chromatographic silica gel (SG)
was stored in an oven at 100 °C to remove adsorbed moisture
that could affect the reactions. A modified version of Martins et
al. was used for the linker binding.11 For a typical assay, 2
mmol of succinic anhydride and 1.08 g of SG were placed in 10
mL of refluxing pyridine (120 °C) in a conical flask with

stirring at 90 r.p.m. After 4 h, the reaction was cooled and
decanted. Once the product reached the bottom of the vessel,
the crude reaction was gently removed with a Pasteur pipette.
The recovered solid was subjected to cycles of washing and
decanting in the same conical flask. The washings were: 15 mL
of 1 M acetic acid in DCM, 15 mL of EtOH 95%, 15 mL of
water, 15 mL of 0.1 M HCl, 15 mL of water, and 8 mL and 2
mL of acetone, and finally dried in an oven at 80−100 °C to
give 1.01 g of product. This reaction was repeated on a larger
scale with 4.38 g of SG, 8 mol of succinic anhydride, and 40
mL of pyridine. SG-Succ formation was established by IR,
TGA, and chemical controls of RF covalent attached. Similarly,
the assay was repeated using succinic acid as the linker, but in
this case, the carbonyl signal was not seen in the IR spectrum,
and the final solid was not colored (See SI, Table S2, page S5).

SG-Succ-RF Preparation. For Riboflavin binding, a
second reaction was performed based on the work of Neises
and Steglich.34 Several tests were carried out, the final protocol
being as follows. First, 5 mL of DCM was cooled in an ice bath
in a conical flask. Then 0.2136 g of SG-Succ was taken and
reacted with 0.107 mmol (0.0404 g) of RF with 0.113 mmol
(0.0234 g) of DCC activator and 1.14 moles (0.1403 g) of
DMAP. After 5 min the ice bath was removed, and the reaction
was left for 4 h with stirring at 60 r.p.m. After this time, the
reaction was then left overnight without stirring. The solution
appears orange due to RF and other suspended materials. The
following day, the reaction crude containing free RF, DCC,
and the diphenyl urea residue was removed. The crude was
first washed with the DMF portion, since RF is more soluble in
this solvent and then washed several times with water (See SI,
page S7). The byproduct diphenyl urea (from DCC) remains
on the water, while the modified SG sinks to the bottom of the
container. This physical difference allowed us to separate both
solid phases in the first water washes. The total amount of 500
mL of water was enough to dissolve the initial amount of RF,
which had a solubility value of 84.7 mg/L.35 Finally, the solid
SG-Succ-RF precipitate was washed with ethanol and acetone
to clean and dry the product in an oven at 100 °C for 1 h. Each
wash was transferred to a volumetric flask for further analysis
by UV−visible Spectroscopy. Although the spectroscopic
analysis was not accurate enough to quantify the amount of
RF bound it was useful to confirm the complete washing of the
modified silica, (See SI, page S7). Thus, 0.1785 g of yellow SG-
Succ-RF was obtained (84% of the initial mass). FTIR-ATR
and DRS studies confirm the presence of RF, and a TGA study
indicates that the hybrid material contains 0.035 mmol of RF/
gr. This reaction was also tried with DMSO and DMF as
solvents, and with EDC as activator, but no colored silica was
obtained (See SI, page S9). The assay was repeated several
times on a larger scale using 4 g of SG and 0.151 g of RF and
equivalent amounts of DCC (0.091 g), DMAP (0.060 g), 70
mL DCM as solvent, and 50 mL each wash with the same
solvent sequence.

SG-APTES-Eo Preparation. A conventional grafting
technique was used to bind Eosin Y to silica gel with
APTES.8 Briefly, the procedure was as follows: In one vial with
4 mL DMSO, Eosin Y (0.1 mmol) was reacted with APTES
(0.21 mmol, 53 μL) and DCC (0.15 mmol in 1 mL DMSO.
The reaction was stirred for 2 h in a closed vessel. TLC
analysis with AcOEt:hexane 50:50 and 2% EtOH, as mobile
phase, showed the formation of a new spot with the same color
and fluorescence identified as APTES-Eo with Rf = 0.20,
different from the original Eo (Rf = 0.05). The mix APTES-Eo
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in DMSO was then transferred to a conical flask containing dry
SG in a mixture of 1 mL of pyridine and 1 mL of DMSO under
an inert Argon atmosphere. The SG/pyridine premix activates
the Si−OH on the surface. An additional 1 mL of DMSO was
used to wash the APTES-Eo mix. Finally, the reaction was
stirred at 90 r.p.m. for 4 h. The reaction was left overnight
without stirring. Then, the reaction crude was gently removed.
The decanted pink solid remained at the bottom of the flask.
Washes were then made with 2 × 10 mL of DMF, 6 × 50 mL
of water, 2 × 25 mL of EtOH, and 10 mL, and 2 mL of
acetone. The washings were transferred to a volumetric flask
and analyzed by UV−visible spectroscopy. Again, the washes
do not allow us to quantify the bound Eo, but they help to
ensure the complete removal of the unreacted dye. This
reaction was also repeated on a larger scale with 4 g of SG and
0.5 mmol of Eosin Y. In all cases, a pink solid was obtained,
which was characterized by TGA, FTIR-ATR, and DRS. These
assays indicate the presence of Eosin Y bound to SG.

Thermogravimetric Analysis (TGA). All assays were
performed on a TA Instruments Thermogravimeter analyzer
(New Castle, DE, USA), Discovery model. The determinations
were carried out using an N2(g) flow of 50 mL/min; a heating
ramp of 10 °C/min; T° range: 25−800 °C, Pt capsules and
sample sizes between 3 and 7 mg. The temperature scale was
previously calibrated with nickel according to the protocol
recommended by the manufacturer (See SI, page S11).

FTIR-ATR Analysis. Attenuated total reflectance infrared
spectra (FT-IR-AR) were performed using Nicolet iS5
equipment with the iD7 ATR accessory and a 45° ZnSe
crystal. (Thermo Scientific, USA). All spectra were recorded
with 32 scans at a 4 cm−1 resolution between 4000 and 550
cm−1. Spectra were processed using OMNIC 9.8.3.32 software
from Thermo Fischer Scientific Inc. and with OrginLab Pro 8
SR0 v8.0724 (B724).

Diffuse Reflectance Spectroscopy (DRS). UV−visible
diffuse reflectance was measured in UV−Vis Spectrometer
Stellar Net using an optical fiber probe and 45° holder for solid
samples. With reference to RS50 White Reflectance Standard
and dark background. Settings: Absorbance mode, detector
integration rate 3000 ms, pixel resolution, pixel smoothing 3
(17), temp compensation on.

Microscopy. Light microscopy was used to observe the
morphology and size of commercial or modified silica gel
particles. We used a NIKON Eclipse E200LED MV R
Microscope, with NIKON CFI E Plan Achromat 4X (0.1/30
mm) and CFI E Plan Achromat 10X (0.25/7 mm) lenses,
equipped with a 5.0 Megapixel USB 2.0 Microscope Eyepiece
camera. MC500 Camera and software MicroCapture Pro
6.9.12. The grains sample were placed on a glass slide with
light from the bottom. A digital camera was used to record ten
images per sample. Subsequently, the image collection was
analyzed using ImageJ 1.50i software (Wayne Rasband, NHI,
USA). Between 800−1200 particles per sample were counted
to obtain the population of the different sizes.

DMA Photooxidation. The DMA have 3 intense
absorption bands in UV−Vis, and the oxidation product
does not absorb in this region. The decrease in absorbance at
379 nm from DMA was used to determine the oxidation
process. Depending on the changes in absorbance, the kobs for
the pseudo-first-order process can be determined. A stock
solution of DMA (4.0 ± 0.1) mM in DMF was prepared for
the assays. For this, 0.0083 g (4.05 × 10−5 mol) of DMA was
weighed and dissolved with DMF in a 10 mL flask. Then, 50

μL of this solution was taken and re-dissolved in 4.950 mL of
DMF, to get a 40 μM solution with a final volume of 5 mL in a
vial (10 mL) with a rubber stopper and a magnetic stirrer. The
photosensitizer material was added to this vial. The vial was
then stirred and irradiated from the bottom in a photoreactor
with a 3 W blue LED for RF or green LED for Eosin Y. After
the selected irradiation time, a 3 mL aliquot was collected and
transferred to a quartz UV cell; the UV−vis spectrum was then
recorded, and finally the entire solution was recovered and re-
incorporated into the reaction vial. UV−Visible spectra were
recorded at different irradiation times. In all cases, the
temperature ranged from room temperature to a maximum
of 30 °C at long irradiation times. The DMA photo-
sensitization reaction was performed with homogenous RF,
SG-Succ-RF, and SG and irradiated with a 445 nm blue LED.
For comparison purposes, the amounts of RF in the solution
were necessary to obtain an absorbance of 0.3, and for the solid
composite 0.0035 g was used, corresponding to an equivalent
amount of RF bound to the SG, as calculated by TGA.
Similarly, the experiment was performed with homogenous
Eosin Y, SG-APTES-Eo, and SG irradiated with a 554 nm
green LED. In this case, the amount of SG-APTES-Eo
equivalent to eosin 0.3 abs in solution was less than the
minimum weighable amount (0.0003 g). In this case, we use
the mass of hybrid material equivalent to the SG-Succ-RF assay
(0.0038 g). To rule out thermal effects, a control experiment
with DMA + SG-Succ-RF was performed in the dark at 36 °C.
This control assay shows that the DMA concentration remains
unchanged.

Oxygen Uptake Experiments. The ability of the
synthesized composite (SG-Succ-RF) to photo generates the
reactive singlet oxygen species (1O2) was studied through O2-
uptake experiments. The O2-uptake experiments were carried
out in a home-made photo-reactor device previously
reported.29 Briefly, this photo-reactor device consists of a
150 W quartz-halogen lamp as an irradiation source, and the
O2-uptake was measured with a selective oxygen electrode
(Orion 97-08). All experiments were performed in water at pH
6.0. In a typical experiment, an aqueous suspension of 0.03%
w/v SG-Succ-RF was placed in a seated reaction tube. The O2-
uptake experiment was carried out under continuous stirring to
ensure the homogeneity of the radiation and to avoid the
precipitation of SG-Succ-RF. A similar experiment was done
with SG-APTES-Eo. Sensitized photolysis experiments were
carried out in the water at pH 6, with a suspension of 0.017%
w/v of SG-APTES-Eo plus 500 μM of FFA.

Modified SG Reuse. To test the re-use capabilities of the
hybrid SGs, DMA photosensitization cycles were performed.
For the assay, 0.1 g of each RF- or Eo-modified silica, was
placed in a 10 mL capped vial, and a 3 mL DMA solution of
1.75 mM (5.24 μmol) in DMF as solvent was added. The same
3 W × 4 spot photo-reactor device was used for the blue or
green irradiation for RF or Eo, respectively. The vial was
irradiated for 1 h with gentle stirring. The vial was then
removed from the photoreactor, and the modified SG was
allowed to decant. The solution was gently removed and
transferred to a quartz cuvette, and the remaining DMA was
quantified by UV Visible Spectroscopy (See SI, page S30). The
modified SG in the vial was washed with DMF. After removal
of the washing DMF, the cycle was repeated. A new 3 mL of
1.75 mM DMA (5.24 μmol) in DMF was then added to the
vial, and it is irradiated for 1 h. The DMA consumption (%) in
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each cycle was used as an indication of the efficiency of the
hybrid material.
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Photoreduction of aliphatic and aromatic thioketals: new access to the
reduction of carbonyl groups by a desulfurization chain process.
Tetrahedron Lett. 2013, 54, 1515−1518. (f) Argüello, J. E.; Pérez-
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(i) Bouchet, L. M.; Argüello, J. E. Photoinduced One-Electron
Oxidation of Aromatic Selenides: Effect of the Structure on the
Reversible Dimerization Reaction. J. Org. Chem. 2018, 83, 5674−
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