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Abstract: Methylene blue (MB) is a well-established and extensively studied photosensitizer for
photodynamic therapy (PDT), since it can generate singlet oxygen with a high quantum yield upon
irradiation within the phototherapeutic (600–950 nm) window. However, its activity can decrease
due to the formation of dimers or higher aggregates, which can take place in an aqueous solution
at relatively high concentrations. The incorporation of this molecule into a matrix can avoid this
aggregation and increase its activity relative to PDT. Silica porous nanoparticles are chosen here
as a matrix to host MB. The size and pore geometry are tuned in order to decrease MB leaching
while maintaining good singlet oxygen generation and colloidal stability for further applications in
nanomedicine. In addition, phenyl functions are grafted on the pores of the silica matrix in order to
avoid MB aggregation, thereby increasing the activity of the photosensitizer in the singlet oxygen
generation. DFT calculations give insight in the structure of the aggregation of the MB units, and the
roles of water and organic environments are investigated through time-dependent calculations on
UV-vis spectra.

Keywords: silica nanoparticles; methylene blue; singlet oxygen generation; photodynamic therapy

1. Introduction

Cancer has become one of the leading reasons of mortality throughout the world, caus-
ing millions of deaths annually [1,2]. Nowadays, traditional therapies such as chemother-
apy and radiotherapy mainly are still applied for the clinical treatment of cancer. However,
the disadvantages of traditional therapies, i.e., poor selectivity, low curative effect, strong
toxic side effects, and painful procedures, hinder their extensive clinical application. Com-
pared with these conventional therapies, photodynamic therapy (PDT) is an alternative
approach for cancer treatment which displays desirable properties such as low systemic
toxicity and minimal invasiveness [3].

PDT involves three key components, namely, a photosensitizer (PS), a specific wave-
length of light, and oxygen (O2), the ground state of it being triplet oxygen (3O2). PDT can
be divided into two types (Type I and Type II) [4,5]. Under light irradiation, the PSs at
ground singlet state can be first promoted to an excited singlet state and then go through
intersystem crossing (ISC) to reach a triplet state. For Type-I PDT, triplet PSs can generate
free radicals via hydrogen abstraction or electron transfer with surrounding substrates [6],
while for Type-II PDT, triplet state PS transfers energy to molecular oxygen directly to form
cytotoxic singlet oxygen (1O2) [7,8]. Indeed, in Type I, generated cytotoxic reactive oxygen
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species (ROS), including H2O2, •OH, and O2
•–, can stimulate cell apoptosis or necrosis,

vascular damage, and immune activation [3,7]. As it happens, Type I is not considered
to be the main mechanism for most applications of PDT. Therefore, our research focuses
mainly on PSs that allow for the Type II mechanism.

Methylene blue (MB) is a convenient PS due to its solubility in water. It is able to gen-
erate singlet oxygen with relatively high quantum yield (Φ∆~0.5) and demonstrates strong
electrophilic activation of oxidizing electron-rich double bonds in biological molecules
and macromolecules [9]. Recent studies have suggested that MB has beneficial effects on
memory improvement and Alzheimer’s disease [10]. Currently, it is used clinically in a
wide range of medications that treat conditions such as methemoglobinemia, urinary tract
infections, plaque psoriasis, thyroid surgery, cancer chemotherapy, and ifosfamide-induced
encephalopathy [10].

MB undergoes a well-known dimerization process in solution [11], which reaches a
significant extent in polar environments, and above concentrations of ca. 10−5 M. This
represents a drawback for the generation of singlet oxygen (Type II mechanism), as dimers
follow in most cases an electron-transfer (Type I) pathway for deactivation, with almost
complete abolition of singlet oxygen generation, except for a few systems under very
specific conditions [12]. Thus, the design of systems that allow the occurrence of the
MB monomeric form is preferred. The high quantum yield of 1O2 generation, coupled
with a relatively low dark toxicity [13], makes methylene blue an attractive candidate for
PDT. However, clinical use of methylene blue for PDT has been limited, because systemic
administration fails to provide significant therapeutic efficacy. MB accumulates extensively
in erythrocytes [14] and endothelial cells [15,16], where it is reduced to leucomethylene
blue, resulting in the loss of photodynamic activity [17].

Incorporation of MB in a matrix, such as inorganic nanoparticles, is an efficient ap-
proach for reducing its degradation in the biological environment and enables greater
availability at the tumor tissue [18]. Mesoporous silica nanoparticles (MSNs) are regarded
as promising vectors for drug delivery systems due to their large specific surface area,
controllable pore size, various morphologies, and satisfaction of biocompatibility and
biodegradability requirements [19]. Various photosensitizer–MSNs combinations have
already been tested in vivo [20], though a greater control of MSNs’ physicochemical charac-
teristics, such as morphology, shape, and particle and pore size is mandatory prior to both
a systematic evaluation of long-term toxicity and to their general use in clinical trials [21].

Regarding the functionalization of MSN, it is easy to add specific functions, thanks
to the hydroxyl groups present on the silica’s surface [22]. For the incorporation of MB,
its positively charged nature allows it to bind to negatively-charged silica nanoparticles
via electrostatic interactions. Makhadmeh et al. [23] analyzed the physical effects of MB
encapsulated within silica nanoparticles (SiNPs) for photodynamic therapy. The results
confirmed the applicability of MB encapsulated in SiNPs to the hemolysis of red blood cells
(RBCs), and established a relationship between the concentration of the MB encapsulated
within the silica nanoparticles and the time required to break 50% of the RBCs (t50). In brief,
the MB encapsulated in SiNPs exhibited higher efficacy compared to that of naked MB.

Sun et al. [24] developed MSN surface-enriched composite membranes with remark-
able photodynamic antimicrobial activities via a simple electrospinning method. They
used a mixture of zein—a biodegradable protein, and polycaprolactone—a biodegradable
polyester, as a matrix where MB-loaded mesoporous silica nanoparticles (MSN) modified
with heptadecafluorodecyl groups were deposited, acting as an ROS generator and exerting
their antimicrobial performance. Owing to their low surface energy, the fluorinated MSN
tended to be enriched on the surface of the nanofiber, hence significantly enhancing ROS
generation. Yang et al. [25] developed doxorubicin and MB co-loaded diselenide-bond-
bridged MSNs to confer light-responsive chemo-photodynamic-immunotherapy for breast
cancer. Under low doses of red-light irradiation, the polyethylene glycol (PEG)-modified,
diselenide-bridged MSNs not only achieved MB-mediated PDT to induce tumor cell death,
but also triggered matrix degradation and drug release via ROS production, leading to the
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synergistic chemo-phototherapy of breast cancer and the boosting of immunogenic cell
death effects and systematic anti-tumor immunity responses. Seo et al. [26] synthesized
MB-loaded gold nanorod@SiO2 core–shell nanoparticles for their use in cancer imaging
and photothermal/photodynamic dual therapy. Encapsulated MB molecules are present
under both monomeric and dimeric forms, and this results in an increase of the photo-
sensitizing effect through the different photochemical pathways. As a consequence of
the excellent plasmonic properties of gold nanorods at near-infrared (NIR) light, the em-
bedded MB molecules showed NIR light-induced surface-enhanced Raman scattering
(SERS) performance.

So far, neither the stability, nor the retention of the photosensitizer (PS) inside the
nanoporous silica matrix, nor their effect on the 1O2 generation have been investigated
thoroughly. We propose in this work to tackle this issue by choosing methylene blue (MB)
as the PS molecule and varying the particle topology, pore array, and composition for a
given size of particle. The capacity of the systems here studied to generate singlet oxygen
is tested in order to apply these systems to photodynamic therapy; hence, colloidal stability
in water and physiological solutions is key.

2. Results and Discussion

2.1. Synthesis of the Silica Nanoparticles

We chose as a matrix silica mesoporous nanoparticles 80–100 nm in diameter, allowing
us to design well-defined pore topologies while keeping good control over size. We used
electron microscopy (SEM and TEM) as a monitoring characterization tool. The synthetic
protocol was adapted from one of our previous works, aiming to generate different pore
topologies [27]. Knowing that the synthesis solution is biphasic, that is, mainly aqueous,
with hydrophobic droplets of the organic precursor of silica (TEOS), the particle growth
relies on a complex process that combines both mass transfer and kinetics. Therefore,
reaction time and stirring rate have to be rigorously controlled. In addition, the propor-
tions of the reactants in the initial mixture can be modified. The ratio between the silica
source—tetraethyl orthosilicate, TEOS—and the base—triethanolamine, TEAH3—does in-
deed act on the pore array (i) kinetically, as TEAH3 is a catalyst for silica condensation, and
(ii) thermodynamically, via the electrostatic interaction between the cationic surfactant—
cetyltrimethylammonium, CTA+—and the nascent negatively-charged silica oligomers.
This interaction between the silica and the surfactant is particularly sensitive to the pH
and the nature of the surfactant counterion, here, tosylate or bromide. As a reminder,
tosylate counterions develop stronger competition than bromide against the negatively
charged silicate, decreasing its electrostatic affinity to organic micelles and favoring a larger
pore wall and size, as more than one micelle can template a single pore [27]. Conversely,
increasing the amine concentration increases the pH and the negative charge density on
the nascent silica, favoring single micelle templating and fewer open pores compared to
those of raspberry. And as we shall see below, certain conditions favor a worm-like internal
morphology [27].

We adopt here a nomenclature in direct connection with the sample morphology. This
is the Shape–Topology–Pore–Array (SToPA) nomenclature previously reported [28]. While
the external shape is basically spherical in the present work, the name of the samples will
take into account only the pore array—stellate (ST), raspberry (RB), and radial (r)—and
the combination (or not) in the uniform (u), core–shell (cs), or core–shell–corona (csc)
morphologies encountered in this study.

We first synthesized silica nanoparticles with uniform stellate and raspberry pore
morphologies (u-ST and u-RB) of around 90 nm in diameter, showing quite a good disper-
sion in size and high yields of silica (around 70%) (Figure 1a,b, Table 1). For the raspberry
morphology, leaving the nanoparticle suspensions in aqueous solution for some weeks
resulted in a diminution of the average particle size, consistent with a partial dissolution
of the nanoparticles (particle diameters around 45 nm, Figures S1 and S2). In addition,
these particles tended to fuse to each other, resulting in aggregates of smaller particles. In
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comparison, stellate morphology is more resistant to dissolution. In order to take advantage
of the RB morphology for confinement and the ST for stability, we synthesized core–shell
nanoparticles (Figure 1c,d). We planned to compare two different types of core–shell parti-
cles by inverting the RB and ST morphologies as core and shell. A simple protocol was put
into place by starting both RB and ST syntheses in parallel, and then adding half of the RB
reaction mixture into half of the ST mixture and vice versa (see experimental section). This
strategy resulted in two materials: (1) core–shell ST/RB, i.e., ST cores surrounded by an RB
shell (Figure 2c); and (2) core–shell RB/r, i.e., nanoparticles that possess an RB-type core
surrounded by a thin shell, presenting pores that, surprisingly, turned out to be radial (r)
pores instead of the expected ST-type (Figure 2d).

ff

 

π π

ff

π π

Figure 1. SEM images and particle-size distributions of (a,b)—uniform ST and RB, (c) core–shell
ST/RB, (d) core–shell RB/r, (e) core–shell–corona ST/PhS/RB, and (f) RB@(MB@ST) samples.
ST = stellate, RB = raspberry, r = radial, PhS = 2-phenylethylsilane.

Finally, phenyl functions were incorporated in RB nanoparticles (Figure 1e) using
co-condensation synthesis of TEOS and 2-phenylethyltrimethoxysilane (Ph-silane) [29].
The aims were to both favor the presence of methylene blue monomers and avoid their
leaching from the silica matrix by π-π stacking interactions. A molar ratio Ph-silane/TEOS
= 0.01 was considered, and the 2-phenylethylsilane precursor was added at the end of the
synthesis in order to locate the organic functions preferentially on the external part of the
nanoparticle. Our intention was the following: upon delaying the incorporation of the
phenyl precursor during the synthesis of the nanoparticles, the phenyl functions should
be located close to the exterior. Therefore, the methylene blue molecules should also be
located at the particle’s periphery. This strategy should optimize the diffusion of the highly
reactive singlet oxygen species towards external targets. The synthesis was optimized
to obtain a similar particle size, compared to the pure silica nanoparticles. In fact, using
the typical conditions to generate u-ST (ø~90 nm) in the presence of 2-phenylethylsilane
precursors, we obtained smaller particles with RB morphology (ø~45 nm, Figure S3). In
addition, the phenyl groups located on the surface may favor particle aggregation due
to π-π stacking. The stirring speed was thus lowered to favor larger particles. TEOS was
added again in a final step, in order to minimize the amount of phenyl functions on the
surface of the particles and thus avoid particle aggregation in water.

TEM images confirmed the u-ST and u-RB morphologies targeted in the one-step
syntheses. As expected, the u-ST morphology shows greater contrast at the core of the
particle, where silica density is highest, which is consistent with estuary-like pores that can
be schematically represented as cones (Figure 2a). Conversely, u-RB nanoparticles show
a uniform silica density corresponding to almost-spherical pores and a narrow pore size
distribution of around 3 nm [27,30]. Concerning the core–shell ST/RB sample, ST cores are
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indeed covered by a RB shell, giving rise to particles with a more irregular external surface
(Figure 2c). On the other hand, core–shell RB/r nanoparticles present a large RB core with
a thin radial shell, resulting in spherical, well-defined nanoparticles that are well dispersed,
thus demonstrating that a radial thin shell is necessary to increase the colloidal stability of
RB nanoparticles and avoid particle merging (Figure 2d).

 

Figure 2. TEM images of (a,b)—uniform ST and RB, (c) core–shell ST/RB, (d) core–shell RB/r,
(e) core–shell–corona ST/PhS/RB, and (f) RB@(MB@ST) nanoparticles. ST = stellate, RB = raspberry,
r = radial, PhS = 2-phenylethylsilane.

Table 1. Particle-size distribution and methylene blue (MB) retention.

Sample Size/nm a MB Retention (%) b

MB@u-ST 86 ± 7 100
MB@u-RB 81 ± 6 67

MB@cs-RB/r 108 ± 7 81
MB@cs-ST/RB 99 ± 9 100

MB@csc-ST/PhS/RB 91 ± 9 100
RB@(MB@ST) 96 ± 8 100

a Measured from SEM images (100 nanoparticles); b MB retention from an aqueous solution at room temperature
after 1 h (calculated from UV-vis analysis of the solution before and after being in contact with the nanoparticles).
MB = methylene blue, u = uniform, cs = core–shell, csc = core–shell–corona, ST = stellate, RB = raspberry, r = radial,
PhS = 2-phenylethylsilane.

2.2. Incorporation of Methylene Blue

In order to incorporate methylene blue into the silica nanoparticle, the surfactant was
first removed from the as-made nanoparticle water suspensions. The drying step was
circumvented in order to avoid particle aggregation. A treatment with ammonium nitrate
in ethanol (96%) under sonication was used to remove the surfactant [31]. After three extrac-
tion cycles, the solvent was exchanged with water, using successive centrifugation steps.

The incorporation of methylene blue (MB) was then performed on aqueous surfactant-
free samples. An nMB:nSiO2 molar ratio of 0.00064 was adopted, as it was the highest ratio
allowing only negligible MB leaching in our previously reported ST nanoparticles [32]. The
incorporation of the photosensitizer was performed in water by stirring the mixture at
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25 ◦C for 1 h. The resulting samples were named MB@u-ST, MB@u-RB, MB@cs-ST/RB,
MB@cs-RB/r, and MB@csc-ST/PhS/RB, with u = uniform, cs = core–shell, and csc = core–
shell–corona. The percentages of MB retained in the samples are reported in Table 1.

In addition, and in order to compare the above materials with a sample in which the
MB is kept exclusively in the core of the particle, we tested the incorporation of MB into an
ST nanoparticle followed by the addition of a layer of silica. Rougher nanoparticles were
formed in these conditions, with RB external morphology (Figure 2f). We called this sample
RB@(MB@ST).

2.3. Characterization of the Nanoparticles

2.3.1. Size Distribution and Colloidal Stability

A study of the colloidal stability was performed using dynamic light scattering (DLS).
The samples were analyzed: (i) after the synthesis, that is, in the presence of the remaining
surfactant; (ii) after surfactant extraction using NH4NO3 solution followed by several
washings in water; and (iii) after further dilution of the previous surfactant-free colloidal
suspension in water (Table S1). The u-ST nanoparticles present in the as-made supernatant
were highly aggregated (average size ~800 nm). The surfactant acts as a glue, likely
aggregating the particles. After extraction of the surfactant, no particle aggregation was
discernable, and hydrodynamic diameters of around 200 nm were observed (aggregates
of some particles). Upon further dilution in water (5 times) the particles were eventually
separated (hydrodynamic diameters ~100 nm). On the contrary, the u-RB nanoparticles
present in the as-made supernatant were more stable. A mean hydrodynamic particle
diameter of ~120 nm was observed. Upon surfactant extraction and ultrasound treatment,
the diameter slightly increased to ~185 nm (small aggregates likely generated by the
ultrasound treatment).

The core–shell nanoparticles are quite stable, with hydrodynamic diameters close
to the particle size, indicating the absence of large aggregates. For the core–shell–corona
ST/PhS/RB nanoparticles, the same behavior as noted for the u-ST sample was observed:
~900 nm aggregates in the as-made sample that are disaggregated upon surfactant extrac-
tion.

The zeta potential was determined for the as-made u-ST and csc-ST/PhS/RB samples
(Table S2). A value of −19 mV was observed for u-ST and −11 mV for csc-ST/PhS/RB,
suggesting a surface more polar for u-ST than for csc-ST/PhS/RB. After surfactant extraction,
the zeta-potential values shifted to −36 and −35 mV, respectively, indicating a higher colloidal
stability. This is in agreement with the DLS observations. The absence of surfactant likely
diminishes the trend of the particles towards aggregation.

2.3.2. Study of the Porosity of the Particles

Nitrogen sorption isotherms were performed for all the samples. Each type of nanopar-
ticle morphology presents a specific profile of nitrogen sorption isotherm, as illustrated in
Figure 3. The coincidence of the adsorption and desorption profiles indicates that there is
no bottleneck effect and, therefore, no obstacle for desorption in the porous nanoparticles
investigated here.

The absence of a neat step of adsorption near P/P0~0.3 for the pure uniform stellate
morphology (u-ST, Figure 3a) characterizes its specific open pores, [27] a determination
which is consistent with the TEM images (see above). The conical shape of the pores
produces progressive capillary condensation, starting with the filling of the narrow bottom
of the cone at P/P0~0.3 and ending with the wider side of the conical pores (ca. 15 nm), for
an increasing committed volume at P/P0~0.7. There is a rather low nitrogen absorption at
low pressure, followed by an increasingly strong, or even very abrupt, absorption towards
the end of pore filling, preceding capillary condensation in the interparticle volume above
P/P0~0.9. The shape of the curve is clearly not adapted to the determination of the pore
volume from the t-plot. By contrast, the nitrogen isotherm of sample u-RB presents a neat
adsorption step at P/P0~0.35, followed by a flat plateau consistent with+, and pore sizes
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defined by the narrow distribution typical of the RB morphology (Figure 3b). The nitrogen
uptake above P/P0~0.9 is slightly shifted to higher pressure compared to that of the u-ST
sample, revealing larger interparticle voids and a lower packing compacity. For the u-ST
sample, only the total surface can be calculated, namely, 361 m2

·g−1 (Table 2). However, for
the u-RB topology both internal and external surfaces can be deduced from the isotherm
Sint = 244 m2

·g−1 and Sext = 126 m2
·g−1.

tt

−

− −

 

Figure 3. Nitrogen sorption isotherms at 77 K of samples (a) u-ST, (b) u-RB, (c) RB@(MB@ST), (d) cs-
ST/RB, (e) cs-RB/r, and (f) csc-ST/PhS/RB. MB = methylene blue, u = uniform, cs = core–shell,
csc = core–shell–corona, ST = stellate, RB = raspberry, r = radial, PhS = 2-phenylethylsilane. Black
line = nitrogen adsorption, red line = nitrogen desorption.

In addition to these contrasting examples, there is another one that is particularly
interesting, namely, the csc-ST/PhS/RB, which exhibits an isotherm profile containing
a well-defined step of adsorption at P/P0~0.3 which is consistent with single micelle
templated pores, as expected for a pure RB morphology (Figure 3f). The corresponding
pore volume accumulated at P/P0~0.4 is higher (Vint = 0.32 cm3

·g−1, Table 2) than that
of pure u-RB (Vint = 0.19 cm3

·g−1). This is surprising, since we were expecting the RB
pore array only at the corona of the particle. After this adsorption step, the shape of
the isotherm between P/P0~0.5 and P/P0~0.9 (Figure 3f) is not typical of conical pores
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(Figure 3a), though the slope is more pronounced that than that of the pure RB. One may
rationalize this information by assuming a reconstruction of the stellate core, which would
tend towards another type of morphology. The specific surface of this sample is the largest
of the series (Sint = 536 m2

·g−1 and Sext = 102 m2
·g−1), suggesting a shift towards wormlike

porosity [27,33].

Table 2. Porosity parameters deduced from the nitrogen sorption isotherms measured at 77 K
(Figure 3).

Sample a Stot
b (m2

·g−1) Sext
c (m2

·g−1) Sint
d (m2

·g−1) Vint
e (cm3

·g−1) ØBJH
f (nm) Øipv

g (nm)

u-ST 361 n.a. h n.a. h n.a. h ~3–15 nm ~42
u-RB 370 126 244 0.19 2.72 ~50

cs-RB/r 276 68 208 0.16 3.2 >400
cs-ST/RB 131 78 53 0.059 3.2 ~42

csc-ST/PhS/RB 638 102 536 0.32 2.5 >500
RB@(MB@ST) 66 ~71 ~0 n.a. h n.a. h >500

a named according to the Shape–Topology–Pore–Array nomenclature, SToPA (see text); b total surface area
deduced from t-plot; c external surface area deduced from t-plot; d internal surface area calculated as Sint =
Stot − Sext; e internal pore volume deduced from t-plot (Figure S4); f average pore diameter deduced from BJH
(Figure S5); g interparticle packing void average size calculated from BJH model, and assuming a spherical shape;
h n.a.: not accessible from the nitrogen sorption isotherms (see text).

The cs-ST/RB presents a sorption profile close to that of pure RB, with much less
volume involved in the flat plateau (Vint = 0.059 cm3

·g−1). This is consistent with the much
smaller volume involved in the shell as compared to that of a nanoparticle presenting such
uniform morphology in the whole of its internal volume. In addition, the lack of slope for
the plateau indicates that the internal conical pores are not accessible, due to pore plugging.
In comparison, the cs-RB/r sample exhibits the characteristics of large pores, with a plateau
showing an obvious slope, though one starting late (adsorption step is above P/P0~0.7).
This might evidence the occurrence of truncated cones, as expected for radial centered
pores in the corona region. The small volume engaged in this process (Vint = 0.16 cm3

·g−1)
is also consistent with the plugging of the interface between both morphologies. Another
contrasting profile is provided by the RB@(MB@ST) sample, in which there is no detectable
adsorption below P/P0~0.9, which is consistent with a pore plugging effect, presumably
due to the presence of MB molecules (Figure 3c).

In conclusion, our single-step synthesis of uniform stellate and raspberry porous
nanoparticles was successfully achieved and yielded the expected pore characteristics. If
a second growth step is carried out to generate a shell with a different pore morphology,
the porosity of the core is rendered inaccessible. This is probably due to a plugging of the
pores at the interface of the two morphologies. Surprisingly, developing an intermediate
porous corona containing a hydrophobic silane additive prevents the plugging of the pores,
thus making the porosity of the core accessible. Nonetheless, the core still undergoes
partial pore morphology reconstruction, as can be inferred from the analysis of the nitrogen
isotherm profiles.

2.3.3. UV-Visible Studies

The electronic spectrum of methylene blue (MB) in water displays the typical trace
of its monomeric form only in dilute solutions, as described in the literature [34,35]. The
spectrum presents a narrow band at around 660 nm, together with a vibronic shoulder
at lower wavelength. At higher concentrations (typically above 10−6 M), the previously
mentioned aggregation process takes place, and the formation of the dimeric form is
evidenced by the appearance of a new band at around 605 nm.

We recorded UV-visible spectra in water suspension for the different samples con-
taining MB in order to monitor the aggregation state in each case (Figure 4). As can be
observed, for most of the samples, the monomer is the main form, present together with a
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minor amount of the dimer. Then, an efficient distribution of the chromophore and thus
the isolation of the photosensitizing species within the nanoparticle pores can be witnessed.
An estimation of the percent of dimer present in each sample has been carried out by
considering the contribution of both forms to the overall absorbance at 605 and 664 nm [35]
(see Table S3, Supporting Information), yielding, in most cases, amounts of dimer below
14%. In particular, the incorporation of phenyl functions in MB@csc-ST/PhS/RB indeed
reduces the dimer-to-monomer ratio, as the normalized absorbance at 605 nm is lower than
that of the analogous MB@cs-ST/RB sample and the estimated percent of dimer drops from
13.7% to 9.3% upon phenyl incorporation.

−
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Figure 4. UV-visible spectra in water of MB@u-ST, MB@u-RB, MB@cs-ST/RB, MB@cs-RB/r, MB@csc-
ST/PhS/RB, and RB@(MB@ST) samples, together with the UV-vis spectrum of MB in diluted aqueous
solution (dashed line). MB = methylene blue, u = uniform, cs = core–shell, csc = core–shell–corona,
ST = stellate, RB = raspberry, r = radial, PhS = 2-phenylethylsilane.

Among the series, a notable exception is seen for the case of RB@(MB@ST), in which a
significant contribution of the dimeric form (estimated to be higher than 39%) is observed.
This outstanding unique MB dimerization process could be consistent with a higher pH
during the growth of the RB shell on the top of the MB@ST particles (pH~8.5). In addition,
there is a slight hypsochromic shift in this sample for the band corresponding to the
monomer form, with a maximum wavelength close to that displayed by MB monomer in
organic solvents [36,37]. This would suggest a decrease in polarity in the MB environment,
which arises from the more restricted access of water to the MB molecules. Nevertheless, the
low MB dimer ratio found for most of the samples, in sharp contrast with the tendency to
aggregation described when MB is incorporated in solid supports [12,38,39], is remarkable.

2.4. Singlet Oxygen Generation

We carried out 1O2 generation experiments for all the samples displaying complete
MB retention (MB@u-ST, MB@cs-ST/RB, MB@csc-ST/PhS/RB, and RB@(MB@ST)), in both
water and methanol suspensions, in order to compare their performance with that of free
MB and also with those of our previous systems based on a stellate type of nanoparticles [32].
We monitored the photobleaching of ADPA (3,3′-(anthracene-9,10-diyl) dipropanoic acid)
used as an 1O2 scavenging probe, using the decrease of its characteristic fluorescence signal
as outlined in our previously reported methodology, here described in Section 3. By doing
so, we avoid the artefacts typically obtained using UV-vis absorption monitoring, such as
the formation of absorbing photodegradation products [40]. The concentration of ADPA in
the samples was constant in all experiments (solution being prepared from concentrated
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stock solution of the latter), while concentrations of photosensitizing species were adjusted
to obtain equal absorbance at the irradiation wavelength used throughout all monitoring
experiments (629 nm, see the experimental section for details).

2.4.1. Studies in Water

The evolution of the ADPA luminescence intensity in water suspension follows a
first-order kinetics for all the samples, as well as for the MB aqueous solution (Figure 5).
The MB-functionalized nanoparticles display photocatalytic activity, though it is in all
cases lower than that shown by free MB, presumably due to slow kinetics for in-and-out
triplet/singlet oxygen diffusion through the matrix mesopores. This would be consistent
with the higher performance observed for MB@csc-ST/PhS/RB, as it is the sample with
the larger porous volume (see Figure 3 and Table 2), and this presumably allows for an
increased diffusion rate. Also, for this sample, the phenyl functions led to a smaller ratio of
dimerized MB, consequently minimizing aggregation-related deactivation mechanisms.

ʹ

tt

ff

ff

 

ff

Figure 5. First-order plot of the evolution in ADPA luminescence vs. irradiation time for all the
samples studied in water (irradiation wavelength = 629 nm; ADPA luminescence registered at 409 nm
after excitation at 358 nm).

Sample MB@cs-ST/RB is the one with least photosensitizing ability, which could be
in part explained by its small porous volume, together with its irregular external surface,
one which could involve the occurrence of a wide diversity of pore diameters, in some
cases of very small size. On the other hand, samples MB@u-ST and RB@(MB@ST) show
surprisingly close performance despite their different MB aggregation states, topologies,
and pore morphologies. At a first glance, the addition of a final RB shell in RB@(MB@ST)
seems not to have had a significant influence on 1O2 generation ability. We can, however,
not exclude at this stage that mid-term stability studies could reveal roles still unidentified
in the present studies, such as extra protection against MB leaching.

2.4.2. Studies in Methanol

Singlet oxygen monitoring in methanol as a solvent reveals a slightly improved activity
(around 7% higher) for free MB compared to the measures carried out in water, whereas the
photocatalytic activity of the nanoparticle samples is increased in the range of 50% to 100%,
while the same relative activity among nanoparticle-based systems as that displayed in
water is maintained (see Figures S6 and S7). This behavior clearly manifests the matrix effect
in the diffusion of molecular species, together with the well-known influence of the solvent
in the 1O2 lifetime and the singlet-to-triplet deactivation through non radiative processes,
which is more significant for solvents presenting a high proticity, and thus stronger in water
than in methanol [41]. We assume that this effect is particularly marked in the NP-based
PS, since it is essential in these systems that the 1O2 escapes the pores of the NP in order to
enable reaction with ADPA, making lifetime of the excited species a highly critical factor
in the overall reactivity of the system. The nanoparticle-based samples described in this



Inorganics 2024, 12, 155 11 of 18

work display slightly more moderate activity when methanol is used as a solvent, when
compared to our previously reported ST-based systems [32]. Nevertheless, in the latter case
the nanoparticles were isolated in a solid state and once re-suspended, the corresponding
solutions exhibited limited stability and formed aggregates when the samples were left
unstirred, thus precluding their use in clinical applications such as PDT. The colloidal MB-
functionalized nanoparticles described here combine extensive control of the topology and
pore morphology with an outstanding stability in aqueous suspension and an activity in
singlet oxygen generation that remains high in spite of our abovementioned determination.

2.5. Theoretical Description of the Monomeric and Dimeric Structures

To provide a molecular insight into the aggregation of MB units, Density Functional
Theory (DFT) calculations were performed. The MB exhibits a rather ionic structure, with
a S-Cl bond distance of 2.586 Å, and, notably, a N-S-Cl angle of 116.9◦ (see Figure 6a).
Actually, the Mayer Bond Order (MBO) for the S···Cl interaction is only 0.323, and thus
confirms its ionic character, being a clearly lower value than the 1.115 MBO computed for
both covalent S-C bonds of the molecule [42]. The π-π stacking interaction of two units
(Figure 6b) is favored up to 21.4 kcal/mol with regard to the monomeric form. Hence, while
the π-π stacking effect may seem crucial [43], configuring the two MB units in a quasi-planar
manner achieves a conformation only 0.7 kcal/mol above, forming an almost rhombic
S2Cl2 core between the two units (Figure 6c). This prompted us to evaluate the combination
of both effects under a tetrameric aggregate, resulting in a synergistic stabilization of up to
48.4 kcal/mol. Tetrameric units of MB are assumed to be significantly present in solution
only at relatively high MB concentrations (above 10−4 M) [34]. However, the aggregate
structure has not been precisely determined, and it is assumed to be built from π-stacked
MB units, with an uncertain role played by chloride counterions. In this layout, the four
units are not parallel; rather, they are arranged in two pairs of parallel planes, and the
chlorines simply enhance the interaction of non-parallel units, as depicted in Figure 6d.

ff
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ff

 

tt
ʹ

Figure 6. DFT-computed structures of the (a) monomer, (b) stacked dimer, (c) planar dimer, and
(d) tetramer of MB (selected distances in Å). Yellow = S, green = Cl, and blue = N.
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To assess the effect of the halide in the monomer, a similar calculation was made in
the absence of the anion, revealing surprisingly increased stability values of 17.4 kcal/mol
and 14.1 kcal/mol in the monomer and dimer forms, respectively. Thus, separating the
cationic part results in enhanced stability. A similar effect is found experimentally by
Marbán et al. for tetrameric aggregates through mathematical fitting of UV-vis spectra [34].
The addition of the organic 2-phenylethylsilane (PhS) moiety was also explored, and it
was found to stabilize the monomer by 3.2 kcal/mol, which would explain the lower
occurrence of the dimeric form evidenced by UV-vis spectra of the phenyl-functionalized
MB@csc-ST/PhS/RB sample when compared to the analogous MB@cs-ST/RB. Further-
more, although all calculations were performed with water as the implicit solvent, its
explicit effect was also considered. Water exhibits a slightly higher stabilization effect
compared to PhS, reaching 4.3 kcal/mol. For dimers, whether stacked or in the same
plane, there is a negligible stabilization of 0.3 kcal/mol, and an even destabilization of
3.6 kcal/mol, respectively. Thus, the effect of water, or, by extension, silane, competes with
the aggregation of monomeric units.

In an attempt to rationalize the experimental UV-vis spectra obtained (Figure 4), time-
dependent DFT studies were conducted. In all cases, above 300 nm, only one band with
significant intensity was observed. For the monomer, this band appeared prominently at
485.0 nm, while for the dimer, it occurred at 522.8 nm. This seems to be out of sync with
the experimental results. However, upon adding one or two water molecules, the results
showed a bathochromic shift. For the monomer, the peak shifted to 527.3 nm, whereas
for the dimer, it became hypsochromic, reaching 511.8 nm. In the case in which the dimer
structure was not stacked, the peak shifted even further, to 509.1 nm. Conversely, in the case
of the monomer with PhS, there was a bathochromic effect, shifting the peak to 550.0 nm.
Additional calculations, excluding the halides, revealed that they were not relevant, as the
computed structures showed nearly identical values.

3. Materials and Methods

Methylene blue trihydrate (MB, 98%) and tetraethyl orthosilicate (TEOS, 99%) were
purchased from Alfa Aesar (Haverhill, MA, USA). Hexadecyltrimethylammonium p-
toluenesulfonate (CTATos, 98%), triethanolamine (TEAH3, 99%), and 3,3′-(anthracene-
9,10-diyl) dipropanoic acid (ADPA, 97%) were purchased from Sigma-Aldrich (Saint-Louis,
MO, USA). Hexadecyl trimethyl ammonium bromide (CTABr, 99%) was purchased from
Thermofisher. 2-phenylethyltrimethoxysilane (97%) was purchased from ABCR (Karlsruhe,
Germany)). Ethanol (96%) and methanol (99.9%) were purchased from Carlo Erba (Milano,
Italia). All of the chemicals and solvents were used as received.

3.1. Syntheses of the Materials

All of the silica nanoparticles were synthesized by mechanical stirring. The samples
were not dried and were continuously maintained in a water suspension.

3.1.1. Uniform Stellate Silica Nanoparticles (u-ST)

The stellate silica nanoparticles were prepared according to the description of Zhang
et al., with some modifications [27]. CTATos (1.66 g, 3.64 mmol) and triethanolamine
(TEAH3, 0.30 g, 2.01 mmol) were added to 100 mL of water, and the solution was stirred
and heated to 80 ◦C. After 1 h, 14 mL of TEOS (62.77 mmol) was added to the solution. The
stirring rate during synthesis was kept at 500 rpm. The mixture was heated for 2 h at 80 ◦C.
This corresponds to a solution of around 30 g·L−1 in silica.

3.1.2. Uniform Raspberry Silica Nanoparticles (u-RB)

The raspberry silica nanoparticles were prepared according to the description of
Zhang et al., with some modifications [27]. CTABr (1.33 g, 3.64 mmol) and triethanolamine
(TEAH3, 0.30 g, 2.01 mmol) were added to 100 mL of water, and the solution was heated to
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80 ◦C while being stirred at 200 rpm. After 1 h, 14 mL of TEOS (62.77 mmol) was added to
the solution and it was stirred at 100 rpm overnight.

3.1.3. Core–Shell–Corona csc-ST/PhS/RB

The synthesis was similar to the procedure used to synthesize u-ST nanoparticles.
CTATos (1.66 g, 3.64 mmol) and triethanolamine (TEAH3, 0.30 g, 2.01 mmol) were added to
100 mL of water and the solution was stirred mechanically (500 rpm) and heated to 80 ◦C.
After 1 h, 14 mL of TEOS (62.77 mmol) was added to the solution and the mixture was first
stirred at 500 rpm for 15 min and then at stirred at 100 rpm for 45 min. After that, 0.14 mL
of 2-phenylethyltrimethoxysilane (0.64 mmol) was added, and the solution was stirred at
100 rpm for 1 h. In the end, 2.8 mL TEOS (12.55 mmol) was added to the mixture, which
was then stirred at 100 rpm for another 1 h.

3.1.4. Core–Shell cs-ST/RB

The u-ST nanoparticles were prepared as described above. Then, to half of the u-ST
silica nanoparticle solution, CTABr (0.67 g, 1.82 mmol), triethanolamine (TEAH3, 0.15 g,
1.05 mmol) and 50 mL of water were added, and the mixture was stirred at 80 ◦C for 1 h. In
the end, 7 mL of TEOS (31.4 mmol) was added, and the mixture was further heated for 2 h
at 80 ◦C.

3.1.5. Core–Shell cs-RB/r

The u-RB nanoparticles were prepared as described earlier. Then, to half of the u-RB
silica nanoparticle solution, CTATos (0.83 g, 1.82 mmol), triethanolamine (TEAH3, 0.15 g,
1.05 mmol) and 50 mL of water were added. The mixture was stirred at 80 ◦C for 1 h. In the
end, 7 mL of TEOS (31.38 mmol) was added and the mixture was further heated for 2 h at
80 ◦C.

3.2. Extraction of the Surfactant Using NH4NO3 as Washing Reagent

The surfactants of all the samples were extracted by three washings of 30 min each
in an ethanolic solution of ammonium nitrate at 6 g·L−1 using an ultrasonic bath. The
nanoparticles were then washed three times with water.

3.3. Incorporation of MB

The required volumes of u-ST, u-RB, csc-ST/PhS/RB, cs-ST/RB, and cs-RB/r solutions
(after removal of the surfactants) were added into five different Erlenmeyer flasks, each
containing 2 mg of methylene blue trihydrate, to achieve an nMB:nSiO2 molar ratio of
0.00064. The volume of each solution was brought to 25 mL by the addition of water and
the mixtures were stirred at 25 ◦C for 1 h. The resulting samples were, respectively, named
MB@u-ST, MB@u-RB, MB@csc-ST/PhS/RB, MB@cs-ST/RB, and MB@cs-RB/r.

3.4. Synthesis of RB@(MB@ST)

The required volume of u-ST suspension, prior to the extraction of the surfactant, was
added into an Erlenmeyer flask containing 2 mg of methylene blue trihydrate, to achieve
an nMB:nSiO2 molar ratio of 0.00064. Water was added in order to reach a final volume of
25 mL. The mixture was stirred at 25 ◦C for 1 h to obtain the MB@u-ST solution. Then,
CTABr (0.133 g, 0.36 mmol), triethanolamine (TEAH3, 0.030 g, 0.20 mmol), and 10 mL water
were added to MB@u-ST solution and the mixture was stirred mechanically at 500 rpm and
heated to 80 ◦C. After 1 h, 1.4 mL of TEOS was added to the solution and it was stirred at
500 rpm for 2 h. The extraction of surfactant was carried out at the end by following the
process mentioned above.

3.5. Characterization of the Samples

Nitrogen sorption isotherms at 77 K were performed with a Belsorp Max volume
device on solids that were dried under vacuum overnight at 80 ◦C. Solid-state UV-visible
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spectra determinations were performed on samples diluted with calcined silica in a Jasco
V-770 spectrometer. UV-visible spectra in solution were recorded using a Jasco V-730 spec-
trometer. Dynamic light scattering (DLS) measurements were carried out on suspensions
with silica concentration levels of around 1 g·L-1 using a Cordouan DL 135 particle-size
analyzer instrument. SEM images were recorded using a JEOL JSM-IT800 electronic mi-
croscope, examining solid samples deposited on a copper tape. Transmission electron
microscopy (TEM) images were performed using a JEOL 1200 EXII microscope. Samples
for TEM measurements were deposited from suspensions on copper grids and allowed to
dry before observation.

3.6. Luminescence Studies and Singlet Oxygen Generation

Luminescence spectra were recorded using a Horiba-Jobin-Yvon Fluorolog-3® spec-
trofluorometer equipped with a three-slit double-grating excitation and emission monochro-
mator, with dispersions of 2.1 nm·mm−1 (1200 grooves·mm−1). An R928 detector was
used for emission-intensity measurements in the visible range [400–845 nm]. Spectra were
reference-corrected for the emission spectral response (detector and grating). In order
to study the 1O2 generation efficiency using 3,3′-(anthracene-9,10-diyl)dipropanoic acid
(ADPA) as a scavenger, 2 mL of freshly prepared solutions of ADPA and the sample to
be studied were placed in a three mL open quartz cuvette (1 × 1 × 3 cm), and stirred at
100 rpm for the whole irradiation period. The initial optical density of ADPA in the reaction
mixture was 0.3 at the irradiation wavelength, which was centered at 358 nm.

All of the samples were adjusted in concentration so that the initial absorbance of the
MB photosensitizer at 629 nm was similar in all cases (OD ca 0.15). Samples were then
irradiated over given periods of time using a spectrofluorometer xenon arc lamp as an
irradiation source. The irradiation wavelength was centered at 629 nm, and entrance slit
openings were set to 10 nm. This setup ensured constant irradiation power throughout all
the irradiation experiments.

Conversion of the ADPA scavenger upon reaction with the photogenerated oxygen
was followed by regular measurements of the luminescence signal of the latter (considering
it to be linearly proportional to its concentration, which is valid in the investigated range of
absorbance, with OD of 0.1), consecutive to the excitation performed at 358 nm. The plot of
the ADPA concentration decay was determined using a luminescence intensity of 409 nm.

3.7. Computational Details

The DFT calculations were performed using the Gaussian16 suite of programs [44].
The molecular systems’ electronic configurations were described using the hybrid GGA
functional developed by Becke and Lee, Yang, and Parr [45–47], with the dispersion correc-
tions accounted for using the D3 Grimme scheme method (GD3 keyword in Gaussian) [48],
and employing the Ahlrichs basis set def2SVP [49,50]. Geometry optimizations were car-
ried out without symmetry constraints, and the characterizations of local stationary points
were achieved through analytical frequency calculations. These frequencies were utilized
to compute unscaled zero-point energies (ZPEs), as well as thermal corrections and entropy
effects at 298.15 K. Computed UV-Vis spectra were generated via single-point energy calcu-
lations using the CAM-B3LYP-D3 functional and the def2TZVP basis set. Solvent effects
were incorporated using the Solvation Model based on Density (SMD) [51], with water
employed as the solvent.

4. Conclusions

In summary, in this study we have shown that it is possible to control the internal
pore morphology and topology of a silica nanoparticle by modifying some of the synthesis
parameters, such as the counter-ion of the surfactant which generates the porosity, and
the amount and nature of the base used to control the pH. In addition, both the time and
the speed of the stirring during the synthesis of the silica nanoparticles have an effect on
the final size of the particles. Furthermore, the organic modification of the internal surface
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for the retention of a targeted molecule is a delicate issue that greatly depends on the
experimental conditions, and influences both the topologies and the morphologies of the
nanoparticles. These are key issues in ascertaining the amount, aggregation, and activity of
the hosted molecule.

Here, we have focused on the incorporation of methylene blue (MB) in porous silica
nanoparticles and its retention, playing with the porous morphology and targeting the
presence of phenyl functions located close to the exterior of the particles. We have shown
that the topology and porous morphology of the silica matrix influences the singlet oxygen
generation of the hosted MB. In particular, the highest catalytic activity is obtained with
the core–shell–corona csc-ST/PhS/RB sample. This approach could be applied, not only to
other hydrophilic photosensitizers and active molecules, but also to hydrophobic ones, by
adapting the hosting nanoparticle’s internal characteristics.
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//www.mdpi.com/article/10.3390/inorganics12060155/s1, Figure S1: TEM images of u-RB nanopar-
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measurements; Figure S6: First-order plot of the evolution in ADPA luminescence vs. irradiation
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Figure S1. TEM images of u-RB nanoparticles (5 weeks after the synthesis) 

  



 

 
Figure S2. SEM images of u-RB nanoparticles (5 weeks after the synthesis) 

 
 

 
Figure S3. SEM images of silica nanoparticles with phenyl moieties (particle size ~ 45 nm). 

 
 

  



 
Figure S4. t-plot of samples (a) u-ST, (b) u-RB, (c) RB@(MB@ST), (d) cs-ST/RB, (e) cs-RB/r, (f) csc-

ST/PhS/RB. MB = methylene blue, u = uniform, cs = core-shell, csc = core-shell-corona, ST = 
stellate, RB = raspberry, r = radial and PhS = 2-phenylethylsilane. 



 
Figure S5. BJH of samples (a) u-ST, (b) u-RB, (c) RB@(MB@ST), (d) cs-ST/RB, (e) cs-RB/r, (f) csc-

ST/PhS/RB. MB = methylene blue, u = uniform, cs = core-shell, csc = core-shell-corona, ST = 
stellate, RB = raspberry, r = radial and PhS = 2-phenylethylsilane. 

 
  



  
Figure S6. First order plot of the evolution in ADPA luminescence vs. irradiation time for all the 
samples studied in methanol suspension. 
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Figure S7. First order plot of the evolution in ADPA luminescence vs. irradiation time for pure 
MB with ADPA and MB@cs-ST/RB samples in water and methanol (irradiation wavelength = 
629 nm; ADPA luminescence registered at 409 nm after excitation at 358 nm). 
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Figure S8. DFT computed structures (selected distances in Å). Yellow = S, green = Cl, blue = N, 
red = O. 
 



Table S1. Size analyses from DLS and comparison with the size deduced from SEM and TEM 
images. 

           Particle size (nm) from DLS analyses in water                                  
Sample As-made 

supernatanta 
Surfactant extracted 

solutionb 
Further diluted 

solutionc 
Size 
from 
SEMd 

Size from 
TEMe 

Name Nb Intensity Nb Intensity Nb Intensity   
u-ST ~800 ~800 215 215 ~100 ~200 86 80-110 
u-RB 120 120 186 186 - - 81 100-120 f 

cs-RB/r 46 g 46+218 g 205 205 - - 108 120-135 
cs-ST/RB 112 112+310 g 102 102 - - 99 100-150 

csc-ST/PhS/RB ~900 ~900 220 220 - - 91 106-130 
a measurement performed on fresh supernatant of as-made nanoparticles (~3 g SiO2/100 mL) after 
40 times dilution in water, final CSiO2 = 0.02M (1.2 g SiO2/L); b measurements on surfactant extracted 
samples using sonication, CSiO2 = 0.02M (1.2 g SiO2/L), see Experimental Section; c measurement after 
diluting 5 times the surfactant-extracted solution as described in c, CSiO2 = 0.004M (0.24 g/L); d 
average value from size distribution calculated on 100 particles on SEM images (Table 1 and Figure 
1); e size ranges estimated from the smallest and the largest particles on TEM images that do not 
give access to enough particles for appropriate statistics; f particles showing a smaller size after 
being kept for 5 weeks at RT (Figures S1-S2), the others keeping their size; g two sizes populations, 
the smaller corresponding to the core and the larger to the core-shell particles. 

 
Table S2. Zeta potential measurements. 

 
Sample Zeta potential as made 

sample (mV) 
Zeta potential after surfactant 

extraction (mV) 
u-ST -19.4 -35.8 

csc-ST/PhS/RB -10.9 -34.7 
            Concentration = 0.02 mol/L in water; sonication time = 15 min; pH = 6.5-7.  
 
Table S3. Estimated amount of dimer species present in each sample as inferred from UV-vis 
spectra.(a) 

Sample Percent of dimeric form Dimer:Monomer ratio 
MB@u-ST 9.8% 0.11:1 
MB@u-RB 10.3% 0.11:1 
MB@cs-ST/RB 13.7% 0.16:1 
MB@cs-RB/r 11.2% 0.13:1 
MB@csc-ST/PhS/RB 9.3% 0.10:1 
RB@(MB@ST) 39.7% 0.66:1 

(a) The amount of dimer has been calculated from the contribution of both species to the 
absorbance measured at 664 and 605 nm, as stated by Beer-Lambert's law: 

Abs(664 nm) = CM·εM(664) + CD·εD(664) 

Abs(605 nm) = CM·εM(605) + CD·εD(605), 

where CM and CD are the amounts of monomer and dimer form respectively. The corresponding 
ε values have been extracted from reference [35]  

   



Table S4. xyz coordinates and absolute energies (in a.u.) of all computed DFT species. 
 

MB monomer  
SCF Done: -1642.38124804 A.U. 

39    
C 3.772824 -0.279545 0.149349 
C 2.610505 0.457582 0.419050 
C 1.338862 -0.135334 0.326915 
C 1.164603 -1.501244 -0.084245 
C 2.371677 -2.233636 -0.324790 
C 3.612269 -1.664145 -0.214858 
C -1.169843 -1.499409 -0.087077 
C -1.342769 -0.133486 0.325353 
C -2.614293 0.460335 0.417889 
H -2.661522 1.520860 0.659027 
C -3.777095 -0.275165 0.146316 
C -3.617553 -1.659082 -0.221196 
C -2.377564 -2.229805 -0.330737 
H 2.658158 1.518910 0.656377 
H 2.256081 -3.276963 -0.625228 
H 4.486746 -2.277221 -0.428121 
H -4.492484 -2.270762 -0.436576 
H -2.262854 -3.272759 -0.632802 
N -0.003012 -2.133788 -0.250966 
N -5.026037 0.295642 0.212501 
N 5.021949 0.290838 0.213799 
S -0.001566 0.898864 0.641573 
C 5.144646 1.706154 0.511360 
H 4.620799 2.330829 -0.235004 
H 4.727284 1.951013 1.504700 
H 6.203905 1.991533 0.512273 
C 6.207523 -0.481607 -0.107946 
H 6.322969 -1.357267 0.555055 
H 6.201882 -0.845557 -1.151999 
H 7.096495 0.148331 0.020744 
C -6.212029 -0.475360 -0.111213 
H -6.328352 -1.352365 0.549873 
H -7.100611 0.154924 0.018482 
H -6.206310 -0.837066 -1.156033 
C -5.148209 1.709853 0.515063 
H -4.729686 1.951257 1.508774 
H -4.625223 2.337178 -0.229729 
H -6.207414 1.995419 0.518188 
Cl 0.019622 2.673082 -1.239759 

 
MB monomer+1 H2O  
SCF Done: -1718.77800158 A.U. 

42    
C -3.823263 -0.484939 0.029324 
C -2.652270 0.258512 -0.219927 
C -1.402162 -0.360290 -0.245360 
C -1.256472 -1.775725 -0.013258 
C -2.465914 -2.513631 0.193856 
C -3.695382 -1.909299 0.213327 
C 1.085322 -1.823984 -0.074420 
C 1.286030 -0.414006 -0.316296 
C 2.555856 0.145903 -0.342119 
H 2.614833 1.228198 -0.475646 
C 3.698609 -0.636835 -0.077807 
C 3.525145 -2.061261 0.080074 
C 2.273215 -2.614833 0.080565 



H -2.666653 1.343759 -0.334775 
H -2.363666 -3.588326 0.357927 
H -4.578075 -2.522416 0.389027 
H 4.387473 -2.708066 0.237337 
H 2.129940 -3.686302 0.234350 
N -0.094310 -2.437221 0.035064 
N 4.918589 -0.049273 0.051583 
N -5.039701 0.131486 0.103247 
S -0.043619 0.683836 -0.535304 
C -5.131397 1.571589 -0.104676 
H -4.436978 2.122043 0.549975 
H -4.888907 1.849143 -1.146426 
H -6.152450 1.906676 0.114813 
C -6.255212 -0.640610 0.298648 
H -6.426825 -1.360954 -0.521319 
H -6.235142 -1.203036 1.248158 
H -7.114970 0.039342 0.332798 
C 6.121415 -0.850662 0.205875 
H 6.246219 -1.567472 -0.624021 
H 6.997287 -0.190761 0.211224 
H 6.119671 -1.419090 1.152886 
C 5.036042 1.407938 -0.001649 
H 4.987227 1.782685 -1.040045 
H 4.226249 1.897841 0.561929 
H 5.997826 1.707718 0.433868 
Cl 1.472113 3.123828 0.471207 
O -1.619928 3.268172 -0.026530 
H -1.370845 3.633769 -0.887211 
H -0.730217 3.241271 0.405531 

 
MB monomer + 2H2O  
SCF Done: -1795.16753809 A.U. 

45    
C 4.022163 -0.463262 -0.063117 
C 2.824820 0.242632 0.184124 
C 1.597931 -0.418448 0.203092 
C 1.502213 -1.835175 -0.030693 
C 2.731381 -2.531717 -0.250885 
C 3.941272 -1.887381 -0.266343 
C -0.838432 -1.977695 0.074536 
C -1.098633 -0.572651 0.321610 
C -2.389069 -0.076999 0.405494 
H -2.502781 0.998839 0.556291 
C -3.507075 -0.929284 0.234087 
C -3.264546 -2.340407 0.036320 
C -1.990452 -2.827458 -0.039368 
H 2.804635 1.325357 0.323682 
H 2.664033 -3.608304 -0.420459 
H 4.843412 -2.469608 -0.447220 
H -4.098663 -3.030392 -0.081308 
H -1.799237 -3.888315 -0.212689 
N 0.359921 -2.535584 -0.067329 
N -4.764648 -0.427872 0.248086 
N 5.219107 0.190392 -0.113741 
S 0.200604 0.573276 0.504958 
C 5.265440 1.629580 0.115508 
H 4.596464 2.173107 -0.571072 
H 4.958701 1.887559 1.144457 
H 6.289053 1.990283 -0.041482 
C 6.457020 -0.538757 -0.335319 
H 6.651008 -1.278058 0.462113 
H 6.450849 -1.072303 -1.301529 



H 7.296068 0.167128 -0.349434 
C -5.918866 -1.299550 0.094474 
H -5.930954 -2.096436 0.856596 
H -6.834552 -0.709147 0.215334 
H -5.947885 -1.773956 -0.902622 
C -4.966718 1.023430 0.308421 
H -4.614328 1.436128 1.268281 
H -4.411787 1.512631 -0.509887 
H -6.037385 1.238276 0.209033 
Cl -1.477916 3.207965 0.128932 
O 1.669343 3.242564 0.372634 
H 1.476282 3.424009 1.303450 
H 0.754560 3.283920 0.003018 
O -3.018795 1.787618 -2.141806 
H -3.403281 2.570014 -2.560197 
H -2.405036 2.200293 -1.482913 

 
MB monomer(+) 
SCF Done: -1182.13631974 A.U. 

38    
C 3.804003 -0.003859 0.000070 
C 2.642204 -0.827952 -0.000163 
C 1.371846 -0.271606 -0.000294 
C 1.177598 1.159564 -0.000167 
C 2.360897 1.967930 0.000004 
C 3.614946 1.425748 0.000106 
C -1.177598 1.159564 -0.000165 
C -1.371846 -0.271606 -0.000293 
C -2.642205 -0.827952 -0.000159 
H -2.738476 -1.912425 -0.000202 
C -3.804003 -0.003859 0.000075 
C -3.614945 1.425749 0.000113 
C -2.360897 1.967930 0.000010 
H 2.738475 -1.912425 -0.000208 
H 2.213824 3.049572 0.000076 
H 4.474663 2.092509 0.000243 
H -4.474663 2.092510 0.000251 
H -2.213824 3.049573 0.000082 
N -0.000000 1.781898 -0.000176 
N -5.046323 -0.540082 0.000312 
N 5.046323 -0.540082 0.000311 
S -0.000000 -1.353461 -0.000913 
C 5.226316 -1.989490 0.000579 
H 4.775882 -2.449453 0.895830 
H 4.776685 -2.449716 -0.894949 
H 6.296352 -2.223640 0.001099 
C 6.232193 0.316405 0.000317 
H 6.265591 0.958090 -0.895050 
H 6.265840 0.957771 0.895911 
H 7.129745 -0.311523 0.000052 
C -6.232194 0.316404 0.000328 
H -6.265608 0.958080 -0.895044 
H -7.129746 -0.311526 0.000085 
H -6.265827 0.957778 0.895917 
C -5.226314 -1.989490 0.000555 
H -4.776664 -2.449701 -0.894971 
H -4.775897 -2.449467 0.895808 
H -6.296350 -2.223642 0.001050 

 
 
 



MB monomer(+) 1 H2O 
SCF Done: -1258.51249590 A.U. 

41    
C -3.969417 -0.033918 -0.016993 
C -2.765430 0.723306 -0.065274 
C -1.524886 0.100930 -0.029020 
C -1.410681 -1.334514 0.059589 
C -2.634676 -2.075672 0.108886 
C -3.858636 -1.467751 0.073124 
C 0.939711 -1.464151 0.056347 
C 1.213029 -0.047016 -0.038687 
C 2.507718 0.441595 -0.087122 
H 2.654412 1.520284 -0.132546 
C 3.621730 -0.444007 -0.030320 
C 3.359634 -1.859467 0.069249 
C 2.079083 -2.333309 0.108788 
H -2.802374 1.809330 -0.133657 
H -2.546261 -3.161596 0.176422 
H -4.752999 -2.085976 0.113343 
H 4.182774 -2.569973 0.108930 
H 1.874353 -3.403207 0.179586 
N -0.267016 -2.021080 0.099339 
N 4.890229 0.025418 -0.075281 
N -5.182691 0.568503 -0.054900 
S -0.098727 1.109327 -0.088782 
C -5.282741 2.021434 -0.148252 
H -4.808226 2.513759 0.717160 
H -4.807845 2.398917 -1.069362 
H -6.338339 2.313770 -0.167159 
C -6.411903 -0.221239 -0.005526 
H -6.480535 -0.915511 -0.858926 
H -6.480714 -0.803367 0.927943 
H -7.274912 0.452278 -0.047841 
C 6.027829 -0.892361 -0.063722 
H 6.031233 -1.549466 -0.949799 
H 6.957574 -0.312812 -0.066507 
H 6.024715 -1.521301 0.840293 
C 5.151417 1.447995 -0.290541 
H 4.899320 1.744429 -1.324233 
H 4.562747 2.081445 0.387602 
H 6.215231 1.648923 -0.120122 
O 2.606569 3.560429 0.442115 
H 2.477287 3.851349 1.355601 
H 2.805306 4.375053 -0.040387 

 
MB monomer + PhS 
SCF Done: -2165.13048210 A.U. 

54    
C 3.909255 0.757310 -0.390187 
C 2.788864 0.092368 -0.938101 
C 1.527686 0.660403 -0.879944 
C 1.314045 1.973594 -0.316229 
C 2.487750 2.674584 0.123514 
C 3.731407 2.106962 0.093008 
C -1.024063 1.963396 -0.420123 
C -1.165836 0.662338 -1.019345 
C -2.426973 0.101295 -1.221733 
H -2.477389 -0.899072 -1.647020 
C -3.601512 0.770468 -0.818632 
C -3.467045 2.091553 -0.264730 
C -2.230751 2.650736 -0.082048 



H 2.853343 -0.937259 -1.298998 
H 2.333362 3.678672 0.523346 
H 4.579236 2.672482 0.477420 
H -4.348417 2.652978 0.039880 
H -2.120310 3.641176 0.363389 
N 0.137248 2.566123 -0.137961 
N -4.826488 0.176277 -0.929880 
N 5.106606 0.125463 -0.297410 
S 0.204651 -0.311497 -1.459995 
C 5.232635 -1.284209 -0.676965 
H 4.350451 -1.867872 -0.366740 
H 5.342532 -1.397432 -1.770616 
H 6.121321 -1.706553 -0.190183 
C 6.294518 0.837653 0.146743 
H 6.482979 1.738487 -0.461592 
H 6.218613 1.145773 1.204628 
H 7.166391 0.179995 0.048469 
C -6.032092 0.877032 -0.517380 
H -6.166141 1.821617 -1.071680 
H -6.905370 0.245612 -0.720095 
H -6.026409 1.110769 0.562182 
C -4.924310 -1.199013 -1.399214 
H -4.576039 -1.300180 -2.441985 
H -4.326956 -1.883450 -0.772443 
H -5.970327 -1.525108 -1.358365 
Cl 1.855741 -2.944838 -0.645926 
C -1.832281 0.447694 2.704336 
C -2.066464 -0.772452 2.061416 
C 0.312847 -1.126269 1.834887 
C 0.548258 0.090914 2.481521 
C -1.003216 -1.575421 1.605427 
C -0.520652 0.883783 2.912658 
H 1.149283 -1.718782 1.451128 
H 1.576439 0.431270 2.633990 
H -2.674193 1.061406 3.036066 
H -3.099958 -1.096529 1.902539 
Si -1.378850 -3.163007 0.646044 
H -2.817223 -3.470364 0.970502 
H -1.335971 -2.954443 -0.828684 
H -0.549325 -4.322117 1.053545 
H -0.332007 1.843860 3.400842 

 
MB monomer + PhS (isomer)  
SCF Done: -2165.12565603 A.U. 

54    
C 3.741340 -0.561342 -0.877403 
C 2.519498 -1.258539 -0.775342 
C 1.296473 -0.624117 -1.007472 
C 1.247345 0.766587 -1.371131 
C 2.497871 1.444467 -1.502332 
C 3.694720 0.823189 -1.264585 
C -1.084339 0.967415 -1.399807 
C -1.391306 -0.396134 -1.031285 
C -2.692834 -0.809021 -0.804082 
H -2.832476 -1.834990 -0.451844 
C -3.765352 0.109761 -0.856240 
C -3.488116 1.457349 -1.296743 
C -2.204846 1.853045 -1.552664 
H 2.501845 -2.306432 -0.479902 
H 2.457001 2.499422 -1.778042 
H 4.613092 1.399228 -1.361532 



H -4.293196 2.184738 -1.392136 
H -1.977136 2.878153 -1.850737 
N 0.130356 1.477605 -1.573993 
N -5.012119 -0.264801 -0.472404 
N 4.935445 -1.173240 -0.610158 
S -0.138184 -1.580351 -0.774654 
C 4.957142 -2.560378 -0.174558 
H 4.383124 -2.703017 0.757896 
H 4.533957 -3.235293 -0.939162 
H 5.992279 -2.869566 0.013275 
C 6.185828 -0.438181 -0.714527 
H 6.349912 -0.049106 -1.734269 
H 6.224587 0.414030 -0.013122 
H 7.020770 -1.107573 -0.475063 
C -6.146440 0.629246 -0.645438 
H -6.247154 0.965484 -1.691396 
H -7.067234 0.098874 -0.374820 
H -6.067756 1.523382 -0.002059 
C -5.251650 -1.600567 0.080210 
H -5.374763 -2.350475 -0.722197 
H -4.419134 -1.930482 0.722755 
H -6.169723 -1.577829 0.681975 
Cl -2.005085 -3.060864 1.321377 
C -0.602761 1.313021 1.911676 
C -0.707466 -0.032616 2.267675 
C 1.701202 -0.165219 2.452120 
C 1.803555 1.182629 2.089043 
C 0.447003 -0.777741 2.528987 
C 0.653927 1.943297 1.804155 
Si 0.774637 3.738690 1.267704 
H -0.472422 4.138175 0.552817 
H 0.951359 4.660264 2.433133 
H 1.949147 3.939524 0.366941 
H 0.332477 -1.843948 2.738429 
H 2.608500 -0.743204 2.650847 
H 2.796106 1.636610 2.003308 
H -1.514127 1.872862 1.678806 
H -1.667097 -0.554041 2.283622 

 
MB monomer + PhCH2CH2SiOMe3  
SCF Done: -2587.20556564 A.U. 

72    
C 3.871161 0.553972 -1.057139 
C 2.606202 0.408135 -1.690211 
C 1.571830 1.268458 -1.385728 
C 1.738054 2.362914 -0.452769 
C 3.060784 2.559643 0.070119 
C 4.085021 1.705236 -0.212564 
C -0.528589 2.916669 -0.236987 
C -1.044710 1.914000 -1.130464 
C -2.404077 1.655284 -1.210515 
H -2.737847 0.843877 -1.849186 
C -3.329415 2.343077 -0.388265 
C -2.833994 3.415794 0.430304 
C -1.489619 3.680343 0.492693 
H 2.380660 -0.476606 -2.284752 
H 3.194554 3.395225 0.758533 
H 5.051528 1.870329 0.257953 
H -3.515622 3.999992 1.046058 
H -1.098641 4.459617 1.149826 
N 0.769426 3.136265 0.019683 



N -4.637583 1.969975 -0.354447 
N 4.836722 -0.375789 -1.222600 
S 0.021052 0.957851 -2.126228 
C 4.597616 -1.552226 -2.063598 
H 3.652878 -2.057177 -1.786889 
H 4.539915 -1.266778 -3.128592 
H 5.429155 -2.255342 -1.937327 
C 6.128469 -0.228070 -0.565082 
H 6.670399 0.664448 -0.922827 
H 6.011080 -0.152145 0.527780 
H 6.744417 -1.108116 -0.781778 
C -5.598811 2.702372 0.453928 
H -5.610489 3.774835 0.197917 
H -6.604161 2.305832 0.268054 
H -5.387692 2.607128 1.534320 
C -5.066096 0.756486 -1.045160 
H -5.106351 0.902665 -2.139631 
H -4.380247 -0.077254 -0.827310 
H -6.069855 0.480425 -0.700192 
Cl 1.252235 -2.557351 -1.359537 
C 2.825381 1.125137 3.391173 
C 1.588034 0.907045 2.773409 
C 2.486686 -1.017017 1.627246 
C 3.718879 -0.805549 2.249552 
C 1.396911 -0.165055 1.888829 
C 3.896413 0.265117 3.135547 
H 2.355216 -1.827793 0.903654 
H 4.549183 -1.487844 2.043369 
H 2.949436 1.968176 4.076832 
H 0.756388 1.589393 2.972864 
H 4.861606 0.425536 3.624436 
C 0.068944 -0.405694 1.204488 
H -0.608318 0.442127 1.400009 
H 0.249922 -0.456407 0.123713 
C -0.607116 -1.733942 1.585874 
H -0.839523 -1.771477 2.664135 
H 0.097952 -2.553067 1.370022 
Si -2.167123 -2.164057 0.654085 
O -3.465231 -1.672076 1.577843 
C -4.771278 -2.176574 1.435201 
H -5.237459 -1.865410 0.479637 
H -4.790359 -3.280649 1.469954 
H -5.396734 -1.789723 2.257786 
O -2.353328 -3.795074 0.417467 
C -1.358332 -4.760647 0.115008 
H -0.983063 -5.232031 1.042228 
H -1.812394 -5.551545 -0.505744 
H -0.500494 -4.329035 -0.430826 
O -2.358565 -1.388264 -0.818408 
C -2.139682 -1.971553 -2.095430 
H -1.063571 -2.129474 -2.278182 
H -2.665886 -2.938211 -2.189434 
H -2.545661 -1.287351 -2.862240 

 
MB dimer  
SCF Done: -3284.84571491 A.U. 

78    
C 4.265021 -0.641210 1.593589 
C 3.245705 0.333128 1.519281 
C 1.909834 -0.019326 1.646730 
C 1.518284 -1.382645 1.892571 



C 2.570680 -2.340580 2.017502 
C 3.892180 -1.998224 1.885398 
C -0.801101 -1.029745 1.935011 
C -0.775812 0.408765 1.752707 
C -1.944919 1.152719 1.749671 
H -1.907502 2.212249 1.497703 
C -3.208411 0.527411 1.941491 
C -3.245245 -0.912880 2.041715 
C -2.093765 -1.642499 2.046047 
H 3.462986 1.380755 1.276535 
H 2.270369 -3.370429 2.220346 
H 4.649509 -2.773745 1.989530 
H -4.197461 -1.431166 2.135498 
H -2.109975 -2.729260 2.141971 
N 0.258711 -1.825958 2.004013 
N -4.340726 1.251291 2.074372 
N 5.572153 -0.295099 1.379213 
S 0.726357 1.258676 1.462952 
C 5.943444 1.110355 1.207862 
H 5.245565 1.642984 0.540764 
H 5.945895 1.648815 2.173440 
H 6.951833 1.161754 0.775530 
C 6.633600 -1.254678 1.634701 
H 6.668381 -1.572734 2.693392 
H 6.522095 -2.158340 1.012510 
H 7.599412 -0.797743 1.386206 
C -5.644230 0.604666 2.085971 
H -5.840329 0.079833 3.038666 
H -6.420090 1.366816 1.948068 
H -5.734296 -0.114637 1.258464 
C -4.288169 2.707946 2.194820 
H -3.543944 2.997728 2.953385 
H -4.012843 3.154020 1.214893 
H -5.271060 3.073762 2.516838 
Cl 3.178514 3.107097 -0.111171 
C 3.208812 -0.127913 -2.007979 
C 1.945273 0.525801 -2.027737 
C 0.776270 -0.179624 -1.790985 
C 0.801507 -1.600407 -1.500916 
C 2.094220 -2.216249 -1.409234 
C 3.245655 -1.523904 -1.639655 
C -1.517893 -1.920791 -1.346083 
C -1.909463 -0.550796 -1.551146 
C -3.245173 -0.175712 -1.542887 
H -3.462463 0.894510 -1.649102 
C -4.264560 -1.122335 -1.300401 
C -3.891752 -2.501123 -1.140412 
C -2.570290 -2.867947 -1.155901 
H 1.907906 1.610118 -2.129628 
H 2.110713 -3.276219 -1.150955 
H 4.197858 -2.044934 -1.562151 
H -4.649116 -3.268873 -0.989488 
H -2.270050 -3.908372 -1.017023 
N -0.258296 -2.376412 -1.309720 
N -5.571715 -0.725760 -1.209486 
N 4.341033 0.514878 -2.366666 
S -0.725685 0.718344 -1.788912 
C 4.288421 1.854693 -2.950953 
H 3.543807 1.884179 -3.762087 
H 4.013394 2.593323 -2.167660 
H 5.271167 2.096647 -3.374371 



C 5.644778 -0.100377 -2.169233 
H 5.733362 -0.518234 -1.155510 
H 5.843027 -0.901308 -2.904623 
H 6.420082 0.666804 -2.279846 
C -6.632994 -1.716623 -1.141254 
H -6.522494 -2.369377 -0.259248 
H -7.599051 -1.204039 -1.055850 
H -6.666371 -2.361010 -2.039469 
C -5.942780 0.659925 -1.500657 
H -5.246880 1.379293 -1.038046 
H -5.941143 0.859179 -2.588099 
H -6.952676 0.847167 -1.111569 
Cl -3.182707 2.978707 -0.897273 

 
 

MB dimer(180°) 
SCF Done: -3284.84526062 A.U. 

78    
C -0.595710 -0.422163 -1.620885 
C 0.689743 0.191411 -1.706843 
C 1.809778 -0.432864 -1.207421 
C 1.733705 -1.761397 -0.610300 
C 0.429748 -2.378320 -0.600493 
C -0.684558 -1.766878 -1.087750 
C 4.001616 -1.958669 -0.019436 
C 4.433121 -0.692490 -0.527267 
C 5.767375 -0.291156 -0.409804 
H 6.046436 0.680654 -0.815597 
C 6.733616 -1.116636 0.210205 
C 6.298769 -2.384289 0.721713 
C 4.986943 -2.775696 0.603533 
H 0.823879 1.200540 -2.110345 
H 0.359508 -3.376023 -0.162281 
H -1.641701 -2.298262 -0.997400 
H 7.004509 -3.054692 1.208618 
H 4.651172 -3.740203 0.989906 
N 2.737328 -2.433100 -0.079172 
N 8.041190 -0.723693 0.320069 
N -1.700255 0.251760 -2.000369 
S 3.332016 0.437884 -1.283887 
C -1.637435 1.636940 -2.470198 
H -0.780968 2.188378 -2.058539 
H -1.573214 1.668366 -3.572530 
H -2.558657 2.148422 -2.157993 
C -3.000046 -0.396426 -2.189003 
H -3.122005 -0.678607 -3.250485 
H -3.141717 -1.295553 -1.567901 
H -3.791293 0.321268 -1.933065 
C 9.021948 -1.590440 0.952831 
H 9.121512 -2.555289 0.425068 
H 10.002449 -1.099375 0.939932 
H 8.766173 -1.803103 2.005809 
C 8.460509 0.562754 -0.210155 
H 8.285436 0.634614 -1.298242 
H 7.925578 1.399283 0.273664 
H 9.533540 0.700994 -0.031147 
Cl 1.716686 3.265536 -1.785034 
C 0.712885 1.913981 1.421915 
C -0.195281 0.837265 1.610094 
C -1.548668 0.978859 1.334154 
C -2.088135 2.251062 0.903046 



C -1.156046 3.329705 0.758500 
C 0.181689 3.178926 0.975829 
C -4.314324 1.543336 0.634004 
C -4.121573 0.160584 0.985914 
C -5.150505 -0.762738 0.903845 
H -4.905104 -1.810445 1.085123 
C -6.429824 -0.381394 0.430198 
C -6.658532 1.011462 0.143793 
C -5.637157 1.920515 0.240957 
H 0.168417 -0.142473 1.915967 
H -1.561105 4.282759 0.414785 
H 0.849948 4.008882 0.770503 
H -7.637958 1.354432 -0.186332 
H -5.792223 2.973170 -0.004055 
N -3.364167 2.485071 0.605128 
N -7.399741 -1.312411 0.231521 
N 2.034612 1.766406 1.675392 
S -2.547105 -0.445546 1.443447 
C 2.531420 0.534810 2.269804 
H 2.075905 0.352848 3.258779 
H 2.322919 -0.340153 1.636188 
H 3.617601 0.603695 2.394778 
C 2.980597 2.841993 1.380102 
H 2.825300 3.197735 0.343716 
H 2.870855 3.680594 2.090363 
H 3.999745 2.445677 1.465836 
C -8.744248 -0.912288 -0.148815 
H -8.768388 -0.444322 -1.149214 
H -9.390122 -1.797917 -0.175882 
H -9.180351 -0.199705 0.572605 
C -7.110157 -2.734735 0.425198 
H -6.136068 -3.010668 -0.015044 
H -7.084575 -2.996838 1.498543 
H -7.896177 -3.328139 -0.058945 
Cl -3.569520 -3.312379 -0.223774 

 
MB dimer (planar)  
SCF Done: -3284.82748492 A.U. 

78    
C 3.863188 3.779939 -0.103876 
C 3.041345 2.626566 -0.093159 
C 3.598210 1.355437 -0.053006 
C 5.032070 1.167317 -0.047732 
C 5.839300 2.348915 -0.103461 
C 5.294040 3.602441 -0.136679 
C 5.027979 -1.174517 0.060052 
C 3.593559 -1.358190 0.053691 
C 3.032461 -2.627645 0.088440 
H 1.938942 -2.702027 0.027586 
C 3.850657 -3.783523 0.105024 
C 5.281708 -3.610486 0.149793 
C 5.831075 -2.358610 0.121795 
H 1.947692 2.704437 -0.040910 
H 6.920918 2.200351 -0.112521 
H 5.958627 4.464219 -0.171398 
H 5.943328 -4.474336 0.189430 
H 6.913035 -2.213378 0.139738 
N 5.665126 -0.004565 0.008844 
N 3.303061 -5.028841 0.074463 
N 3.319195 5.026903 -0.078954 
S 2.492768 0.000388 -0.003301 



C 1.868227 5.201392 -0.042897 
H 1.416927 5.024314 -1.036576 
H 1.387958 4.497820 0.658515 
H 1.638770 6.228736 0.269784 
C 4.160353 6.205553 -0.206959 
H 4.878942 6.289786 0.626608 
H 4.731678 6.207971 -1.152464 
H 3.528122 7.101355 -0.194816 
C 4.139454 -6.210160 0.208849 
H 4.702585 -6.215032 1.159251 
H 3.504603 -7.104008 0.190548 
H 4.864958 -6.296007 -0.618541 
C 1.851964 -5.198776 0.026165 
H 1.392851 -5.021193 1.016166 
H 1.379687 -4.492927 -0.678353 
H 1.621858 -6.225076 -0.289458 
Cl 0.001810 -2.461344 -1.170387 
C -3.861174 3.783169 -0.083366 
C -3.039798 2.629284 -0.077911 
C -3.597463 1.358257 -0.045653 
C -5.031468 1.170921 -0.043167 
C -5.838012 2.353207 -0.093414 
C -5.292070 3.606582 -0.119030 
C -5.029157 -1.171497 0.052171 
C -3.594869 -1.356295 0.046673 
C -3.034829 -2.626359 0.076113 
H -1.941201 -2.701484 0.016713 
C -3.854099 -3.781654 0.086385 
C -5.285071 -3.607606 0.129720 
C -5.833338 -2.355168 0.106950 
H -1.945977 2.706369 -0.024719 
H -6.919691 2.205240 -0.104678 
H -5.956181 4.468860 -0.149982 
H -5.947488 -4.471052 0.164289 
H -6.915197 -2.209096 0.124094 
N -5.665320 -0.000820 0.006238 
N -3.307729 -5.027369 0.051416 
N -3.316858 5.029799 -0.050962 
S -2.493063 0.001913 -0.002879 
C -1.865915 5.203821 -0.012715 
H -1.386141 4.496323 0.685039 
H -1.413723 5.031848 -1.006861 
H -1.636512 6.229398 0.305738 
C -4.157546 6.209394 -0.173474 
H -4.726992 6.217718 -1.120089 
H -4.877750 6.288688 0.659160 
H -3.525135 7.104946 -0.154557 
C -4.145655 -6.208393 0.178944 
H -4.869651 -6.289774 -0.650209 
H -3.511695 -7.102806 0.157902 
H -4.710601 -6.216898 1.128239 
C -1.856773 -5.198905 0.005339 
H -1.381879 -4.490166 -0.694503 
H -1.399605 -5.026961 0.997232 
H -1.627270 -6.223867 -0.315054 
Cl 0.004866 2.470679 1.150597 

 
MB dimer + 2H2O 
SCF Done: -3437.64468260 A.U. 

84    
C 3.265762 -1.491088 1.748077 



C 2.337182 -0.432081 1.801493 
C 0.970375 -0.676889 1.746750 
C 0.450175 -2.017546 1.660010 
C 1.411984 -3.075323 1.619639 
C 2.761191 -2.836578 1.662735 
C -1.821071 -1.431298 1.616517 
C -1.638970 0.003766 1.676322 
C -2.716764 0.876542 1.646839 
H -2.498312 1.941897 1.679662 
C -4.038579 0.388356 1.545410 
C -4.238900 -1.041596 1.531435 
C -3.174984 -1.899350 1.559105 
H 2.651533 0.615790 1.830513 
H 1.021188 -4.091567 1.545489 
H 3.446146 -3.682266 1.623676 
H -5.245101 -1.454306 1.480412 
H -3.316701 -2.980913 1.528862 
N -0.848138 -2.340153 1.610599 
N -5.089522 1.245263 1.462931 
N 4.603921 -1.227165 1.766859 
S -0.059049 0.725853 1.762739 
C 5.063201 0.146109 1.965118 
H 4.627152 0.836248 1.226430 
H 4.779076 0.526904 2.961278 
H 6.156373 0.175781 1.880420 
C 5.571515 -2.305744 1.699079 
H 5.512379 -2.980682 2.572346 
H 5.432948 -2.914177 0.788637 
H 6.583877 -1.884404 1.668509 
C -6.452990 0.745297 1.438836 
H -6.700004 0.171543 2.349598 
H -7.146888 1.591304 1.374354 
H -6.635283 0.094855 0.566106 
C -4.853186 2.692549 1.445739 
H -4.417914 3.035408 2.399771 
H -4.162434 2.964163 0.626808 
H -5.809399 3.206995 1.292870 
Cl 2.410231 2.851573 1.151739 
C 4.038609 0.387316 -1.546215 
C 2.716732 0.875420 -1.647227 
C 1.638970 0.002598 -1.676018 
C 1.821092 -1.432432 -1.615732 
C 3.175037 -1.900417 -1.558373 
C 4.238947 -1.042624 -1.531434 
C -0.450158 -2.018679 -1.658856 
C -0.970373 -0.678058 -1.746076 
C -2.337155 -0.433299 -1.801070 
H -2.651501 0.614542 -1.830594 
C -3.265758 -1.492264 -1.747292 
C -2.761187 -2.837725 -1.661465 
C -1.411976 -3.076440 -1.618185 
H 2.498032 1.940713 -1.680606 
H 3.316779 -2.981962 -1.527571 
H 5.245169 -1.455285 -1.480347 
H -3.446124 -3.683418 -1.622237 
H -1.021180 -4.092660 -1.543708 
N 0.848159 -2.341288 -1.609344 
N -4.603897 -1.228283 -1.766260 
N 5.089577 1.244273 -1.464770 
S 0.059045 0.724690 -1.762256 
C 4.853065 2.691540 -1.446456 



H 4.415747 3.034743 -2.399406 
H 4.163775 2.962601 -0.626102 
H 5.809504 3.206085 -1.295396 
C 6.453031 0.744309 -1.440370 
H 6.635966 0.095870 -0.566250 
H 6.699318 0.168422 -2.349954 
H 7.147026 1.590431 -1.378503 
C -5.571554 -2.306792 -1.698191 
H -5.432600 -2.915322 -0.787890 
H -6.583863 -1.885359 -1.667061 
H -5.512912 -2.981639 -2.571573 
C -5.063143 0.144869 -1.965517 
H -4.626611 0.835646 -1.227706 
H -4.779588 0.524688 -2.962214 
H -6.156254 0.174740 -1.880104 
Cl -2.410863 2.850582 -1.152672 
O 0.986146 3.530815 -1.601749 
H 1.291542 3.459696 -0.672315 
H 0.013725 3.505371 -1.544582 
O -0.985132 3.531143 1.599904 
H -1.290633 3.459127 0.670582 
H -0.012688 3.506190 1.542849 

 
MB dimer (180°) + 2 H2O 
SCF Done: -3437.63594262 A.U. 

84    
C -5.527051 -0.914079 -0.266892 
C -4.408721 -0.313757 -0.879112 
C -3.178909 -0.962592 -0.913052 
C -3.009113 -2.289465 -0.390508 
C -4.168462 -2.898988 0.176595 
C -5.377798 -2.249329 0.246060 
C -0.713910 -2.501494 -0.855168 
C -0.524510 -1.168117 -1.398146 
C 0.728036 -0.712894 -1.779720 
H 0.798531 0.312711 -2.142849 
C 1.871557 -1.542876 -1.643294 
C 1.686130 -2.893513 -1.160754 
C 0.452312 -3.337027 -0.797217 
H -4.441723 0.703321 -1.280499 
H -4.052628 -3.913738 0.562798 
H -6.224401 -2.767799 0.693567 
H 2.540637 -3.551515 -1.039000 
H 0.317325 -4.350064 -0.413701 
N -1.857402 -2.986522 -0.394703 
N 3.099690 -1.087983 -1.976682 
N -6.710180 -0.229894 -0.156567 
S -1.849246 -0.061837 -1.580917 
C -6.901755 1.021694 -0.887936 
H -6.042817 1.700515 -0.783331 
H -7.044536 0.842070 -1.969933 
H -7.791410 1.532759 -0.497131 
C -7.892697 -0.893826 0.365051 
H -8.243157 -1.714667 -0.289402 
H -7.708443 -1.312445 1.367361 
H -8.705606 -0.162701 0.457726 
C 4.295149 -1.902253 -1.770567 
H 4.409801 -2.661264 -2.565222 
H 5.174156 -1.245851 -1.780032 
H 4.245875 -2.391932 -0.782956 
C 3.245148 0.223258 -2.595499 



H 2.692755 0.280922 -3.548370 
H 2.872047 1.023292 -1.938718 
H 4.306031 0.413862 -2.790276 
Cl 3.466733 -2.863054 1.480095 
C -1.871256 1.542522 1.643757 
C -0.727341 0.713321 1.781775 
C 0.525062 1.168647 1.399898 
C 0.714051 2.501456 0.855366 
C -0.452464 3.336517 0.796504 
C -1.686164 2.892902 1.160320 
C 3.009170 2.289329 0.390389 
C 3.179373 0.963050 0.914292 
C 4.409196 0.314180 0.880256 
H 4.442480 -0.702543 1.282527 
C 5.527115 0.913971 0.266750 
C 5.377537 2.248779 -0.247267 
C 4.168215 2.898434 -0.177807 
H -0.797282 -0.311953 2.145960 
H -0.317888 4.349208 0.411932 
H -2.540867 3.550455 1.037523 
H 6.223879 2.766833 -0.695749 
H 4.052105 3.912776 -0.564995 
N 1.857343 2.986230 0.394182 
N 6.710153 0.229712 0.156195 
N -3.099488 1.087150 1.976044 
S 1.850155 0.063070 1.584088 
C -3.245108 -0.224438 2.594086 
H -2.866729 -1.023508 1.939190 
H -2.697441 -0.280952 3.549807 
H -4.306541 -0.417617 2.783183 
C -4.294767 1.901907 1.770514 
H -4.408290 2.661389 2.564861 
H -4.245947 2.391213 0.782678 
H -5.174076 1.245959 1.781077 
C 7.892495 0.893290 -0.366274 
H 8.242779 1.714948 0.287229 
H 8.705558 0.162240 -0.458129 
H 7.708137 1.310737 -1.369066 
C 6.901684 -1.021943 0.887436 
H 7.044825 -0.842444 1.969409 
H 6.042503 -1.700481 0.782984 
H 7.791087 -1.533212 0.496329 
Cl -3.468063 2.863962 -1.480752 
O 0.275030 -2.406812 2.172938 
H -0.192605 -3.153508 1.778872 
H 1.226355 -2.611557 2.016783 
O -0.275761 2.407243 -2.174591 
H 0.192340 3.152609 -1.778614 
H -1.226945 2.612478 -2.018454 

 
MB dimer (planar) + 2 H2O 
SCF Done: -3437.62297545 A.U. 

84    
C 3.693408 -3.580543 0.773100 
C 3.042742 -2.610884 -0.017190 
C 3.576610 -1.339994 -0.161706 
C 4.846741 -0.983378 0.427861 
C 5.544988 -2.028007 1.117227 
C 5.002387 -3.273666 1.292930 
C 4.775347 1.297273 -0.105925 
C 3.488117 1.278654 -0.758752 



C 2.858512 2.445221 -1.159379 
H 1.870653 2.350422 -1.609809 
C 3.441956 3.701897 -0.896794 
C 4.773260 3.736414 -0.342914 
C 5.401631 2.579307 0.032338 
H 2.083614 -2.811766 -0.498327 
H 6.519222 -1.771464 1.538218 
H 5.556445 -4.015772 1.866645 
H 5.273942 4.688639 -0.172215 
H 6.390374 2.596556 0.495195 
N 5.396127 0.233983 0.408537 
N 2.734099 4.840978 -1.125974 
N 3.062419 -4.752500 1.058745 
S 2.614522 -0.192211 -1.037805 
C 1.635182 -4.877131 0.754499 
H 1.082580 -3.998636 1.129292 
H 1.451369 -4.942326 -0.331079 
H 1.244374 -5.783791 1.233659 
C 3.723314 -5.793121 1.824869 
H 4.702603 -6.051808 1.390438 
H 3.882162 -5.502773 2.880552 
H 3.107003 -6.700835 1.810932 
C 3.329866 6.149114 -0.923538 
H 4.285687 6.244395 -1.463784 
H 2.653486 6.919753 -1.314241 
H 3.516535 6.365361 0.145199 
C 1.300572 4.740336 -1.404966 
H 1.104821 4.345164 -2.416093 
H 0.817705 4.066084 -0.676343 
H 0.850502 5.738568 -1.329845 
Cl 0.444662 1.905569 1.123825 
C -3.652172 -3.718338 -0.459667 
C -2.858830 -2.604295 -0.101005 
C -3.417571 -1.339545 0.012381 
C -4.836139 -1.122729 -0.167045 
C -5.625037 -2.275562 -0.488120 
C -5.071152 -3.517487 -0.633054 
C -4.827968 1.187206 0.238357 
C -3.404222 1.329113 0.433641 
C -2.830479 2.563727 0.707986 
H -1.741346 2.589757 0.828300 
C -3.628797 3.718163 0.856083 
C -5.051615 3.593418 0.656289 
C -5.611410 2.379681 0.358218 
H -1.787499 -2.700544 0.053759 
H -6.697036 -2.114652 -0.618294 
H -5.718070 -4.354787 -0.889957 
H -5.700010 4.464577 0.736754 
H -6.687018 2.276804 0.201256 
N -5.462861 0.047397 -0.048435 
N -3.064856 4.916360 1.182014 
N -3.090738 -4.942899 -0.636122 
S -2.324905 -0.033625 0.361953 
C -1.643851 -5.107310 -0.493828 
H -1.095951 -4.361330 -1.097050 
H -1.331848 -4.987002 0.558914 
H -1.362801 -6.113451 -0.828723 
C -3.912159 -6.101620 -0.945481 
H -4.666317 -6.294037 -0.162233 
H -4.439684 -5.986159 -1.908406 
H -3.271624 -6.988346 -1.019033 



C -3.871919 6.123692 1.236622 
H -4.696449 6.027820 1.962387 
H -3.243569 6.963329 1.558006 
H -4.308662 6.381813 0.254139 
C -1.612463 5.051048 1.261708 
H -1.141276 4.203657 1.781158 
H -1.156969 5.096657 0.256692 
H -1.366103 5.973336 1.804247 
Cl 0.085872 -2.248020 -1.817843 
O 0.204082 -1.648288 1.207794 
H 0.344546 -0.693891 1.350847 
H 0.212771 -1.735422 0.226534 
O -0.035436 1.206199 -1.907857 
H 0.028302 1.346066 -0.937411 
H -0.061017 0.234620 -1.997663 

 
MB dimer(2+) 
SCF Done: -2364.23389369 A.U. 

76    
C 4.631716 1.270906 0.413176 
C 3.572485 1.373928 -0.534260 
C 2.255263 1.502148 -0.121271 
C 1.906110 1.520564 1.279934 
C 2.987814 1.415018 2.214156 
C 4.288826 1.300162 1.813326 
C -0.423252 1.754783 1.021388 
C -0.456391 1.794109 -0.420924 
C -1.650328 1.937553 -1.112129 
H -1.624376 1.966731 -2.200025 
C -2.888233 2.055616 -0.419436 
C -2.860451 2.014181 1.020559 
C -1.682015 1.868153 1.696066 
H 3.789382 1.376087 -1.601186 
H 2.723645 1.437665 3.273114 
H 5.067675 1.235280 2.570401 
H -3.783699 2.094757 1.589684 
H -1.656311 1.833052 2.786547 
N 0.672666 1.628598 1.768281 
N -4.057202 2.203140 -1.087610 
N 5.920456 1.150177 0.016787 
S 1.018841 1.654740 -1.346071 
C 6.257201 1.127128 -1.404636 
H 5.739223 0.302115 -1.920395 
H 5.987254 2.074551 -1.900299 
H 7.335717 0.976861 -1.522525 
C 7.009716 1.129829 0.997089 
H 7.020629 2.048951 1.604173 
H 6.928674 0.262191 1.671809 
H 7.967517 1.060422 0.470385 
C -5.312148 2.404847 -0.363305 
H -5.264762 3.292695 0.286908 
H -6.122887 2.559655 -1.083595 
H -5.564029 1.526942 0.252628 
C -4.074372 2.239733 -2.547918 
H -3.504002 3.098788 -2.938885 
H -3.650008 1.315741 -2.974315 
H -5.107850 2.333250 -2.899093 
C 2.888226 -2.055678 -0.419455 
C 1.650318 -1.937620 -1.112146 
C 0.456383 -1.794165 -0.420940 
C 0.423247 -1.754832 1.021372 



C 1.682009 -1.868214 1.696049 
C 2.860444 -2.014241 1.020541 
C -1.906109 -1.520558 1.279920 
C -2.255261 -1.502122 -0.121286 
C -3.572482 -1.373894 -0.534274 
H -3.789379 -1.376050 -1.601199 
C -4.631712 -1.270884 0.413163 
C -4.288824 -1.300153 1.813314 
C -2.987812 -1.415016 2.214143 
H 1.624367 -1.966789 -2.200042 
H 1.656308 -1.833096 2.786530 
H 3.783695 -2.094793 1.589665 
H -5.067673 -1.235278 2.570388 
H -2.723644 -1.437679 3.273100 
N -0.672668 -1.628621 1.768266 
N -5.920450 -1.150143 0.016775 
N 4.057197 -2.203164 -1.087633 
S -1.018843 -1.654745 -1.346086 
C 4.074372 -2.239662 -2.547942 
H 3.504072 -3.098735 -2.938969 
H 3.649936 -1.315674 -2.974278 
H 5.107860 -2.333072 -2.899122 
C 5.312155 -2.404825 -0.363337 
H 5.564096 -1.526842 0.252465 
H 5.264745 -3.292580 0.287000 
H 6.122865 -2.559783 -1.083628 
C -7.009716 -1.129858 0.997070 
H -6.928726 -0.262221 1.671798 
H -7.967518 -1.060500 0.470361 
H -7.020585 -2.048985 1.604146 
C -6.257186 -1.127004 -1.404649 
H -5.739150 -0.302000 -1.920362 
H -5.987297 -2.074420 -1.900358 
H -7.335690 -0.976661 -1.522536 

 
MB tetramer 
SCF Done: -6569.78034455 A.U. 

156    
C 1.169908 5.090671 0.044501 
C 2.298062 4.475054 0.639910 
C 3.171869 3.715145 -0.119621 
C 3.009005 3.581472 -1.549160 
C 1.897520 4.269695 -2.133984 
C 1.009538 4.990106 -1.384212 
C 4.803264 2.116687 -1.924332 
C 5.223469 1.979548 -0.549208 
C 6.243194 1.105076 -0.192716 
H 6.442712 0.932384 0.863393 
C 6.937618 0.354566 -1.175746 
C 6.545711 0.516107 -2.552691 
C 5.520680 1.351435 -2.896222 
H 2.452963 4.486433 1.728676 
H 1.776896 4.168511 -3.213676 
H 0.168743 5.471176 -1.880994 
H 7.054967 -0.040386 -3.336571 
H 5.199480 1.458970 -3.933406 
N 3.787081 2.864615 -2.359028 
N 7.956941 -0.477727 -0.842828 
N 0.254318 5.736138 0.811915 
S 4.456278 2.886508 0.730936 
C 0.490844 5.922666 2.244429 



H 0.801925 4.989223 2.743538 
H 1.298230 6.654947 2.420108 
H -0.428927 6.293842 2.712656 
C -0.939964 6.306621 0.213294 
H -0.707534 7.141032 -0.473179 
H -1.508327 5.543811 -0.344097 
H -1.591688 6.691978 1.006167 
C 8.572787 -1.328140 -1.847019 
H 9.182995 -0.752559 -2.567341 
H 9.226086 -2.055902 -1.351240 
H 7.812533 -1.890776 -2.410660 
C 8.449327 -0.541711 0.532926 
H 8.698323 0.467975 0.899490 
H 7.689019 -0.997101 1.195081 
H 9.364428 -1.146414 0.555388 
Cl 2.663597 3.524446 3.716620 
C -0.625837 2.420769 2.260021 
C 0.554447 1.622372 2.166627 
C 1.028360 1.210133 0.947462 
C 0.384253 1.595778 -0.300136 
C -0.782416 2.436468 -0.176060 
C -1.284134 2.815692 1.028591 
C 1.736835 0.319165 -1.735703 
C 2.594823 -0.242167 -0.738689 
C 3.596651 -1.150157 -1.069087 
H 4.229277 -1.519068 -0.254319 
C 3.819380 -1.532223 -2.407493 
C 2.969715 -0.976665 -3.412874 
C 1.972930 -0.085030 -3.074631 
H 1.084941 1.334333 3.067143 
H -1.286837 2.701826 -1.106437 
H -2.231423 3.350940 1.058947 
H 3.086285 -1.254891 -4.458916 
H 1.316053 0.337873 -3.836928 
N 0.723009 1.194185 -1.506573 
N 4.836302 -2.412739 -2.723874 
N -1.116729 2.794210 3.448093 
S 2.446882 0.183744 0.951020 
C -0.459617 2.375627 4.689584 
H -0.497576 1.275345 4.763852 
H 0.591210 2.724987 4.691397 
H -0.995518 2.819247 5.536270 
C -2.345890 3.579171 3.534015 
H -2.208327 4.572946 3.074910 
H -3.183432 3.075403 3.021281 
H -2.599820 3.722784 4.589759 
C 5.018054 -2.827110 -4.099824 
H 5.117144 -1.955317 -4.765739 
H 5.944490 -3.411929 -4.182675 
H 4.185345 -3.452485 -4.481563 
C 5.393066 -3.279792 -1.692014 
H 5.656095 -2.733963 -0.771811 
H 4.680328 -4.079052 -1.404732 
H 6.301707 -3.762142 -2.078095 
Cl 5.478780 -1.791223 1.652543 
C -4.168097 0.629579 -2.882193 
C -3.486728 0.463490 -1.649641 
C -2.519648 -0.529727 -1.501905 
C -2.171831 -1.406007 -2.587562 
C -2.892793 -1.240658 -3.803253 
C -3.851492 -0.273515 -3.954808 



C -0.466599 -2.592184 -1.501315 
C -0.568670 -1.935790 -0.212389 
C 0.268881 -2.263236 0.833630 
H 0.093572 -1.759795 1.789615 
C 1.313061 -3.220345 0.676921 
C 1.390524 -3.911840 -0.595365 
C 0.545014 -3.604519 -1.617895 
H -3.732653 1.086372 -0.782392 
H -2.635144 -1.914729 -4.622369 
H -4.356141 -0.190144 -4.914779 
H 2.142897 -4.679426 -0.758332 
H 0.614740 -4.111835 -2.581736 
N -1.220721 -2.354326 -2.560401 
N 2.191930 -3.471164 1.667635 
N -5.109885 1.605452 -3.073514 
S -1.777634 -0.701571 0.072491 
C -5.253668 2.744052 -2.173057 
H -4.971837 2.516822 -1.134295 
H -4.644768 3.600020 -2.522470 
H -6.307849 3.057702 -2.152925 
C -5.744867 1.752628 -4.372070 
H -5.030912 2.043719 -5.165749 
H -6.246093 0.822797 -4.685265 
H -6.508551 2.537767 -4.305763 
C 3.317861 -4.392418 1.553326 
H 3.442909 -4.776775 0.538212 
H 4.240472 -3.838521 1.809993 
H 3.182017 -5.243185 2.245053 
C 2.208832 -2.751932 2.945061 
H 3.129713 -2.144775 2.979769 
H 1.328635 -2.118350 3.100518 
H 2.249980 -3.493383 3.760611 
Cl -4.662453 2.350508 1.182093 
C -7.183287 0.031885 -0.784232 
C -6.417368 -0.279032 0.366890 
C -5.564958 -1.372089 0.381675 
C -5.422096 -2.229021 -0.769748 
C -6.232845 -1.916776 -1.905670 
C -7.087963 -0.848285 -1.919072 
C -3.752201 -3.631998 0.101567 
C -3.658338 -3.025067 1.411011 
C -2.737844 -3.463200 2.346824 
H -2.631579 -2.900894 3.273820 
C -1.825976 -4.507626 2.036313 
C -1.925113 -5.134382 0.741992 
C -2.845623 -4.706642 -0.172799 
H -6.409954 0.394376 1.221104 
H -6.126399 -2.568164 -2.774518 
H -7.672742 -0.655152 -2.816360 
H -1.246318 -5.938377 0.466342 
H -2.911238 -5.157995 -1.164177 
N -4.580109 -3.260613 -0.873494 
N -0.884303 -4.901291 2.928132 
N -7.986050 1.129070 -0.814807 
S -4.642249 -1.646008 1.837461 
C -8.084733 2.007218 0.351835 
H -8.611213 1.505990 1.184155 
H -7.081616 2.316278 0.698071 
H -8.651138 2.905044 0.075373 
C -8.843334 1.380695 -1.960839 
H -8.258215 1.503031 -2.887300 



H -9.571311 0.565707 -2.122848 
H -9.404951 2.307380 -1.795049 
C 0.034201 -5.982340 2.604638 
H 0.597513 -5.766871 1.683709 
H 0.758696 -6.092058 3.419450 
H -0.488542 -6.947100 2.477404 
C -0.843564 -4.318324 4.270724 
H -0.800096 -3.213689 4.223947 
H -1.734480 -4.614215 4.852679 
H 0.049463 -4.683745 4.790925 
Cl -1.046260 -0.916613 3.576354 

 
MB tetramer (planar) 
SCF Done: -6569.76724751 A.U. 

156    
C -3.268639 -3.199777 3.982346 
C -2.490345 -2.154550 3.431883 
C -3.090590 -1.072751 2.794921 
C -4.523231 -0.978275 2.685402 
C -5.287756 -2.031802 3.267445 
C -4.700884 -3.095092 3.902857 
C -4.608782 1.068863 1.544622 
C -3.181520 1.327192 1.512307 
C -2.680361 2.498673 0.974702 
H -1.597785 2.646567 0.972960 
C -3.555704 3.501453 0.473679 
C -4.971693 3.222860 0.434590 
C -5.460925 2.058431 0.946792 
H -1.396000 -2.206238 3.428484 
H -6.373128 -1.948748 3.187520 
H -5.338922 -3.859935 4.342143 
H -5.663072 3.935347 -0.010367 
H -6.527865 1.831108 0.928034 
N -5.198266 0.008652 2.080586 
N -3.079303 4.698497 0.068894 
N -2.683320 -4.284989 4.576964 
S -2.033595 0.158049 2.135109 
C -1.242252 -4.309631 4.828963 
H -0.657063 -3.979906 3.953853 
H -0.971631 -3.650634 5.675205 
H -0.942389 -5.336908 5.076122 
C -3.502567 -5.259581 5.276227 
H -4.040975 -4.821992 6.138301 
H -4.249948 -5.717791 4.607720 
H -2.859648 -6.064984 5.652029 
C -3.963801 5.695575 -0.512104 
H -4.737153 6.024028 0.203881 
H -3.371788 6.572682 -0.797571 
H -4.460183 5.316685 -1.419620 
C -1.643123 4.979497 0.136715 
H -1.233256 4.707203 1.121567 
H -1.112563 4.384243 -0.632016 
H -1.482939 6.050822 -0.039878 
Cl 0.614047 -2.645687 2.379145 
C -3.761614 -3.475729 0.268163 
C -3.074538 -2.368587 -0.293846 
C -3.764713 -1.336986 -0.906005 
C -5.213990 -1.327655 -0.945248 
C -5.885804 -2.440932 -0.336238 
C -5.205478 -3.468799 0.245720 
C -5.465549 0.725730 -2.043551 



C -4.065600 1.035020 -2.185682 
C -3.645957 2.222361 -2.778341 
H -2.566211 2.410937 -2.831392 
C -4.583238 3.174383 -3.241096 
C -5.983619 2.868761 -3.107905 
C -6.391745 1.692300 -2.535844 
H -1.985869 -2.336874 -0.290964 
H -6.976614 -2.423161 -0.365109 
H -5.763128 -4.300119 0.673948 
H -6.739741 3.564199 -3.467721 
H -7.451599 1.451450 -2.431870 
N -5.971286 -0.379215 -1.478705 
N -4.185756 4.362811 -3.794571 
N -3.070019 -4.516633 0.782872 
S -2.821289 -0.072091 -1.655078 
C -1.624835 -4.630022 0.559350 
H -1.376158 -4.369982 -0.481560 
H -1.047687 -3.958826 1.226226 
H -1.323400 -5.668114 0.754511 
C -3.709915 -5.585725 1.525960 
H -4.574915 -5.215577 2.090729 
H -4.039549 -6.411620 0.867849 
H -2.993916 -5.984193 2.257282 
C -5.171571 5.267078 -4.361794 
H -5.920504 5.575395 -3.613013 
H -4.663754 6.173428 -4.714065 
H -5.709974 4.823434 -5.220352 
C -2.786974 4.624119 -4.129957 
H -2.081402 4.180865 -3.409206 
H -2.533783 4.222450 -5.129172 
H -2.620600 5.711065 -4.140428 
Cl -0.381106 2.852238 -2.284733 
C 3.262314 -3.208282 -3.979859 
C 2.486153 -2.161204 -3.429791 
C 3.088698 -1.079683 -2.794571 
C 4.521640 -0.987255 -2.686756 
C 5.283968 -2.042555 -3.268499 
C 4.694822 -3.105665 -3.902042 
C 4.611684 1.060860 -1.548074 
C 3.184842 1.321017 -1.513473 
C 2.686076 2.493194 -0.975023 
H 1.603642 2.642465 -0.971581 
C 3.563568 3.494934 -0.475650 
C 4.979392 3.215157 -0.440280 
C 5.466210 2.049857 -0.952794 
H 1.391690 -2.211231 -3.425342 
H 6.369547 -1.960984 -3.189875 
H 5.331239 -3.871949 -4.341160 
H 5.672558 3.927206 0.002582 
H 6.532934 1.821343 -0.936205 
N 5.198889 -0.000666 -2.083999 
N 3.089177 4.692064 -0.068615 
N 2.674876 -4.293379 -4.572489 
S 2.034386 0.153492 -2.134728 
C 1.233562 -4.316604 -4.823156 
H 0.649524 -3.983578 -3.948532 
H 0.963206 -3.659633 -5.671059 
H 0.931961 -5.344137 -5.067139 
C 3.492073 -5.270348 -5.270858 
H 4.030603 -4.834905 -6.133927 
H 4.239138 -5.728814 -4.602173 



H 2.847567 -6.075220 -5.645062 
C 3.976740 5.689516 0.506961 
H 4.745712 6.018140 -0.213679 
H 3.386129 6.566400 0.795986 
H 4.478798 5.310962 1.411446 
C 1.652858 4.973614 -0.131157 
H 1.239846 4.703967 -1.115436 
H 1.124096 4.376949 0.637827 
H 1.493486 6.044489 0.048750 
Cl -0.619406 -2.644664 -2.377606 
C 3.755569 -3.480763 -0.265738 
C 3.070207 -2.372308 0.295824 
C 3.762094 -1.341046 0.906621 
C 5.211379 -1.333624 0.945122 
C 5.881415 -2.448302 0.336793 
C 5.199436 -3.475791 -0.243945 
C 5.466280 0.720437 2.041404 
C 4.066816 1.032157 2.183494 
C 3.649117 2.221038 2.774308 
H 2.569607 2.411132 2.827385 
C 4.587916 3.172064 3.236264 
C 5.987824 2.863717 3.103495 
C 6.394021 1.686025 2.532651 
H 1.981556 -2.339341 0.294027 
H 6.972263 -2.431925 0.365065 
H 5.755777 -4.308130 -0.671880 
H 6.745191 3.558210 3.462479 
H 7.453489 1.443432 2.428797 
N 5.970211 -0.385743 1.477480 
N 4.193396 4.362150 3.788100 
N 3.062561 -4.521096 -0.779711 
S 2.820747 -0.074291 1.655311 
C 1.617019 -4.631684 -0.556929 
H 1.368313 -4.371559 0.483972 
H 1.041626 -3.959006 -1.223773 
H 1.313478 -5.669017 -0.752699 
C 3.702165 -5.592157 -1.520273 
H 4.564303 -5.222510 -2.089850 
H 4.036344 -6.414259 -0.859694 
H 2.984483 -5.995674 -2.247064 
C 5.181538 5.265326 4.353137 
H 5.929851 5.572287 3.603125 
H 4.675463 6.172481 4.705848 
H 5.720447 4.821281 5.211096 
C 2.795794 4.631908 4.121351 
H 2.087350 4.174584 3.412404 
H 2.545671 4.252888 5.130146 
H 2.630220 5.719138 4.108652 
Cl 0.382383 2.853337 2.293988 

 
 
 
 

H2O  
SCF Done: -76.3583233708 A.U. 

3    
O -0.000000 0.000000 0.120111 
H 0.000000 0.757054 -0.480443 
H -0.000000 -0.757054 -0.480443 

 
PhCH2CH2SiOMe3 



 SCF Done: -944.765142686 A.U. 
33    
C 4.404768 -1.254186 -0.068853 
C 3.061462 -1.211203 0.315074 
C 3.075860 1.190437 0.113976 
C 4.419285 1.153416 -0.270381 
C 2.376186 0.010378 0.412130 
C 5.089009 -0.070697 -0.364069 
H 2.558992 2.152219 0.188741 
H 4.946900 2.084650 -0.493909 
H 4.921139 -2.215780 -0.133950 
H 2.532925 -2.140701 0.548025 
H 6.140321 -0.101910 -0.661662 
C 0.908581 0.048153 0.773785 
H 0.671106 -0.776262 1.465499 
H 0.682439 0.982408 1.314576 
C -0.013858 -0.055594 -0.461627 
H 0.199374 -0.991719 -1.007687 
H 0.209342 0.762187 -1.170031 
Si -1.828774 0.003683 -0.039815 
O -2.107397 -1.253364 1.000206 
C -3.290282 -1.438594 1.752094 
H -3.575779 -0.518385 2.291895 
H -4.138931 -1.737164 1.108878 
H -3.118959 -2.239424 2.489078 
O -2.791443 -0.071695 -1.395449 
C -2.777543 -1.096081 -2.363451 
H -2.912821 -2.096686 -1.911416 
H -3.604203 -0.928022 -3.072588 
H -1.833448 -1.108516 -2.941173 
O -2.278163 1.395849 0.735192 
C -2.651824 2.618654 0.139152 
H -1.766464 3.204091 -0.174263 
H -3.293782 2.464124 -0.745852 
H -3.209162 3.218925 0.876680 

 
PhS  
SCF Done: -522.712864998 A.U. 

15    
C -1.654594 -1.209538 0.003445 
C -0.256971 -1.207702 -0.010741 
C -0.255904 1.206926 -0.010887 
C -1.653971 1.209732 0.003617 
C 0.468547 -0.000551 -0.015298 
C -2.356054 0.000516 0.011081 
H 0.275681 2.163625 -0.022975 
H -2.197283 2.158530 0.005385 
H -2.198681 -2.157894 0.005136 
H 0.273277 -2.165339 -0.022745 
Si 2.352728 0.000106 0.006456 
H 2.880294 -0.101038 1.400864 
H 2.872082 -1.164757 -0.768541 
H 2.859381 1.268294 -0.594546 
H -3.449255 0.000799 0.019730 
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