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Abstract:

Deep penetration of high energy photons by direct irradiation is often not feasible due to absorption
and scattering losses, which are generally exacerbated as photon energy increases. Precise
generation of high energy photons beneath a surface can circumvent these losses and significantly
transform optically controlled processes like photocatalysis or 3D printing. Using triplet-triplet
annihilation upconversion (TTA-UC), a nonlinear process, we can locally convert two
transmissive low energy photons into one high energy photon. We recently demonstrated the use
of nanocapsules for high energy photon generation at depth, with durability within a variety of
chemical environments due to the formation of a dense, protective silica shell that prevents content
leakage and nanocapsule aggregation. Here, we show the importance of the feed concentrations of
the tetraethylorthosilicate monomer (TEOS) and the poly(ethyleneglycol) (PEG) ligand used to
synthesize these nanocapsules using spectroscopic and microscopy characterizations. At optimal
TEOS and PEG-silane concentrations, minimal nanocapsule leakage can be obtained which
maximizes UC photoluminescence. We also spectroscopically study the origin of inefficient
upconversion from UCNCs made using sub-optimal conditions to probe how TEOS and PEG-
silane concentrations impact the equilibrium between productive shell growth and side product
formation, like amorphous silica. Furthermore, this optimized fabrication protocol can be applied
to encapsulate multiple TTA-UC systems and other emissive dyes to generate anti-Stokes or
Stokes shifted emission, respectively. These results show that simple synthetic controls can be
tuned to obtain robust, well-dispersed, bright upconverting nanoparticles for subsequent
integration in optically controlled technologies.
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Main Text:

All-optical control of photoresponsive materials can transform disparate fields such as
photocatalysis, optogenetics, additive manufacturing, and more.!”7 Yet in each of these scenarios,
it can be challenging to provide the high energy photons typically required for manipulating
photochemistry, because these photons do not typically penetrate more than a few microns beyond
the surface of a material due to scattering and absorption losses.® Two tactics are generally
employed to overcome this barrier: engineering photoresponsive materials to absorb lower, more
deeply penetrating wavelengths,’~!2 or generating the requisite high energy light locally using a
nonlinear process.!*!5 Incredible gains have been made in designing low energy absorbing
molecules, yet engineering photoresponsive materials can unpredictably alter other properties.!-16
On the other hand, using a nonlinear process can allow for precise high energy photon generation
at depth.!7-2!

One such nonlinear process, triplet-triplet annihilation upconversion (TTA-UC), exploits excitonic
states in organic semiconductors to convert two low energy photons into one high energy photon
(anti-Stokes shift).!320 Briefly, a sensitizer (typically a metalated porphyrin!!7) absorbs low
energy photons, whose energy is transferred to annihilator molecules (often acenes!>!7) via triplet
energy transfer. Two annihilator triplets can fuse by means of triplet-triplet annihilation (TTA) to
form an excited singlet exciton.?>2* When an excited singlet is formed, it can radiatively decay,
emitting a higher energy photon relative to the input light (Fig. 1A). TTA-UC has been widely
studied, especially in recent years, and there are many sensitizer/annihilator pairs that can
efficiently generate upconverted emission under relatively low irradiation power densities,
imparting enormous flexibility in input and output wavelength selection.!7:19-20.25-27

TTA-UC has been a particularly active research area for a variety of solution-state applications,
including photocatalysis,”® biological applications,>®3! and additive manufacturing.3?-34
Integrating TTA-UC materials into a larger-scale application can be challenging, especially
because high concentrations of upconversion materials are required to efficiently generate
upconverted photons. These high concentrations can introduce other intrinsic energetic challenges
and extrinsic challenges.!”192025-27 For instance, in solution, the requisite concentrations for
efficient TTA-UC leads to significant light attenuation at the surface, even though low energy
photons are used. Additionally, commonly used sensitizers and annihilators are typically
hydrophobic, limiting solubility to non-polar environments. One extremely successful motif to
overcome these challenges has been to encapsulate materials inside of nanoparticles, such as
liposomes,*37 polymer-coated nanodroplets,’® 4> and silica-coated nanoparticles.’>*-47 This
allows for the TTA-UC materials to be highly concentrated within the nanoparticle, but the
nanoparticle concentration can be tuned such that the low energy light can penetrate sufficiently
beyond the surface and deliver ample upconverted photons.

When selecting a nanoparticle system, the deployment context must be considered to leverage
specific optical and material properties. For instance, polymeric micelles are typically dispersed
in aqueous environments,*¥-42 as the micelles will disassemble and release their contents in other
non-polar solvents.3? Recently, we engineered silica-coated nanoparticles containing upconversion
materials in an oleic acid core for successful dispersion in a variety of polar and non-polar solvents
(Fig. 1B, Fig. S1).3247 The silica shell protects the structural integrity of the oleic acid core and its
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upconverting payload even in solvents where the core is miscible (Fig. 1C), and 10,000 g/mol
methoxy PEG-silane (PEG-silane) ligands introduce steric bulk, improving nanoparticle solubility
and preventing irreversible nanoparticle aggregation and fusion that occurs within an hour.??

In this study, we examine the reaction dynamics surrounding the formation of the critically
important silica shell. Specifically, we show the shell formation is sensitive to the concentration
of two key precursors: tetraethyl orthosilicate (TEOS) and PEG-silane. We identify concentration
regimes that lead to the formation of capsules with durable shells, and concentration regimes that
lead to the formation of thin, leaky shells or to significant aggregation and the relationship of these
regimes to the upconverted light output (Fig. 1D). We highlight a useful method to assess the
nanocapsule durability spectroscopically before full reaction purification, saving time and
resources during the rapid prototyping process. Finally, we encapsulate multiple upconversion
systems and hydrophobic dyes using the optimized nanocapsule fabrication protocol,
demonstrating the protocol’s versatility. These findings support the development and deployment
of nanocapsules for various applications that require durable encapsulation of hydrophobic
payloads.

A A
iSen” (2) ~
1

Energy

3An" 3Sen”
(1)
(5)§
phosphorescence

v ® (4)
1
1
(1) (6)1 E
4
B iy OEt

3fen* | 3Tar 1 3 A
energy loss from
OEt

1
g Z “g;-OEt EO-Si— OEt
. sensitizer Oa. Dissolve in oleic acid éEl OFEt
il et
’ annih“ator b. H.0, vigorous Dropwise Addition H H OEt
blending MMO%NENW?}I&?E‘
nanodroplet nanodroplet silica shell
formation stabilization growth nanocapsu/@

D :

A
¢
)
635 nm laser
beam

®PdTPTBP € TIPS-an

Thin Shells Durable Shells

Figure 1: A) A schematic of the triplet-triplet annihilation upconversion mechanism which
involves 1) the absorption of two low energy photons (red arrows) by two sensitizer molecules,
which are excited to their singlet excited states ('Sen*) and 2) intersystem crossing to their triplet
excited states (3Sen*). These excited sensitizer triplets then 3) transfer their energy to two ground
state annihilator molecules by means of a Dexter triplet energy transfer. This excites annihilator

Aggregation
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molecules to their triplet states (*An*) and the sensitizers return to their ground states. Two
annihilators in their triplet states can undergo 4) triplet-triplet annihilation, resulting in one ground
state annihilator and one singlet annihilator ('An*) which 5) can emit one higher energy photon
(anti-Stokes shift, blue arrow) with an energy of less than 2 x 3Sen*. 6) Sensitizer triplets can also
phosphoresce to the ground state. This loss pathway is emphasized with a yellow box. Sen =
sensitizer molecule, An = annihilator molecule, Sen* or An* = excited state, !Sen or ' An = singlet,
3Sen or 3An = triplet. B) A summary of the upconversion nanocapsule fabrication. Sensitizer and
annihilators are dissolved in oleic acid. Oleic acid nanodroplets are formed via vigorous blending
and stabilized with (3-aminopropyl)triethoxysilane. Tetraethyl orthosilicate and PEG-silane are
added to grow a dense silica shell. This schematic was edited with permission from Ref.32. C) The
chemical structures of the sensitizer (PdTPTBP, palladium (II) meso-tetraphenyl
tetrabenzoporphine) and annihilator (TIPS-an, 9,10-bis[(triisopropylsilyl)ethynyl]anthracene)
used throughout this work. D) A cartoon depiction of upconversion nanocapsules dispersed in
acetone and irradiated with a 635 nm laser and the resulting relative intensities of phosphorescence
(red) or upconverted emission (blue). From left to right: upconversion nanocapsules with thin
shells, with aggregated species (nanocapsules and/or high molecular weight, amorphous silica),
and durable shells. The gray wavy lines depict high molecular weight, amorphous silica that is not
associated with the nanocapsule silica shell but is generated during the nanocapsule fabrication.

We fabricated upconversion nanocapsules containing palladium (II) meso-tetraphenyl
tetrabenzoporphine (PATPTBP) and 9,10-bis[(triisopropylsilyl)ethynyl]anthracene (TIPS-an), a
well-established red-to-blue upconversion system3>4® (Materials and Methods, Table S1, Table
S2). We prepared nanocapsules using a 20 mL scale reaction (Materials and Methods), but we
emphasize that we have found this preparation to be scalable without adjustment of the relative
feedstock ratios (i.e., 20 mL to 200 mL).%” The optical densities of the oleic acid stock solutions
utilized to make PATPTBP/TIPS-an nanocapsules are identical (i.e., the total quantity of sensitizer
and annihilator added to make nanocapsules are equivalent). To study the ensemble nanocapsule
quality as a function of feedstock, we strategically analyzed small aliquots from the crude reactions
and quantified the upconverted emission relative to the phosphorescence of the sensitizer,
PdTPTBP. Monitoring the upconversion and phosphorescence emission (under 635 nm excitation)
provides constructive insights due to the quadratic nature of TTA-UC: upconverted emission is
observed when the sensitizer and annihilator are contained within the nanocapsules, as the
concentrations within each nanocapsule is high enough for efficient energy transfer, leading to
bright blue upconverted emission. By diluting the reaction aliquot by 100x v/v in acetone, we can
be confident that the sensitizer and annihilator concentrations are extremely low. Therefore, if the
silica shell has not sufficiently encapsulated the oleic acid nanodroplet, the oleic acid and its
contents will dissolve in acetone and sensitizer phosphorescence will be observed due to inefficient
triplet energy transfer from the sensitizer to the annihilator (Fig. 1D). In contrast, direct excitation
to monitor the annihilator fluorescence (Stokes shift) can provide less information regarding the
presence of the encapsulated versus free-floating materials without further reaction purification
due to the annihilator’s high photoluminescent quantum yield.*® Of course, not all oleic acid
nanodroplets in a given batch possess silica shells with the same durability, as the shell growth
relies on numerous substitution reactions in a step-growth fashion (Figure S1),4-! but overall,
the ratio of UC emission and phosphorescence provides a rapid and simple method to assess the
majority quality of the nanocapsules. Since we have previously observed bright upconverted
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emission from nanocapsules dispersed in a variety of organic solvents,* we select acetone as a
cost-effective, simple proxy to predict durability in other organic solvents or other complex
environments, such as a 3D printing resin.

First, we investigated the effects of TEOS loading on nanocapsule formation, and find the TEOS
concentration has significant impacts on nanocapsule durability and UC light output. Upon
irradiation with 635 nm at extremely low TEOS loadings (0-0.8 mL), only sensitizer
phosphorescence is observed both by eye (Fig. 2A-B) as well as spectroscopically (Fig. 3A, Table
S3), signifying a considerable population of these nanocapsules release their contents in acetone.
Still, the presence of some durable nanocapsules at low TEOS loadings is confirmed by dynamic
light scattering (DLS). When as little as 0.4 mL TEOS is used during fabrication, a small fraction
of intact nanocapsules is present when the DLS sample is diluted in acetone, even though UC
emission is not observed (Table S4, Fig. S2). Since no UC emission is observed, it can be inferred
that the nanocapsule concentration is much lower compared to samples where bright upconverted
emission is observed under the same conditions.

Increasing TEOS >

04mL 08mL 1.6mL 3.0mL 4.0mL
04g9 04g 04g 049 049

Increasing PEG-silane >

3.0mL 3.0mL 30mL 3.0mL 3.0mL
01g 02g 049 08g 12¢g

Figure 2: A-I) Photographs of upconversion nanocapsules synthesized with varying quantities of
tetraethyl orthosilicate and PEG-silane on a 20 mL scale. Crude reaction aliquots were diluted
100x in acetone, irradiated with a 635 nm laser over a pathlength of 10 mm at 66 W ¢m™, and
imaged through a 600 nm shortpass filter. Panel D is repeated in panel H for continuity within the
increasing PEG-silane series.
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Figure 3: A-C) The upconversion photoluminescence spectra of the upconversion nanocapsule
samples depicted in Fig. 2, grouped by the ratio of UC emission at 474 nm: sensitizer
phosphorescence at 800 nm (A = UC emission:phosphorescence < 0.5, B = 0.5 < UC
emission:phosphorescence < 3, and C = UC emission:phosphorescence > 3). TIPS-an
upconversion emission is observed from 450-550 nm and PATPTBP phosphorescence is observed
from 750-850 nm. The peak centered at 635 nm originates from laser scatter. Note that the y-axes
are scaled differently in each panel. D) Correlating TEOS and PEG-silane loadings to the ratio of
UC emission to sensitizer phosphorescence presented in panels A-C and Table S3.

At moderate TEOS loadings (1.6-3.0 mL), bright upconversion emission is easily observed by eye
(Fig. 2C-D). With 3.0 mL TEOS, the observed UC photons are approximately double those
observed when 1.6 mL TEOS is added (Fig. 3B-C, Table S3). We estimate the TEOS volume
consumed to make nanocapsule shells is roughly on the order of 1 mL at this scale (Table S5).
Since some TEOS is consumed in nanocapsule growth and some is consumed to produce high
molecular weight silica, it is reasonable that at TEOS loadings of approximately 1 mL, a decent
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population of stable nanocapsules can successfully form which results in bright upconverted
emission. Beyond 3.0 mL of TEOS, upconverted emission is still observed, but there is also
significantly increased optical scatter likely due to aggregated nanocapsules and large molecular
weight silica (Fig. 2E, Fig. 3A, Table S3). Thus, the TEOS loading plays a crucial role in outcome
of two competing processes: silica growth from the nanocapsule surface and silica growth to
produce large molecular weight species. This aligns well with the well-established knowledge that
the kinetics of silica growth in solution are extremely sensitive to the ratio of water/TEOS, pH,
and temperature.*-3!

Varying the PEG-silane loading provides further insight on the nanocapsule shell formation. At
low PEG-silane loadings (<0.4 g), only modest upconversion signals are observed (Fig. 2F-G,
Fig. 3B-C) and significant scatter is evident by eye. This was an expected result, because we have
previously shown the PEG-silane’s steric bulk is crucial to prevent high molecular weight species
from forming within 10s of minutes and irreversibly precipitating.3> However, at loadings beyond
0.4 g, the upconverted emission was unexpectedly dim (Fig. 2I-J, Fig. 3B), even though the
concentration of silane does not substantially change with an increase in polymer loading. The
cartoon depiction of nanocapsule shell growth in Fig. S1 ignores the contributions of oligomeric
species and cyclic species that contribute to silica growth, but these species likely play a significant
role in the silica shell formation. We hypothesize that at PEG-silane loadings beyond 0.4 g, the
population of oligomeric species that can graft onto a nanocapsule shell is reduced due to the
polymer’s steric bulk, ultimately reducing the population of durable nanocapsules as observed in
Fig. 21-J.

Throughout this nanocapsule fabrication, we found quantifying the ratio of UC emission to
PATPTBP phosphorescence to be a useful metric to select the champion fabrication conditions that
maximizes UC emission and minimizes sensitizer phosphorescence (Fig. 3D, Table S3). By
examining the ratio of these two quantities, light scattering impacts are also considered, most
useful for categorizing the most highly scattering samples (i.e., Fig. 2I). The ratio of UC emission
to phosphorescence changes dramatically as a function of TEOS and PEG-silane feeds. For
instance, as the TEOS loading increases from 1.6 mL to 3.0 mL at a constant PEG-silane feed
mass, the ratio of upconverted emission to phosphorescence emission nearly doubles, increasing
from ~2:1 to 4:1. In contrast, the ratio of upconverted emission to sensitizer phosphorescence in
the oleic acid solution used to prepare the nanocapsules is ~3:1 (Fig. S3). This emphasizes the
heterogeneous nature of the contents of the upconversion nanocapsules, where solutes are not
equally dispersed among all nanodroplets,’>>* and the corresponding differences in observed
optical properties resulting from changes in local sensitizer and annihilator concentrations.

These trends are also confirmed after the isolation of upconversion nanocapsules by centrifugation
(Fig. S4), where high molecular weight species are removed. This is achieved with two
centrifugations. First, high molecular weight species are removed by discarding the precipitated
solid after a 1-hour spin. Then, the supernatant is further centrifuged over 12-14 hours to isolate a
paste comprised of water and nanocapsules, which is further diluted in water and acetone. In
contrast to the spectra presented Fig. 3, upconverted emission was observed in all samples after
>12 hours of centrifugation. Samples prepared with either 1.6 or 3.0 mL TEOS with 0.4 g PEG-
silane provided the highest density of durable, isolable upconversion nanocapsules. All other
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isolated samples confirm the findings presented in Figs. 2-3: a significantly smaller population of
durable nanocapsules were produced outside of these optimal conditions.

DLS of the reaction crude diluted in water allowed for us to probe the average hydrodynamic
diameters of the nanocapsules formed over the course of the reaction (species >220 nm were
removed before measurement using a syringe filter). The average hydrodynamic diameters of the
nanocapsules were ~80-95 nm on average except for samples containing <0.4 g PEG-silane (Table
S6, Fig. S5). For both samples with <0.4 g PEG-silane, the average diameters were 110-150 nm,
signifying nanocapsule fusion is occurring without the steric bulk provided by the PEG ligand. We
note that free-floating PEG-silane is not detectible in solution, as the hydrodynamic diameter of
the free-floating polymer is <5 nm (Table S7).

Nanocapsule morphology was also characterized by atomic force microscopy (AFM). While we
have previously used scanning electron microscopy for imaging, working under ambient pressures
is advantageous to collect multiple measurements without observing nanocapsule fusion.4’
Representative AFM scans and size distribution statistics are presented in Figs. 4-5. Surprisingly,
the nanocapsules appear anisotropic by AFM (i.e., larger in diameter than in height), but this may
be an artifact of the nanocapsules fusing to the glass substrate’s silica surface. For simplicity, we
will discuss the apparent diameters, knowing they are possibly a slight overestimate.
Hydrodynamic diameters estimated by DLS are also shown in Fig. 5.

By AFM, the nanocapsules are relatively small in samples with <1.6 mL TEOS and 0.4 g PEG-
silane (~60 nm; Fig. 4A-B and Fig. SA-B) compared to samples containing more durable capsules
(~85-100 nm; Fig. 4C-D and Fig. 5C-D). All DLS measurements fall within one standard
deviation of the AFM measurements signifying decent agreement among measurement techniques.
The average nanocapsule diameters are similar in other samples (Fig. 4E-F and Fig. SE-F). In all
samples, evidence of amorphous silica is observed (emphasized in Fig. 4E). While one cannot
make direct comparisons on the concentration of amorphous silica from sample to sample by AFM,
we note samples for Fig. 4A-B had to be further diluted before measurements (Materials and
Methods) due to particle aggregation which may be facilitated by the amorphous silica. All in all,
AFM provides important insights on the morphology as function of TEOS and PEG-silane loading.
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Figure 4: A-F) Representative Atomic Force Microscopy (AFM) of upconversion nanocapsules
synthesized with varying quantities of tetraethyl orthosilicate and PEG-silane. The scale bar
represents 100 nm. The colored boxes around each panel correspond to the color scheme presented
in Fig. 3 (A,B,E = red = UC emission:phosphorescence < 0.5, C,F = teal = 0.5 < UC
emission:phosphorescence < 3, and D = blue = UC emission:phosphorescence > 3). In panel E,
the white circle emphasizes the presence of amorphous silica.
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Figure 5: Histograms of the extracted nanocapsule diameters from AFM measurements. The solid
vertical line and gray box represents the average nanocapsule diameter and the standard deviation
respectively (A= 66 + 26 nm, B=62 + 29 nm, C=84 £37 nm, D =97 + 20 nm, E=91 %+ 13, F=
97 £ 36 nm). The dashed vertical line represents the average nanocapsule hydrodynamic diameter
as determined by DLS (Table S6). The standard deviations for the DLS measurements are not
shown graphically because they are similar in magnitude to the thickness of the dashed vertical

line.

Finally, this optimized synthetic process using 3.0 mL TEOS and 0.4 g PEG-silane is not limited
to encapsulating only TIPS-an and PdTPTBP. We successfully encapsulated tetra-tert-
butylperylene (TTBP) and 9,10-bis(phenylethynyl)anthracene (BPEA) with PATPTBP, as well as
BrDPA (2-bromo-9,10-diphenylanthracene) with PtOEP (platinum (II) octaethylporphyrin) for
green-to-violet upconversion nanocapsules (Fig. 6). We selected BrDPA because its solubility in
oleic acid is much larger than the prototypical annihilator paired with PtOEP, 9,10-
diphenylanthracene, thus ensuring a larger population of nanocapsules contained adequate
annihilator.>* Nanocapsules containing PATPTBP/TTBP or PATPTBP/TIPS-an displayed similar
size distributions by DLS (Table S8, Fig. S6). Nanocapsules containing PtOEP/BrDPA or
PdTPTBP/BPEA were slightly larger on average with a larger polydispersity index compared to
nanocapsules prepared in the same fashion with PATPTBP/TIPS-an or PATPTBP/TTBP. While
still smaller than reported size distributions for other similar nanoparticles,*** it suggests that the
emulsification process can be moderately sensitive to the molecular identity of solutes in oleic
acid.

In addition to encapsulating materials for anti-Stokes emission, we also encapsulated commonly
used hydrophobic dyes for imaging using the Stokes emission (Fig. S7). Coumarin 30, Coumarin
153, BODIPY 505/515, and a diketopyrrolopyrrole (2,5-Bis(2-ethylhexyl)-3,6-di(furan-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione, DPP) were successfully encapsulated. The emission
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of Coumarin 30 and BODIPY 505/515 were similar in solution to what was observed from material
inside of the nanocapsules. Interestingly, a red shift in the emission is observed in nanocapsules
containing Coumarin 153, and DPP emission features broaden compared to the emission observed
from unencapsulated materials dissolved in THF or oleic acid, suggesting material aggregation
within nanocapsules. Again, there is variation in the observed nanocapsule average hydrodynamic
diameter (Table S9, Figure S8). Encapsulating hydrophobic dyes in nanocapsules allows for their
use in many types of environments without the need to synthesize new dyes with tailored
solubilities.

Predicting whether a molecule can be encapsulated in these nanoparticles is still underexplored.
The materials we successfully encapsulated encompass a wide parameter space with regard to
molecular motifs (i.e., acenes, metalated porphyrins, coumarins, BODIPY, DPP). Generally, we
find sensitizers and annihilators must be sufficiently soluble in oleic acid and insoluble in water
for effective nanoencapsulation. We quantified the partition coefficients of each material dissolved
in oleic acid. None of these materials partition into the water layer by UV-Vis spectroscopy (Fig.
S9). Still, this finding does not necessarily preclude the encapsulation of materials that are soluble
in both water and oleic acid.
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Figure 6: A) Chemical structures of sensitizers and annihilators encapsulated in nanocapsules. B)
Normalized upconversion emission of nanocapsules containing PtOEP/DPA (purple),
PAdTPTBP/TTBP (blue), or PATPTBP/BPEA (green). Nanocapsules were diluted in water and
acetone, and spectra were collected through either a 500 nm (sample with PtOEP) or a 600 nm
shortpass filter (samples with PATPTBP).

In conclusion, the fabrication of durable, bright upconversion nanocapsules is highly dependent
upon the TEOS and PEG-silane loadings during preparation. Outside of optimal loadings of 3.0
mL TEOS and 0.4 g PEG-silane on a 20 mL reaction scale, both the absolute upconverted emission
and the ratio of upconverted emission to phosphorescence decreases. The losses in the upconverted
emission originate from a combination of factors. At low TEOS feed volumes, silica shells are
relatively thin, resulting in leaky nanocapsules upon dispersion in acetone, a proxy for core-
solvating environments. At high TEOS or PEG-silane feed quantities, the formation of high
molecular weight silica significantly increases, which decreases the quantity of durable
nanocapsules. This fabrication protocol can be easily tailored to encapsulate different materials to
obtain anti-Stokes emission or Stokes emission, as long as the encapsulated molecules are
sufficiently soluble in oleic acid and insoluble in water. With a library of durable, optically
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responsive nanocapsules, we anticipate they can be used for a myriad of light-controlled
applications.
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