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Silica can take many forms, and its interaction with water can change dramatically at the interface.
Silica based systems offer a rich tapestry to probe the confinement of water as size and volume can
be controlled by various templating strategies and synthetic procedures. To this end, microporous
silica nanoparticles have been developed by a reverse microemulsion method utilizing zinc
nanoclusters encapsulated hydroxyl-terminated polyamidoamine (PAMAM-OH) dendrimers as a
soft template and made tunable within the outer diameter range of 20-50 nm with a core mesopore
of 2-15 nm. Synthesized nanoparticles were used to study the effects of surface area and microporous
volumes on the vibrational spectroscopy of water. These spectra reveal contributions from bulk in-
terfacial/interparticle water, ice-like surface water, liquid-like water, and hydrated silica surfaces
suggesting that microporous silica nanoparticles allow a way to probe silica water interactions at the

molecular scale.

1. Introduction

Water and silica are two molecular systems,
whose interactions manifest on geological time-
scales in rock and clay in the Earth crust geo-
sphere, chemical formulations of tablets for drug
delivery, concrete, lubricants, and in thermal heat
transfer systems, amongst many others.! Silica
water interactions can lead to the formation of as-
trochemical grains,> where it is postulated, that
the first organic compounds were processed. Sil-
ica can take many forms and its interaction with
water can change dramatically. In addition, it ap-
pears that water confined by solid walls to spaces
smaller than a few nanometers begin to exhibit
effects including delocalization and quantum co-
herence.® These properties are strikingly differ-
ent from those of bulk water and can influence
the resulting physical and chemical behavior. For
instance, it has been suggested more than a dec-
ade ago that water moves through nanoscale
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pores, orders of magnitude faster than through
larger pores.* Confinement organized the water
network to behave differently by lowering the
chemical potential and local electric fields can
also influence water’s orientation to the pore
walls. The properties of water can also be influ-
enced dramatically at the interface when walls
and pores reach molecular dimensions. When
water has been confined in more regular systems
such as SBA-15 and MCM-415, it appears that
the water dynamics is not influenced by surface
interactions, as compared to more irregular sys-
tems such as silica gels and vycor glass. How-
ever, to date, there have been very few studies of
probing confinement of water with silica systems
of tunable size®!!.

The use of colloidal particles as hard templates
is perhaps the oldest strategy for formation of
hollow nanostructures and is still widely used to-
day. An extensive amount of research has gone
into the development of colloidal particles with
the specifications needed to act as good tem-
plates. Many different hard templates are used for
the creation of microporous (<2 nm pores) and



mesoporous (2-50 nm pores) silica nanospheres,
but the most commonly used are metal nanopar-
ticles'>'7, polystyrene nanospheres'®!?, and
solid silica or carbon nanospheres®’. Hard tem-
plate methods are probably the most commonly
used as they are easily formed and many are com-
mercially available. Since these pre-formed tem-
plates have a ridged molecular structure, they
tend to lead to nanostructures that are more mon-
odisperse than other methods. However, having
better control over polydispersity and morphol-
ogy comes at a price in the removal of the hard
template, which can be challenging and typically
involves either chemical etching or thermal cal-
cination (sintering) under high temperatures and
pressures requiring high energy and complicated
procedures. Additionally, limited template diver-
sity narrows the overall size range, which has
motivated researchers to focus on developing
other synthetic techniques in recent years.

Soft template methods have many advantages
over hard templates including simplified proce-
dures, more template diversity, and easy removal
of template after synthesis. Thus, microporous
and mesoporous silica nanosphere synthesis by a
soft template strategy is of rapidly growing inter-
est to researchers. There are many different soft
templates, but those commonly used in the syn-
thesis of microporous silica nanospheres involve
self-assembling template in an emulsion system.
These techniques involve the use of surfactant or
copolymers in their formation. A wide variety of
ionic or non-ionic surfactants and copolymers
can be utilized in this process. The diversity of
surfactants and copolymer systems has led to a
wide variety of organized structures including
micelles®' %", vesicles®® >, and ionic (lyotropic)
liquid crystals®!*#to be utilized as soft templates
in the synthesis of microporous and mesoporous
silica nanostructures, tailor made to suit individ-
ual research needs. These methods are often sim-
pler than those using hard templates, often ac-
complished by a one pot synthesis with the easy

removal of the template after the reaction. The
major disadvantage, however, is that the polydis-
persity and overall morphology of generated
nanostructures cannot be as carefully controlled
due to structural defects and the inherent dy-
namic nature of these soft templates.

Herein, we seek to develop a strategy to syn-
thesize a series of microporous silica nanoparti-
cles that can be tuned within the outer diameter
range of 20-50 nm with a core mesopore of 2-15
nm to study the effects of surface area and mi-
croporous volumes on water dynamics using
transmission Fourier-transform infrared spec-
troscopy (FTIR). To this end, a reverse micro-
emulsion method has been developed utilizing
zinc nanoclusters encapsulated PAMAM-OH
dendrimers as a soft template. These soft tem-
plates were selected for their standardized size
range and controllable metal packing to provide
careful control of the overall nanoparticle size
and the size of internal mesopores. The major
peaks analyzed via vibrational spectroscopy rep-
resent contributions from bulk interfacial/in-
terparticle water, ice-like surface water, liquid-
like water, and hydration of the silica surface to
give a complete picture of the water dynamics
within and without the individual silica nanopar-
ticle species.

2. Experimental Section
Materials, sources, and purity are detailed in the
ESI. Provided here are experimental procedures
for synthesis and characterization.

2.1 Preparation of Zinc Encapsulated X=4-7
Generation Hydroxyl Terminated Dendrimer
(Zn@Gx-OH) by varying generation: Different
dendrimer generations and Zinc concentrations
were utilized in this study to tune the sizes of in-
ternal mesopores (Supporting Information Figure
S1). The general method for the preparation of
Zn@Gx-OH was to add 1 mL of the appropriate
concentration of ZnSO4 solution in water to a
ImL solution of the appropriate concentration of
X™ generation hydroxyl terminated dendrimer in



water. Solutions were then mixed by slow shaker
for 20 min to allow for impregnation of zinc into
dendrimer before moving on to the silanization
step. Copper species have also been prepared in
the same way by substituting the same concen-
tration of CuSOj solution in water.

2.2 Preparation of Zinc Encapsulated 4" Gen-
eration Hydroxyl Terminated Dendrimer
(Zn@G4+-OH) by varying disperse phase com-
position: Changes to the composition of the sol-
vent was varied during preparation of zinc encap-
sulated 4™ generation hydroxyl terminated den-
drimer (Zn@Gs-OH) which allowed for further
tuning of the overall nanoparticle sizes and the
sizes of internal mesopores (Supporting Infor-
mation S1). The general method for the prepara-
tion of Zn@G4-OH was to add 1 mL of 21.6 mM
ZnSOg4 solution in water toa 1 mL 1.351 mM so-
lution of 4™ generation hydroxyl terminated den-
drimer in 1:1 water to either methanol, ethanol,
or 1-hexanol. Solutions were then mixed by slow
shaker for 20 min to allow for impregnation of
zinc into dendrimer before moving on to the si-
lanization step.

2.3 Synthesis of Zn@Gx-OH@SiO: (x=4-7) by
Reverse Microemulsion: In a typical silaniza-
tion step, 4.99 g IGEPAL CO-520 (~5 mL, 11.3
mmol) was dissolved via sonication in 85 mL cy-
clohexane making a 0.13 M solution. 2 mL of
prepared Zn@Gx-OH solution was then slowly
added to a stirring IGEPAL solution. The solu-
tion became cloudy and slowly turns transparent
showing that the reverse microemulsion had
formed. The mixture was stirred for 30 min and
then the appropriate amount of TEOS was added
for Zn@Gx-OH@Si0: (Supporting Information
S1). The mixture was stirred for 30 min then 400
uL of 5 M ammonia hydroxide was added. The
mixture was stirred at room temperature for 36 h.
5 mL Ethanol was then added to destabilize the
microemulsion. Suspension was then centrifuged
at 10000 rpm for 20 min, the supernatant was de-
canted, and the pellet washed in 15mL ethanol by

sonication. This washing process was repeated
thrice to remove surfactant. Nanoparticles were
redispersed in ethanol by sonication for template
and metal etching step.

2.4 Removal of Zinc and Dendrimer by Acid
Catalyzed Etching: To remove the zinc and the
dendrimer from the core of the formed mesopo-
rous silica nanoparticles, 19 mL of Zn@Gx-
OH@Si0> dispersed in ethanol was brought to
reflux. Then 1 mL of 3.7% HCI was added and
the system was allowed to reflux for 90 min. 15
mL D.I. H,O was added and the reaction mixture
was cooled to ambient temperature. The solution
was then centrifuged at 10000 rpm for 20 min,
the supernatant was decanted, and the pellet
washed in 15mL D.I. H>O by sonication. This
washing process was repeated thrice. Nanoparti-
cles were redispersed in 1:1 v/v ethanol:IPA by
sonication for storage and dropcasting.

2.5 Infrared Spectroscopy Data Collection:
All synthesized nanoparticles were analyzed by
FTIR using a Thermo Fisher Nicolet 6700 FTIR
Spectrometer run in transmission mode. For hy-
dration experiments, FTIR was utilized in con-
junction with a custom-built vapor cell to moni-
tor the adsorption and desorption of water vapor,
the design for which is illustrated in Supporting
Information Figure S2. The system used ZnSe
windows providing a spectral range of 4000-650
cm’! with a pathlength of 338 mm. For these ex-
periments, samples were dropcast on mirror fin-
ished Ge windows which were suspended at the
center of the cell attached to a Z-stage to make it
possible to adjust sample position to maximize
signal. Dropcast samples were created from sus-
pensions of silica nanoparticles in a 1:1 ratio of
EtOH to IPA. Both the cell and the sample cham-
ber of the FTIR were purged with dry N> at a flow
rate of 5 SCFH and 50 SCFH respectively and the
vapor cell could be reduced to 50 mTorr by using
a Pfeiffer pump station when required. Cell was
monitored for temperature using an Extech



EasyView 15 thermometer datalogger with a
thermocouple inserted directly into the sample
chamber near the Ge window. The percent rela-
tive humidity was first measured using a Vaisala
HMI41 humidity probe and later calculated by
using the water vapor peak at 3724 cm’! which
was found to give an accurate dependence on rel-
ative humidity. Maximum percent relative hu-
midity for all samples was found to be 50+5%.
To control the vapor pressure of the water enter-
ing the cell, the dried N2 was split between two
identical rotameters, each with a maximum flow
of 5 SCFH, one leading to a water bubbler and
one which bypassed the bubbler. These gas lines
were then recombined before reaching the vapor
cell to provide careful control of relative humid-
ity in the sample chamber. All spectra were rec-
orded using Thermo Fisher OMNIC 9 software
with 32 scans, 8 cm! resolution, and a laser fre-
quency of 15798.25 cm’!. The background for
subtraction was produced with 64 scans of the
original dry silica NPs immediately before the
addition of water vapor to the chamber.

2.6 Infrared Spectroscopy Analysis and Fit-
tings: All spectra were processed and analyzed
using Origin 9.1 and MS excel. To properly ana-
lyze the individual spectra, first the baseline for
each individual spectrum was normalized to zero
to account for drift over time. Next a hydration
series was taken of blank Ge under the same va-
por conditions as the samples. These spectra
were interpolated and used to suppress the con-
tribution of atmospheric water vapor in the cham-
ber that was not interacting with the samples. Fi-
nally, the whole spectral series was normalized
to the 3250 cm™! peak to more easily make com-
parisons between individual nanoparticle spe-
cies. The process of data manipulation can be
seen in Supporting Information Figure S3. Once
the spectra were finalized, the peaks of interest
were fit using CasaXPS.

2.7 Transmission Electron Microscopy: Bright
field and annular dark field TEM images,
STEM/EDS maps and STEM/EELS spectra were
acquired using a Jeol2100F microscope equipped
with an Oxford EDS spectrometer and a GATAN
Tridem EELS spectrometer. An accelerating
voltage of 200 kV was used for both the TEM,
STEM/EDS, and STEM/EELS. EELS resolution
was 1 eV, measured as FWHM of zero loss peak
in vacuum, and collection angle was 12 mrad.
High resolution SEM images were collected us-
ing a Zeiss Gemini Ultra-55 Analytical Field
Emission SEM with electron accelerating volt-
ages of 1 and 3 kV.

3. RESULTS AND DISCUSSION

3.1 Synthesis and Characterization of Silica
Nanoparticles

Two discreet series of metal encapsulated den-
drimer microporous silica nanoparticles were
created for this study, both through a reverse mi-
croemulsion method similar to that developed by
Lin et al 2015 %, as illustrated by Figure 1. For
the purposes of this paper, these individual nano-
particle species are denoted M@Gx-OH@S10>
where M=Zn or Cu and x=4, 5, 6, or 7 represent-
ing the generation of dendrimer used, which cor-
respond to approximate dendrimer diameters of
4.5,5.4, 6.7, or 8.1 nm respectively. Variations
of the dendrimer generation, metal packing
within the dendrimer, and the composition of the
dispersed phase of the reverse microemulsion
system, allowed for careful control of both the
overall particle size between 20-50 nm and more
importantly the sizes of the internal mesopores
between 2 nm and 15 nm. These variations in
sample preparation are tabulated in Supporting
Information S1. The final samples as well as sev-
eral of their intermediate steps were analyzed by
transmission electron microscopy (TEM) for
morphology, STEM/EDS or STEM/EELS for



chemical composition, and FTIR to study the ef-
fects of surface area and microporous volumes on
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4

the vibrational behavior of water within and
without the individual nanoparticle species.

Figure 1: Scheme for total synthesis of dendrimer encapsulated mesoporous silica NPs.
Step 1) Inoculation of dendrimer with metal ions, 2) Formation of reverse microemulsion
with disperse phase (blue) and continuous phase (orange), 3) Base catalyzed silica for-
mation, 4) Acid catalyzed etching of metal encapsulated dendrimers.

M@Gx-OH@Si02 nanoparticles were synthe-
sized starting with the encapsulation of various
concentrations of zinc or copper proportional to
the generation of PAMAM-OH dendrimer. The
preparation of metal encapsulated dendrimers
was accomplished by utilizing methods pio-
neered by Zhao et al. 1998 in their work on den-
drimer encapsulated Cu nanoclusters*. It was
found in this seminal work that Cu*" would coor-
dinate with the outermost tertiary amine groups
within each of the PAMAM-OH dendrimers, al-
lowing the generation of dendrimer to effectively
bind a proportional number of Cu** ions. Thus,
the generation 4, 5, 6, and 7 PAMAM-OH den-
drimers could effectively bind 16, 32, 64, and
128 Cu?" ions respectively due to this phenome-
non and demonstrated in this study (vide infra),
to work similarly with Zn?",

Copper encapsulated nanoparticles were ini-
tially useful for visualization however it was

found that the size of the internal mesopore after
etching could not be controlled and was inde-
pendent of metal packing whereas zinc led to the
formation of reproducible, size controlled meso-
pores forming the final silica nanoparticle series
necessary for this work. The enhanced ability of
zinc to produce these nanoparticles species was
possibly due to catalytic effects on either silica
nucleation, amide hydrolysis, or both*>. The con-
trast between the use of these two metals in the
context of silica nucleation is an interesting topic
for a future study but is beyond the scope of this
work. In both cases however, it was found that
metal inoculation was integral in the formation of
hollow nanoparticles, as empty dendrimers did
not result in any internal mesopores. After the in-
oculation of the desired metal ions, these M@ G-
OH dendrimers were encapsulated within mi-
croporous silica via the reverse microemulsion
technique to form M@Gx-OH@Si0> nanoparti-
cles (Figure 1). Figure 2A shows STEM/EDS



maps at Si K, N K, and Cu K lines, indicating an
encapsulation of the metal (Cu) and N based den-
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Figure 2: Figure shows (A) STEM/EDS phase maps for Cu encapsulated G4OH in mi-
croporous silica nanoparticles (NPs), (B) TEM picture of silica inorganic micelles after
removal of the metal and dendrimer with enlarged inset of single NP, and (C) FTIR spec-
tra of as-synthesized silica NPs before (purple) and after (red) the removal of Cu?" and
G4OH. Inset defines functional group variations at the silica surface.

it would not influence hydration experiments.
For the Cu@Gs-OH@Si10; nanoparticles, the in-
ternal mesopores were about 15 nm, shown in
Figure 2B, irrespective of the dendrimer genera-
tion (x=4-7) and was not used in further studies
as a diverse enough series could not be developed
for comparison. The vibrational spectra in Figure
2C shows an attenuation of amide I and amide II

bands at 1650 cm™ and 1590 cm™!, respectively,
and N-H stretch at 3300 cm™! after the acid treat-
ment, indicating the breakup and removal of den-
drimer.

High-angle annular dark-field (HAADF) im-
ages and STEM/EDS spectra of a cluster of na-
noparticles, taken before and after the acid treat-
ment, indicated the removal of zinc (Figure 3A



and B). Furthermore, the removal of both zinc  Si K edges showed no discernible changes to sil-
and dendrimer was locally confirmed on single  ica microstructure (Figure 3C). Importantly, this
nanoparticles by STEM/EELS spectra obtained  method produced sharply monodisperse

at N K and Zn L edges. STEM/EELS at O K and
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Figure 3: Figure shows (A) STEM/HAADF images for Zn encapsulated G4OH in mi-
croporous silica NPs before (purple) and after (red) etching, and (B) STEM/EDS spectra
of a collection of NPs, and (C) local STEM/EELS spectra taken from the centers of single
NPs. The same color code as in (A) applies to all spectra in (B and C).

Sample ID Overall Diameter Mesopore Diameter Ratio (OD/MD)
(OD) (nm) (MD) (nm)
Zn@G4+-OH@Si02 47.9 £3.5 15.0 £ 2.2 3.1
(Methanol / Water)
Zn@G4+-OH@Si02 44.6 £ 4.5 14.2 + 3.6 3.2
(Ethanol / Water)
Zn@G4+-OH@Si02 22.0£2.5 4.0 £0.9 5.6
(Hexanol / Water)
Zn@G4+-OH@SiO2 309+24 4.7+1.2 6.6
(Water)
Zn@Gs-OH@SiO2 30.2+2.4 2.7+£0.6 11.2
Zn@Ge-OH@Si02 29.5+2.3 2.3+0.5 13.0
Zn@G7-OH@SiO2 28.2 2.0 <1.5 >18.8

Table 1: Size measurements, as determined by TEM image analysis.

microporous silica nanospheres with six discrete  particle and internal mesopore sizes was deter-
internal mesopore sizes and one species without  mined by statistical analysis of TEM images
noticeable mesopores. Measurements for overall  (Supporting Information Figure S4). One species



displayed no visible mesopores thus suggesting a
continuous microporous structure of pores <1.5
nm which is below the resolution visible in both
bright field and annular dark field TEM images.
The average overall diameter (OD), internal mes-
opore diameter (MD), and the ratio between the
two (OD/MD) have been tabulated in Table 1.
Representative mesopore size histograms and
TEM pictures are shown in Figure 4. Mesopore
sizes between 4.7 nm and 2.2 nm were controlled
by increasing the dendrimer generation and cor-
responding metal packing for the Zn@Gx-
OH@Si0> (x=4-6) nanoparticles and <1.5 nm in
the case of Zn@G7-OH@Si02 nanoparticles, as
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Figure 4: Figure shows mesopore size
histograms of a select inorganic silica
micelles. Insets show single particle TEM
pictures for the corresponding micelles.

represented by Figure SA. It should also be noted
that hydrodynamic size of a 4™ generation den-
drimer is about 4 nm (as per manufacturer speci-
fications) which closely matches the measured
mesopores size, but no such correlation could be
drawn for the larger dendrimers suggesting that
zinc packing contributes more to morphological
changes. In addition to alterations in dendrimer
generation and metal packing, a second series of
samples was created utilizing modifications to
the dispersed phase of the reverse microemulsion
system. These changes to the dispersed phase

demonstrated a reproducible effect on the size of
the internal mesopore while also systematically
changing the overall nanoparticle size (Figure
5B). In this case, a 1:1 ratio of alcohol to water
was substituted for pure water as the dispersed
phase. Three different alcohols were used with
increasing hydrocarbon chain length of 1, 2, and
6 and an inverse relationship was observed be-
tween increasing chain length and both the in-
crease in overall nanoparticle size and the size of
the internal mesopore, as shown in Figure 5B. As
the pure water system displays size order near the
middle of the series, it is apparent that overall po-
larity of the dispersed phase plays less of a role
in the size evolution than stabilization effects of
the localized polarity of the alcohols themselves.
Two separate phenomena seem to govern the
overall nanoparticle size in this series. For the
short chain alcohols (methanol and ethanol)
which are miscible with the aqueous phase, the
alcohols likely stabilize the micelles created by
thesurfactants*®*’ leading to larger nanoparticles
while the longer chain alcohol (n-hexanol) acts
as a co-surfactant leading to smaller water drop-
let sizes, producing an overall reduction in nano-
particle size as seem in previous works 2>,
Lastly, the addition of methanol and ethanol to
the disperse phase makes the continuous oil
phase pre-saturated with ethanol. Thus, the etha-
nol produced during the hydrolysis of the silica
precursors must remain in the water phase, keep-
ing the reaction in the core from going to product.
These factors would make the shell less prone to
etching while the less condensed core can be eas-
ily removed leading to larger internal mesopores.
In the case of methanol and ethanol, it is reason-
able to assume that changes to the disperse phase
did not lower the packing density of the silica
shell which would have led to larger micropores
that would be obvious in TEM images. It is un-
clear however, whether the n- hexanol increases
packing density producing smaller micropores.



3.2 Probing Size Effects on the Vibrational Be-
havior of Water

Well-characterized silica nanoparticles were
dropcast onto mirror polished Ge windows form-
ing nanoparticle films. The film thickness across
the window varied from 10-20 pum as shown in
water with mesoporous silica can give rise to
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generation and metal packing and (B) dispersed phase of the reverse microemulsion

system.

spectral signatures in the IR which represent both
the hydrogen bonding of water and its connectiv-
ity to the surface. An early example of this was
the seminal sum frequency generation work per-
formed on the water/a-quartz interface where,
depending on pH, ice like features could be dis-
cerned on the interface.>* A molecular dynamics

study of water adsorbed on silica*® also identified
“ice-like” and “liquid-like” vibrational spectral
signatures confirming the earlier sum frequency
results. Similar results showing the evolution of
adsorbed water layers on silicon oxide surfaces
as a function of relative humidity was obtained



using attenuated total reflection (ATR) spectros-
copy.® Starting with ice like features at low hu-
midity, at around 30%, liquid water features were
discerned, and an adsorption Supporting Infor-
mation Figure S5 but had no noticeable effect on
the overall IR spectra as shown in Supporting In-
formation Figure S6. These films were used for
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the evaluation of water uptake on various synthe-
sized nanoparticle species as a function of mor-
phological changes. Figure 6A shows the FTIR
spectral series for all microporous silica nanopar-
ticles at a maximum relative humidity of ~50%
at 309K. It is readily apparent that the FTIR
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Figure 6: Figure shows (A) representative FTIR spectral series of the hydration of all
synthesized nanoparticle species, and (B) representative FTIR spectrum of the
vibrational energies of water as individually fit. (C) Plot of the vibrational stretching
regions of water, and the hydration of the surface silica, as they change as a function of
the ratio of outer to inner nanoparticle diameter. (D) A visual representation of the ratio

of the outer diameter to the internal mesopore diameter.

spectra were different particularly in the 2400-
3600 cm! region for the nanoparticles studied
here. The interaction of isotherm was obtained
via the changes in the OH stretching vibrational
peak positions and intensities.

To obtain a quantitative picture for the hydra-
tion of silica within and on the surface of the in-
dividual nanoparticle species, several regions of
the vibrational spectrum were examined and
compared. These regions included, the O-H

stretching band, from about 2600-3600 cm™, and
the silanol (Si-OH) and siloxane (Si-O) stretches
at 956 and 876 cm’!' respectively’. The O-H
stretching band was deconvoluted into four O-H
stretch peaks at 3624, 3450, 3250, and 3018 cm’
! to show how water’s interaction with silica
changes its vibrational spectra and hence phase.
The deconvolution of the O-H stretching band is
based on the fact that water molecules can make
up distinct H-bonding environments which cor-
respond to different water conformations and



phases in the bulk and at the silica surface. A rep-
resentative collection of the decomposed peaks is
shown in Figure 6B and more are shown in Sup-
porting Information Figure S7. Additionally, a
detailed list of peak assignments can be found in
Supporting Information Figure S8.

There are four major known conformations of
interfacial and confined water in silica micelles
which exhibit distinct IR absorption peaks: (1)
bulk interfacial/interparticle water at 3018 cm™! 8,
(2) ice-like surface water (first 3 water monolay-
ers) at 3241 cm™! %°, (3) bulk confined water at
3459 cm™ %9, and (4) vicinal SiO-H bonding, at
about 3624 cm™ on the silica surface’. For the
purpose of this analysis, the spectra were normal-
ized to the 3250 cm™! peak as depicted in Figure
6B. The peak fittings centered at 3018 and 3241
cm’! were constrained to isolate the change in the
peak centered at 3459 cm!. This isolation of the
3459 cm™! was used to rule out the effects of
slight changes in the surface area and interparti-
cle space to focus solely on the changes in the rise
in liquid-like water due to changes in the percent-
age of overall porous volume of the individual
species. Additional information was taken from
the silanol siloxane stretch at 956 cm™ which
forms an isosbestic point with the siloxane
stretch at 876 cm™! due to the hydration of the
bridged surficial siloxane bonds (Si-O-Si)’.

The fitted peak areas for 3459 and 956 cm’!
(Figure 6C) were plotted as a function of the ratio
between the average overall/outer diameter to the
internal mesopore diameter of each of the nano-
particles. This relationship between outer and in-
ter-diameter was selected to simultaneously
demonstrate the relationship of increasing porous
volume in the case of the 3459 cm™! peak and the
decrease in overall surface area of the 956 cm™
peak. It was determined that as the amount of
overall porous volume increased, the contribu-
tion of liquid-like water also increased and as ex-
pected, the decrease in overall surface area

demonstrated a decrease in hydration at the silica
surface. The major outlier in these trends was ob-
served in the case of Zn@Gs-OH@SiO:
(OD/MD = 5.6) prepared with 1:1 n-hexanol to
water as the disperse phase. This may signify that
the microporous structure has in fact been altered
as discussed.

The steady rise in liquid-like water at 3459
cm™ while the contribution of ice-like (3241
cm™) and silica-water interactions (3018 cm™)
remain consistent at maximum hydration would
suggest that the initial ice-like layer is formed on
the silica surface, followed by the formation of
interfacial layers (as suggested by Asay and
Kim®), which reach a saturation point and re-
mains constant, leading to a liquid-like layer that
can develop just from gas phase water uptake rel-
ative to available microporous volumes. These
findings suggest that most of the dynamics are
occurring within the microporous volume of the
nanoparticles.

In other studies, Musat et al.'® used ultrafast IR
pump probe spectroscopy to probe fully hydrated
controlled pore glasses (CPC). They found an in-
crease in the lifetime of OH vibration and a blue
shift in the frequency spectrum as the size of the
pore decreased, suggesting slower rotational dy-
namics with increased confinement. Huang et al.®
performed Raman spectroscopy on hydration of
Vycor glass (6.9 nm average diameter), and ob-
served a new peak at 3590 cm™!, multimeric water
forms on the inner surface of mesoporous hydro-
philic materials, and a small confinement effect
(water pool less than 4 nm) conceals interfacial
effects. Le Caer et al.!! used attenuated total re-
flectance on water confined on CPC and sug-
gested that there is substantial perturbation of the
hydrogen bond network even with these fairly
large dimensions. Using a core-shell model, they
came to the surprising conclusion that an interfa-
cial water layer of 3, 12, 13 and 30 nm form for



pores with diameters of 8, 25, 55 and 320 nm re-
spectively. Also an analysis of the connectivity
band between 30-350 cm™! suggested that the wa-
ter network becomes more organized upon con-
finement. Very recently, an anomalously low di-
electric constant was measured for water sand-
wiched between two atomically flat walls sepa-
rated between 1-100 nm.*! The authors invoked
a layered structure for water near a solid surface,
reminiscent of that observed here and by other
experimental groups to explain these results.

Here we posit, that our synthetic method of
generating tunable microporous silica nanoparti-
cles with a tunable mesoporous core and per-
forming vibrational studies with them provides a
new way to probe the dynamics of interfacial and
confined water on silica systems. Future work
with these nanoparticles includes performing
temperature and humidity dependent measure-
ments using attenuated total reflectance and te-
rahertz spectroscopy where nanoparticle thin
films lend themselves well for such studies. To
clearly distinguish between the microporous
shells and interior mesopore, as well as intra-par-
ticle surface regions and inter-particle space, syn-
chrotron based nano-infrared spectroscopy** will
be employed to study our inorganic micelles dur-
ing hydration and dehydration. Another approach
would be to use synchrotron based X-ray photo-
electron spectroscopy of nanoparticles to probe
the local electronic structure of both the silica and
water confined within the pores***. Functionali-
zation of these silica nanoparticles will also allow
one to tune the wetting properties of the surfaces
to provide a gradient between hydrophobic and
hydrophilic interactions between water and these
sufaces.* Beyond probing confinement, these
nanoparticles could also be used to probe evapo-
ration and condensation from surfaces, dynamics
at the solid liquid vapor interface (SLV), a topic
of much interest in thermal science.*** The
complex chemical and structural properties of the
SLV interface under non-equilibrium conditions

make molecular level modeling and experimen-
tation very challenging. Ata SLV interface, there
i1s a transition from strong ionic and covalent
bonds to weaker van der Waals and hydrogen
bonds, which governs thermal and mass transport
at the interface. We suggest that synthesized na-
noparticles coupled with vibrational spectros-
copy could be a way forward to directly probe
these interfaces.

4. CONCLUSION

Silica nanoparticles with controlled overall
sizes and internal mesoporous volumes were
generated by using a metal loaded dendrimer-
template silica nucleation and growth strategy.
Two discreet series of metal encapsulated den-
drimer mesoporous silica nanoparticles have
been created by utilizing (1) variations to the den-
drimer generation, and metal packing, and (2) the
composition of the dispersed phase of the reverse
microemulsion system. These modifications al-
lowed for careful control of both the overall par-
ticle size between 20-50 nm and the sizes of the
internal mesopores between 2 nm and 15 nm.
Control of the size of the internal mesopore and
overall nanoparticle size has been attributed to
three contributing factors, (1) the different
amounts of metal (Zn) ions that can bind within
the dendrimers, (2) the different internal pore
volumes of various dendrimer generations, and
(3) variations in the packing arrangements of var-
ious dendrimer generations and aqueous droplet
(micelle) size in the microemulsion. These fac-
tors can be explained by three different observa-
tions, (1) dendrimers complexed with Cu ions
produced much larger mesopores, (2) empty den-
drimers did not produce any mesopores at all, and
(3) distinct morphological changes were obtained
through variations to the dispersed phase effect-
ing the packing density of the dendrimers, silica
nucleation, and the size of the aqueous droplet in
the microemulsion. Finally, these nanoparticles
were dropcast as thin films and water uptake on



them were performed with FTIR. Distinct spec-
tral features revealed signatures of liquid, inter-
facial and ice-like water which were correlated to
mesoporous vs microporous structures within
these nanoparticles.
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Materials: Polyoxyethylene (5) nonylphenylether (IGEPAL CO-520), cyclohexane (HPLC,
>99.7%), anhydrous ethanol (>99.5%), methanol (HPLC, >99.9%), 1-hexanol (98%), Zinc sulfate
heptahydrate (ZnSO4 - 7H20, >99.9%), Copper(Il) sulfate pentahydrate (CuSO4 - SH20, >99.9%),
tetracthylorthosilane (TEOS, >99.9%), Ammonia Hydroxide (NH4OH, 5M), Hydrochloric Acid (37%)
were purchased from Sigma-Aldrich, hydroxyl-terminated polyamidoamine dendrimer Gx-OH
PAMAM (x=4-7) in water were purchased from Dendritech. Ultrapure deionized (D.I.) water was
generated using a Millipore Milli-Q plus system. All reagents were used as received without further
purification.

Overall | Mesopore Ratio |Dendrimer Dendrimer | Metal TEOS
Sample ID Diameter | Diameter (OD/MD) |Generation Molarity | Molarity | Amount
(OD) (nm) | (MD) (nm) (mM) (mM) (mL)
In@G+OH@SIO: | g, 35 | 15022 3.1 4 1.342 21.5 248
(ethanol/water)
In@GOH@SIO | ) o 45 | 142236 3.2 4 1.342 21.5 248
(methanol/water)
In@G+OH@SIO: | o) .55 | 40209 5.6 4 1.342 21.5 248
(hexanol/water)
In@G+OH@SIO: | 359,54 | 47512 6.6 4 1.342 21.5 248
(water)
In@Gs-OH@Si0, | 30.2+2.4 | 2.7£0.6 11.2 5 1.342 43.0 248
In@GsOH@Si0, | 29.5+2.3 | 2.3+0.5 13 6 0.776 49.7 319
Zn@G-,-OH@Si0, | 28.2+2.0 <1.5 >20 7 0.557 71.3 237
All Solutions Contain:
IGEPAL CO-520 10mL
Cyclohexane 170mL
NH,OH 0.8mL
Total Volume ~185mL

Figure S1: Synthetic overview to produce individually silica nanoparticle species.




FTIR-Vapor Cell System

Dry N,
N,
VAC X
1
~N
MCT Detector 1 I r - Nicolet 6700
4 I L FTIR spectrometer

O

Humidity Sensor

Figure S2: Diagram of transmission FTIR vapor cell setup used to analyze synthesized
silica nanoparticles.
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Figure S3: Spectral series for Zn@G4-OH@SiO2 show data processing steps with (A) raw
spectra, (B) baseline normalized, (C) atmospheric water vapor subtracted, (D)
normalized to the 3250cm! peak, (E) hydration series of blank Ge under the same vapor
conditions, and (F) final fitted spectra of Zn@G4-OH@SiO: at maximum hydration at

309K.



Figure S4: TEM images used for statistical analysis of overall particle and internal
mesopore sizes for (A) Zn@Gs+-OH@SiO02 (water), (B) Zn@G7-OH@Si02, (C) Zn@Gs-
OH@SiO:? (ethanol/water), and (D) Zn@G4+-OH@SiO2 (hexanol/water).
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Figure S5: SEM images showing typical packing and film thickness using the example of
Zn@G4+-OH@SiOx2.
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Figure S6: Figure shows the lack of variation in FTIR spectrum due to changes in film
thickness (red thinnest ~10 pm to green thickest ~30 pm). Top four spectrum are raw and
bottom four normalized to 3250 cm™! peak.
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Figure S7: Representative FTIR spectral series and peak fittings with residuals showing
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Figure S8: Wavenumber assignments for dry silica nanoparticles and silica hydration.
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Figure S9: Batch comparison of Zn@G+-OH@SiO2 at maximum hydration of ~50%
relative humidity and at 309K, showing consistency in measurements between batches.
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