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Silica nanoparticles with a narrow particle size distribution and controlled diameters-@01dm are synthesized
via hydrolysis and hydrothermal aging of tetraethylorthosilicate in an aquetysine solution. Cryo-transmission

electron microscopy (cryo-TEM) reveals that the silica

nanoparticles assemble to form close-packed nanoparticle

crystals over short length scales on carbon-coated grids. Evaporative drying of the same sols results in nanoparticle
stability and remarkable long-range facile ordering of the silica nanoparticles over scales greateptmaiVi@reas
small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) discount the possibility of a core
(silica)—shell (lysine) structure, the possibility remains for lysine occlusion within the silica nanopatrticles and concomitant
hydrogen bonding effects driving self-assembly. Facile ordering of the silica nanoparticles into multilayer and monolayer
coatings over square-centimeter areas by evaporation-induced self-assembly is demonstrated using a novel dip-coating

device.

I. Introduction

Silica nanoparticles are desirable for applications including
membrane$;* colloidal lithography; core-shell nanoparticles
for cancer therapy and diagndsi¥’ and photonic applications,
drug and/or DNA delivery systeni3;*dye-doped nanoparticles
for ultrasensitive bioanalysi$, 1° tuned nanoparticle films as
antireflective and antifogging coating;24and building blocks

* Corresponding author. E-mail: tsapatsi@cems.umn.edu. Fax: 612-
626-7246.
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of colloidal and nanoparticle crystaél3Such nanoparticles can
be made by the Sher proces¥-28in reverse micelle8 and by
other methods. However, controlling the size and monodispersity
of silica nanoparticles in the 10 nm range through simple synthesis
techniques has proven elusive until recently despite the prospect
that such particles hold for surmounting limitations of scale
associated with particle-based and thin-film technologies. Awell-
recognized alternative to the conventional techniques mentioned
above is the formation of silica nanoparticles via hydrolysis of
tetraethylorthosilicate (TEOS) in highly basic solutions in the
presence of organic or inorganic caticfs®®

Recently, tetraethylorthosilicate (TEOS) hydrolysis in aqueous
lysine solutions was introduced by Yokoi and co-workeand
our groug®as a simple and more benign (i.e., lower pH) method
of forming aqueous suspensions of monodisperse silica nano-
particles. We have previously reportétdow the initial formation
of these nanopatrticles (i.e., rapid formation upon exceeding the
silica solubility limit) parallels that observed for silica in the
presence of strong bas&dn the case of the silica nanoparticles
synthesized in lysine solutions, numerous handles exist (e.g., sol
pH, temperature, silica content) for tuning particle size within
the 5-20 nm range depending on composition and hydrolysis
conditions. We named these sols Lys-Sil because they may consist,
in their purest form, mainly of lysine, silica nanoparticles, and
water.

Specifically, Davis et at® reported room-temperature hy-
drolysis yielding particles with diameters in the- 50 nm range
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that could be used to form gels, thin films, and xerogels with 10°
different porosity. Yokoi et a#° reported hydrolysis at higher
temperature in the presence of octane, yielding nanoparticles 10"
with diameters in the 1620 nm range that, upon high-temperature —_
solvent evaporation and calcination, can form close-packed & 10°
assemblies (i.e., nanoparticle crystals). We focus here on the 2
facile formation of ordered nanoparticle crystals and mono- and & 10"-
multilayer coatings by room-temperature evaporation-induced £
self-assembly of Lys-Sil sols. 10% - —-
rinm
II. Experimental Section 10° !
10° 107 10"
Lys-Sil Nanoparticle Synthesis. Silica nanoparticles were q (A

synthesized via hydrolysis of tetraethylorthosilicate (TEOS, 98%
Aldrich) in the presence of an aqueous solution of the amino acid ; p

vei : Al ; (SAXS) (solid curve) and small angle neutron scattering (SANS)
L-lysine (Sigma-Aldrich), followed by hydrothermal aging. The molar (open symbols) results for a Lys-Sil sol of molar composition 60

composition of the Lys-Sil sols described herein was 60,80 Si0,/5.8 lysine/2850 BO/6650 water/240 ethanol (1% by vol
lysine/9500 water/240 ethanol, where the lysine content was Variednanopértiélles). The pair distance distribution fun((:tion (BIQDDF)

betweenx = 1.7 and 5.8. These molar lysine limits correspond - gyiracted from the desmeared SAXS data is shown in the inset.
specifically to 25 and 85% of the lysine solubility in water. For

clarity, representative examples reported here are drawn from the

corresponding sols of these limiting cases. Specifically, the Lys-Sil o : . .
sols were synthesized by the addition of the prescribed amount of Lys-Sil sol hydrothermal aging at 10C. The location oflysine,

TEOS to an aqueous lysine solution aP& Hydrolysis was carried & basic amino_acid, is o_f_particular int_erest because of its p_otential
out at 60°C under vigorous stirring for 20 h. The hydrolyzed sol 10 affect particle stability and particle charge and to induce
was then transferred to Teflon-lined stainless steel autoclaves andParticle-particle hydrogen bonding that could promote self-
aged hydrothermally at 10T for 20 h to obtain Lys-Sil sols with ~ assembly.
an estimated nanoparticle volume fraction of approximately 1%. We have employed SAXS and SANS measurements to probe
In Situ Lys-Sil Sol Characterization. Small-angle X-ray  the structure of the nanoparticles in terms of this possible lysine
scattering (SAXS) patterns were collected at room temperature gssociation. Here, we exploit the difference in contrast of lysine
(25°C) with a SAXSess instrument (Anton Paar GmbH) employing  \yhen probed by X-rays and neutrons, respectively, to investigate
Cu K, radiation. Small-angle neutron scattering (SANS) analysis , hather the Lys-Sil system mimics that of tetrapropylammonium

was also carried out at room temperature on the NG3 beam line il o ; : :
located at the National Institute of Standards and Technology (NIST, (TPA) _§|I|ca, which Is characterlz?d by nanoparticles having a
tcore (silicay-shell (TPA) structuré’

Gaithersburg, MD). Scattering for each sample was measured a - ) )
three source-to-detector distances (i.e., 13, 4, and 1 m) to spana _ Figure 1 shows a comparison of typical SAXS and SANS data
range of 4x 1073 to 0.5 A-L. For the purpose of increasing the ~from Lys-Sil sols prepared by TEOS hydrolysis at 8D and
contrast of lysine in the samples analyzed by SANS, partial molar followed by hydrothermal aging at 100C. The remarkable
substitution of deuterium oxide gD, Cambridge Isotopes) forwater — quantitative agreement between the SAXS and SANS data shown
was used. Cryo-transmission electron microscopy (cryo-TEM) was here, observed generally for all Lys-Sil sols characterized in this
employed for directimaging of Lys-Sil sols. Specimens were prepared york, effectively rules out the possibility of a corshell silica-
following Talmon?”and images were collected using a JEOL 1210 ysine structure. It does not, however, discount other means of
TEM with a Gatan 613. The DH cooling holder operated at 120 kv. lysine association with the silica nanoparticles (e.g., direct

Ex Situ Characterization of Dried Sols and Films.Scanning : B A - . .
electron microscopy (SEM) was carried out on Pt-coated (ap- incorporation of lysine in the silica core during hydrolysis). In

proximately 50 A) dried sols and films using a JEOL 6500 SEM. fact, lysine associat!on remging a plaqsiblg.explanation for the
Film morphology was assessed by profilometry scans in the dipping observed decrease in pH with increasing silica content, and, by
direction of the coatings using a Tencor P10 profilometer. means of hydrogen bonding, for promoting the ordering (close
Nanoparticle Coatings.Coatings of silicon substrates with Lys-  packing) of the silica nanoparticles that we discuss later. Further
Sil nanoparticles were realized with a novel coating apparatus exploration of the specific association of lysine with the silica
designed to withdraw from a static nanoparticle sol a substrate atnanoparticles is currently ongoing and will be reported elsewhere.
a controlled rate and under a prescribed flow of dry nitrogen. The  Nanoparticle size can be inferred from the desmeared SAXS
draw rate, nitrogen flow rate (i.e., sol\_/ent_evaporati_o_n rate), a_nd sol (and SANS) data by extracting the corresponding pair distance
tcr?gCdeen\}irfgOz;]r;v?rzte:lﬁlcliggnitr:ogi%ggrrtlir;lggnllnmfcflr%)z;)tisétrllog'nge\fﬁnst?; distribution function (PDDF) through the method of indirect
described further in a forthcoming communication. Fourl_er transformatl(_)ﬁ*?v39 T_he assou_ated PDDF for the case
Calcination of films was carried out over a range of temperatures consldered, shown in the inset of I_:lgure 1, sugg(_ests_ that the
using a ramp rate of 1C min* and an 8 h hold time. particles are on the order of approximately 20 nm in diameter.
Data collected for sols of different silica and lysine compositions
11l. Results and Discussion considered in this work (not shown) suggest that nanoparticles
formed via hydrolysis at 60C and aging at 10€C can be tuned
to sizes as small as 10 nm in diameter, such as those that we
explore later in this work for nanoparticle coatings. It is clear
that hydrolysis at 60C followed by aging at 100C generally
results in larger particles than the-50 nm ones formed during
room-temperature hydrolysf§.

Figure 1. Comparison of desmeared small-angle X-ray scattering

In our previous work® on room-temperature hydrolysis of
Lys-Sil sols, we reported decreasing pH with increasing silica
content for compositions well above the silica solubility limit.
We rationalized this to result from the sequestration of free lysine
from solution by association with the silica nanoparticles. While
not shown explicitly here, we have observed the persistence of
this trend in pH even in the case of hydrolysis at €D and

(38) Glatter, O.J. Appl. Crystallogr.1977, 10, 415.
(39) Glatter, OJ. Appl. Crystallogr.1979 12, 166.

(37) Talmon, Y.Modern Characterization Methods of Surfactant Systems (40) Lee, J. A.;Meng, L. L.; Norris, D. J.; Scriven, L. E.; Tsapatsis, &hgmuir
Marcel Dekker: New York, 1999. 200§ 22, 5217.
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100 nm

100 nm
Figure 3. SEM image of a Lys-Sil sol (molar composition 60 SO
5.8 lysine/2850 BO/6650 water/240 ethanol) after evaporative
drying. The inset shows a Fourier transform pattern computed from
the highlighted region (square outline).

Figure 2. Cryo-TEM image of ordered nanoparticles in a vitrified  in the vicinity of carbon skeletons of the TEM grid. In these
Lys-Sil sol (60 SiQ/5.8 lysine/2850 RO/6650 water/240 ethanol,  cases, the thickness and concentration of the Lys-Sil sol before

1% by vol nanoparticles) in the vicinity of a carbon grid. Progressively yitrification appear to impart size selection to the progressive
darker bands of nanoparticles observed in moving toward the Carbonaddition of monolayers

skeleton correspond to the development of close-packed multilayers ) )
withincreasing sample thickness. Fourier transforms of regions (white  An SEM image of the same sol after drying on carbon tape
boxes) within each band are shown as insets on the left. by room-temperature solvent evaporation is shown in Figure 3.
The presence of distinguishable nanoparticles in the dried sol
A common distinguishing feature of the scattering curves for ynderscores the nanoparticle stability during drying. This stability
Lys-Sil samples made at elevated temperatures (as opposed tenay be a combined result of the buffering action of lysine during
room-temperature hydrolyzed sampfésis the higher-order  splvent evaporation and silica condensation promoted by
maxima present in both SAXS and SANS data, denoted by T hydrolysis at 60°C and hydrothermal aging. We are interested
symbols in the example shown in Figure 1. These maxima are here in the particle stability primarily because it enables the
a signature of the high degree of monodispersity of the gtriking ordering, confirmed by Fourier transform of the
nanoparticles, which may be important for the formation (close hjghlighted region in Figure 3, of the dried nanoparticles into a
packing) of nanopart_lcle crystals that we describe below as well nanoparticle crystal. As in the case of the cryo-TEM images, it
as for other applications. indicates a close-packed arrangement of nanoparticles. Even more

_ Figure 2 shows a cryo-TEM image of the same sol discussed e markable is the extent of the ordering, stretching well beyond
in Figure 1. The image depicts the remarkable ordering of the \\hat is even captured by the scale of the image in Figure 3

nanoparticles in a region close to tr_le carbon skeleton of the grid (Figure S2, Supporting Information); ordering in these dried sols
used as a support in TEM imaging. We have observed the s qpserved for regions spanning tens of micrometers.
nanoparticle packing phenomenon generall_yln cryo-TEM IMAgES  Similar ordering of silica nanoparticles has been shown by
of samples that have undergone hydrolysis at@®@Moth with Yokoi and co-worke® to occur in -3 um crystals. In that

and without subsequent hydrothermal aging. This phenomenon, K h | isted not onlv of sili d Ivsine but
however, has not generally been observed for room-'[emperatureWor » NOWeVer, Sois consisted not only of silica and lysine bu

hydrolyzed Lys-Sil sols of compositions consistent with those also of octane, and high-temperature solvent evaporation and

described previousi§f Fourier transforms computed from several c_alcmatlor_l were r_eqw_red. Th‘? S|mp_I|C|ty of the Lys-Sil sols
regions of the vitrified sol, shown as insets in Figure 2, are (i.e., consisting primarily of lysine, silica, and water) stands to

consistent with a close-packed, long-range-ordered arrange—fac'l'tate a cleargr evalua_tlon of mechanisms driving the facile
ment. assembly described herein. Although we have employed the as-

The high particle densities and ordered arrangements observed2de Lys-Sil sols throughout this work to realize the assembly
in the vicinity of the carbon grid are in striking contrast to the ©f nanoparticle crystals and coatings, it is possible to purify the

conditions elsewhere in the vitrified sol (Figure S1, Supporting sols furt_herthrough diglysis againstwater. This technique removes
Information). Namely, in the case of hydrolysis at 80, a freg I_y_sme from solution and red_uces the pH of the _sols from
decrease in packing density is generally observed far away from@n initial range of 9.5 to 10 to a final range of approximately 6
the carbon grid, where distinct silica nanoparticles suspended in© 7 With no substantial change in the silica nanoparticles as
the vitrified sol can be observed. In the case studied here, a starkProbed by SAXS (not shown).

contrast between the nanoparticle arrangement in regions close For the remainder of this letter, we look to exploit the facile
to and far from the carbon skeleton of the holey TEM grid may ordering of dried silica nanoparticles for simple, large-scale,
result, at least in part, from the technique used to prepare thecontinuous coating of substrates. To realize such films, we employ
cryo-TEM samples$? Namely, the impregnation of the grid with  a novel coating apparatus that is capable of simultaneously
sol and subsequent blotting of the grid before vitrification naturally controlling the rates of coating and sol evaporation, which are
gives rise to regions (i.e., films) of varying thickness of the two important parameters governing film thickness and coating
retained concentrated sol. Figure 2 clearly shows the progressivegontinuity. A schematic describing the main operating principles
stepped development of close-packed nanoparticle multilayersof the coating device is shown in Figure 4c, with further details
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Figure 4. SEM images of the (a) surface and (b) cross section of LYs-Sil sols of molar composition 60 S}Q.7 lysine/3.7x 10°

a silica nanoparticle film resulting from coating a Lys-Sil sol of ~Water/240 ethanol (0.02% by vol nanoparticles) on a silicon wafer.
molar composition 60 SigL.7 lysine/9500 water/240 ethanol (1%  Dip coating was carried out at 6 cnthunder a flow of 3 SCFH

by vol nanoparticles) on a silicon wafer using a novel coating device Of N2. Panel a shows a nearly continuous film (defects denoted by
shown schematically in part c. Coating the silicon substrate was arrows), and panel b shows a higher-magnification image corre-
carried out at a rate of 20 cnthunder a flow of 3 SCFH of § sponding to the outlined region in panel a. In panel b, the sample

(distributed across the meniscus by a horizontal slit). has been tilted during imaging to emphasize the bilayer-to-monolayer
step (step edge marked partially by a dashed line). The inset in panel

fthe devi . ins rting Inf i dinaforth . b shows a top view of the monolayer depicting the local ordering
ofthe device givenin supporting Information andin atorthcoming - o firmed by the representative Fourier transform pattern shown as

communication. an inset in panel a.
Figure 4a,b shows top and cross-sectional SEM images,

respectively, of a thick film composed of silica nanoparticles. in addition to dipping rates and the solvent evaporation rate (i.e.,
The filmwas fabricated by room-temperature coating of asilicon py adjusting nitrogen flow), affecting film thickness. Systematic
support with the as-synthesized Lys-Sil sols reported herein. studies in which coating conditions were varied have elucidated
Coating was carried out at a rate of 20 cmtnd under aflow  a parametric map of the combined role of these parameters in
of 3 SCFH of nitrogen. The top view of the film (Figure 4a) tuning the film thickness, coating continuity, and onset of
shows close-packed domains of nanoparticles, reminiscent, albeidiscontinuous, quasi-periodic patterning. Details of this study
on ashorter length scale, of the result of static room-temperatureare beyond the scope of this work and will be reported elsewhere.
evaporation (Figure 3). These domains of ordered nanoparticles Here, we focus on the successful realization of near-monolayer
appear to be separated by small, nanometer-sized grain boundariegnd semiordered coatings of silica nanoparticles over square-
with a slight orientation mismatch occurring between adjacent centimeter areas of substrate. Figure 5 shows SEM images of a
domains. representative nanoparticle film resulting from coating a silicon
The presence of only short-range ordering under coating substrate at a rate of 6 cnthunder a flow of 3 SCFH of N
conditions, as opposed to the long-range ordering observed inusing a dilute form of the as-made sol (i.e., nanoparticle volume
the much thicker dried droplets (Figure 3) indicates that fraction of approximately 0.02%). Only infrequent defects in the
competition between dipping speed and the rate of particle films (i.e., exposing the bare silicon substrate, arrows in Figure
rearrangement at the drying front may destroy long-range 5a and labeled region in Figure 5b) are observed running
ordering. The cross-sectional image of the film, however, clearly perpendicular to the coating direction, with the large majority
shows that it consists of distinct layers of close-packed silica of the film characterized by a continuous monolayer or bilayer
nanoparticles. The coating conditions in this case were such thatarrangement of silica nanoparticles. Representative profilometry
acontinuous, multilayered film on the order of 100 nminthickness traces along the direction of the coating are shown in Figure 6
resulted. This film thickness appears to be well enough below and clearly depict the presence of a nearly continuous monolayer
critical dimensions that no apparent superficial changes (e.g.,with bilayer outcroppings (Figure 6a) consistent with the SEM
cracking and peeling) occurred upon subsequent calcination toimage of the same film in Figure 5b. Very infrequent development
temperatures as high as 700. of trilayers (Figure 6b) can be observed, but in all cases, they
The ultimate goal for such coatings from an applications disappear shortly after nucleation.

standpoint is the reduction in film thickness toward an ordered = Domains of ordered silica nanoparticles are again present in
nanoparticle monolayer film that is continuous over large regions, these near-monolayer films (inset in Figure 5b). The smeared
a task that has remained elusive. As discussed in ref 40, controlFourier transform pattern computed from lower-magnification
of the nanoparticle concentration in the sol is one key parameter,images of this coating (inset in Figure 5a) confirms the partial
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30 — T . In this work, we have employed Lys-Sil sols hydrolyzed at
«— BiHlayer 1 60°C and hydrothermally aged to achieve (1) highly monodisperse
silica nanoparticles that are stable in the dried state, (2) facile
nanoparticle ordering upon sol vitrification and evaporative
A drying, and (3) successful fabrication of multilayer and near-
|l Monolayer Defect ] . . .
@ (i support). monolayer-ordered nangpartmlg coat{ngs over square-cgntlmeter
. . . areas. The novelty of this work is derived from the elusiveness,
until only recently?>236 of benignly synthesized monodisperse
silica nanoparticles on the scales considered here and the
consequential challenge of realizing silica nanopatrticle crystals
and large-area coatings. Enhancing the impact of the findings is
the simplicity of the Lys-Sil synthesis and the existence of multiple
handles (i.e., silica content, pH, hydrolysis, and aging temperature)
for tailoring particle size. As such, we believe that these findings
stand to impact, among others, the arenas of selective coatings

Egnucfgaﬁicg?ﬁmgrpeeéﬁu :gca;P;maégg%nghtehgifysingil ‘iicr)legtfi%‘ogr and membranes (either nanoparticle- or replica-based), colloidal
composition 60 SIGIL.7 lysine/3.42« 10Pwater/240 ethanol (0.02% !Ithography, and chemical sensing and may even extend into the
by vol nanoparticles) on a silicon wafer at 6 cntland underaflow  biological arena (e.g., leveraging facile in situ and ex situ ordering

of 3 SCFH of N. Panel a shows a representative profilometry scan for cell encapsulation and anti-immunorejection coatings for

of the film with bilayer outcroppings and one defect exposing the implants) where applications and devices with tuned particle

silicon support. Panel b shows a scan revealing aninfrequent rilayerg;, e norosity, order, and monolayer continuity are critical.
in addition to the monolayer and bilayers. ’ ’ '
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