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Calcium hydroxide forms unstable reactive nanopatrticles that are stabilized when they are dispersed in ethylene
glycol or 2-propanol. The aggregation behavior of these particles was investigated by contrast-variation small-angle
neutron scattering (SANS), combined with small-angle X-ray scattering (SAXS). Nanoparticles on the order of 100
nmwere found to aggregate into mass-fractal superstructures in 2-propanol, while forming more compact agglomerated
aggregates with surface fractal behavior in ethylene glycol. Commensurate specific surface areas evaluated at the Porod
limit were more than an order of magnitude greater in 2-propan@0(Q n?-g—1) than in ethylene glycor7 m?-g=1).

This profound microstructural evolution, observed in similar solvents, is shown to arise from competitive solvent
adsorption. The composition of the first solvent layer on the particles is determined over the full range of mixed solvent
compositions and is shown to follow a quantifiable thermodynamic equilibrium, determined via contrast-variation
SANS, that favors ethylene glycol over 2-propanol in the surface layer by about-indlkJwith respect to the bulk
solvent composition.

Introduction and where fundamental study of ionic precipitation is reintroduced
as an essential tool in nanoparticle synthesis and the study of
biological mineralization. Nanocrystals as building units of a
final single crystal have so far mainly been observed in presence

Several examples of dispersions of precipitated inorganic
particles that display unusual material properties have recently

been reported. Most significantly, both Rieger ét%ind Ballauff of polymeric stabilizers, with the exceptions pf-alanine0

and co-workers* have observed the precipitation of crystalline T 3 .
calcium carbonate through amorphous precursor nanoparticles.C ozalt .T)xalate dehydtfalfSéron and tcc|>|baFt ogyh;llldroxll.des, d
These can be stabilized by additives such as a polycarboxylate,‘ij SIVer nanoparucles, as crystatiographicaty aigne
which fixes the nascent particles in a polym&a+ microgel
network. Furthermore, biomineralization and biomimetic min-
eralization using particle-associating polymers to direct crystal
growth has been showr? to follow a similar mechanism of
precursor nanocrystal stabilization via polymer adsorption . o )
and the generation of amorphous precursor phases prior to D€l Baglioni, and co-workets 2! have synthesized several
crystallization. exar_n_ples of calmum hydroxide n_ano_partlcles W|_th controllgble
The identification and characterization of such transient stability, acrqmal propertyforapphcatllons. In pgrtlgular, calgur_n
particles represents a significant challenge, in an emerging field (and magnesium) hydroxide nanoparticles applied in consolidation

gy e gm0 93
where such particles can also be building blocks for single crystals of wall painting and for paper and wood deacidificaffoff

nanoparticle subunits usually fuse to form a single crystal before
they can be observed. It is therefore of great interest to observe
such single-crystal nanoparticles in calcium systems without
polymeric stabilizers, before and during their controlled self-
organizationt>16
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have provided clear evidence of the huge potential of nano- Table 1. SANS Sample Data for Ca(OH) Nanoparticles in

technology in cultural heritage conservatf?® and the same Various Solvents
nanosized hydroxides were successfully used for consolidation 108 x 108 x
of the recently discovered “Maya” paintings. Osoty  SLDpan®  SLDson,®  Ca(OH)4% Ca(OH)° %
Recently, surfactant-free calcium hydroxide nanoparticle x* gem® A2 A2 (wiw) (viv)
agglomerates were synthesizeadt high temperature in 1,2- (A) EG-h+ EGd
propanediol or 1,2-ethanediol (ethylene glycol, EG). These 0 1.113 1.61 0.265 1.00 0.497
particles aggregate strongly in EG (or water) to forami- 0.099 1.124 194 0.882 1.00 0.500
crometer-sized agglomerates. They can, however, be “peptized”g'%gi iﬁg gé; %"112 i'gg 8'2%
(deaggregated) by washing with, for example, 2-propanol (2P) g 497 1167  3.34 347 1.01 0519
to yield individual nanoparticle units. This deaggregating effect 0.600 1.178 3.72 4.18 0.99 0.513
was proposed to have resulted from physisorption of 2P molecules0.796  1.199 4.46 5.55 1.01 0.530
to the particle surface, and the hexagonal platelets of crystalline 1 1221 526 7.02 1.00 0.531
calcium hydroxide were proposed to have formed aligned particle (B) 2Ph + 2Pd
stacks, on the basis of wide-angle X-ray scattering data that O 0.786 161 0.585 0.91 0.319
showed increased relative intensity of the basal (001) crystal- 0.104  0.796 1.96 1.20 0.94 0.334
lographic face?® Adsorption of solvent molecules onto surfaces 0.199 8'222 g'gg %;? i'gg 8'228
of mineral nanoparticles leading to their subsequent stabilization g 501  0.837  3.35 3.69 0.99 0.366
was also recently observed in the synthesis of stable nanoparticlen.600 0.848 3.72 4.34 0.99 0.369
dispersions in benzyl alcohdl. 0.801 0.869 4.48 5.72 1.05 0.399
The aim of this study is to investigate the role of ethylene 1 0.889  5.26 7.15 1.07 0.414
glycol and 2-propanol adsorption in the stabilization as well as (C) EGh + 2Pd
compactness of agglomeration of calcium hydroxide nanopar- 9 1113 161 0.265 1.00 0.497
ticles. Characterization is performed in situ by small-angle X-ray 0.101  1.090 L9 107 0.980 0.476
- - 0.199 1.069 1.98 1.82 0.990 0.470
scattering (SAXS_) a_md ‘_s,mall-angle neutron scattering (SAN_S) 0314 1.043 224 268 1.02 0.472
with contrast variation in 2P and EG solvents, as well as in 9496 1.002 2.74 3.95 1.01 0.448
mixtures of the two. In the absence of a strong solubilizer like 0.603 0.978 3.11 4.67 1.01 0.436
water, aging of the particles is effectively frozen, allowing direct 0.794 0.936  3.94 5.89 1.01 0.414
examination of stabilization effects by the two solvents, in what 1 0889 526 7.15 1.07 0.413

would otherwise be the early stages of crystal growth by  2Solvent weight fractionyec—q in section A andyze—q in sections B
nanocrystal aggregation that can be considered analogous to thend C.” Particle scattering length density (corrected for hydregen

effect of the polymeric stabilizers described above, in a simple, deuterium exchange).Solvent scattering length densityParticle
additive-free system weight fraction.® Particle volume fraction.

In the absence of specific adsorption, and with particle . . . ) .
morphology independent of deuteration, absolute-scaled small-Unique to determine specific adsorption by components in mixed
angle scattering alone would be sufficient to determine both the SOIVeNntsi*3*is used here to investigate peptization of nano-
solvent content “inside” an agglomerated particle and the total Particles.
surface area per unit volume of samii¢dowever, it has been
shown that contrast variation in SANS can be used to determine
the composition of a layer adsorbed on any colloidal stru@iiré. Ethylene glycol, 2-propanol, sodium hydroxide, and calcium
The key point is that the contrast-match point (CMP) versus chloride were purchased from Sigma-Aldrich, and deuterated solvents
density of deuterium nucleiin the solvent gives directinformation foM Eurisotop, France. These were all used as received. Synthesis
about the average scattering-length density of the “particle”. If of the particles was performed as described elsewfcamples

I is adsorbed h icl d if th " f for neutron scattering were dried, then washed and redispersed in
solvent Is adsorbed to the particle and It the composition of | 51ving proportions of deuterated and nondeuterated solvents. Three

bound solvent is different from bulk, then the particle appears sample series were studied, each of varying contrast, consisting of

as if swollen by the adsorbed solvent. 1% (w/w) nanoparticles dispersed in different solvents: (A) EG
Moreover, the standard plot giving the square root of scattering (d-6, EG4, and undeuterated); (B) 2P (d-8, 2Pand undeuterated),

at zero angle versus deuterium content is nonlinear in the caseand (C) mixtures of EG (undeuterated) and @PFhe sample

of preferential adsorption. The contrast-variation method has compositions and characteristics are outlined in Table 1 below.

been extended to nonzero angiésind this general method, SANS studies were performed at the Institut Langiangevin,

Grenoble, onthe D22 small-angle diffractometer. Reduction of SANS
(22) Giorgi, R.; Bozzi, C.; Dei, L.; Gabbiani, C.; Ninham, B. W.: Baglioni, ~data and scaling to absolute scattering intensities was performed

P. Langmuir 2005 21, 8495. on-site by standard procedures; the isotropic two-dimensional data
(23) Giorgi, R.; Chelazzi, D.; Baglioni, Rangmuir2005 21, 10743. were radially averaged, and the usual corrections for transmission

B ﬁ_“)E%"f‘_gllgg";éscs":"ri&i?;’tgag;"'2‘50%'_”9" R. Belf-AssembfjRobinson, and normalization were made. Measurements were performed in
(25) Baglioni, P.; Giorgi, RSoft Matter2006 2, 293. three geometries: two with= 6 A and sample-to-detector distances
(26) Giorgi, R.; Chelazzi, D.; Carrasco, R.; Colon, M.; Desprat, A.; Baglioni, (d) of 2.0 and 14.4 m, and a third with= 16 A andd = 17.6 m.

P. The Mayasite of Calakmul: “in situ” preservation of wall paintings and limestone  Dye to time constraints, only selected samples were measured in the

by using nanotechnologies. The Object in Context: Crossing Conservation .. ; 5
Boundaries, Munich IIC Congress, The International Institute for Conservation third, 16 A/17.6 m geometry, accessing an ovaqa‘ange of~1.2

Experimental Section

of Historic and Avrtistic Works, 2006. x 103%<q<5 ><'10‘l A1 The othgrs were measured only in the
(27) Polleux, J.; Pinna, N.; Antonietti, M.; Niederberger Adlu. Mater.2004 first two geometries, accessing a minimungef 5.8 x 1073 A1,
16, 436. SAXS measurements were performed on a Nonius rotating anode

(28) Spalla, O.; Lyonnard, S.; Testard,J-Appl. Crystallogr2003 36, 338.

(29) Dubois, M.; Gulik-Krzywicki; Cabane, B.angmuir1993 9, 673.

(30) Ricoul, F.; Dubois, M.; Zemb, T. Phys. 111997, 7, 69.

(31) Grillo, 1.; Levitz, P.; Zemb, TEur. Phys. J. BL999 10, 29. (33) Bartlett, J. RProg. Colloid Polym. Sci1997, 105 332.

(32) Bartlett, J. R.; Gazeau, D.; Zemb, T.; Woolfrey, J.JL.Sol-Gel Sci. (34) Bartlett, J. R.; Gazeau, D.; Zemb, T.; Woolfrey, JLangmuir1998 14,
Technol.1998 13, 113. 3538.

(P 4 kW, CuK ) with pinhole collimation and a MARCCD detector
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for data acquisition. The sample-to-detector distance was 105 cm,

accessing a minimum of 0.025 A% Two-dimensional scattering

Fratini et al.

Furthermore, if the curvature and roughness of the €shell
interface is small with respect to the shell thickness, the volume

patterns were radially averaged and the intensity was corrected forfraction of the shell may be related directly to the thickness of the
transmission. Selected samples were also measured by use of ahell:

Guinier-Mehring camera with linear collimation and molybdenum
anticathode sourcéE(= 17 keV, 1 = 0.71 A), for which the data
were scaled to absolute intensity by standard procedbires.

Data Treatment. Porod analysi® was used to determine the
specific particle surface, where at the limit of higga constant value
A = I(q)q* is obtained according to

l(@)a* = 270°Zgq (€
with g in reciprocal angstroms, whel@) is the absolute scattered
intensity in reciprocal centimeterg, is the contrast per square

angstromg, is the particle volume fraction, arXlis the area of
particle surface per unit of particle volume, which for a known

particle density can be converted to the specific surface in square

meters per gram.

Concentrations were converted to volume fraction by use of
literature densities for the solvents and crystalline calcium hydroxide.
Densities of mixed solvents were calculated by linear interpolation.
In the case of the EG2P mixtures, the solvent density variation
was measured with an Anton Paar DMA-5000 density oscillation
tube. Due to the similar densities of 2Pand EGh (0.9 and 1.1,

respectively), the difference between the true exponential dependence

and linearity was negligible and so is not employed in the following
calculations.
Scattering length densities (SLDs) of the solvents and particles

¢shel| = ¢core(2t) (5)

This allows the Porod surface to be fitted with only the shell thickness,

t, and the shell SLD as fitted parameters. We consider below a
core-shell model where the shell is composed also of a solvent
mixture, enriched or depleted in one of BGand 2P, as a result

of adsorption of solvent molecules to the particle surface. Such
adsorption is conveniently represented by a Langmuir adsorption
isotherm modified for adsorption from binary solution. In this
treatment, the amount of a substance adsorbed to a solid surface is
given by an exchange constdnivhere the differenc® in energy

of adsorption between one species and the other is givéh by

k= e QRT

6

This exchange constant describes the difference between the a-
mount in the bulk and the fractional surface coverage of one of the
species’®

/(1 —a) =kx(1—x)] O

where@ is the surface coverage amds the bulk composition of
that species. Approximating the ideal case, with total surface coverage

were calculated separately for each sample, _taking into_ account theby the solvent, exchange between the two species on the surface
exchange of hydrogen between -OH groups in the particles and thebeing a 1:1 process, and mixing on the surface being ideal (as in

solvent, including the case of the 2FEG-h mixture where two
-OH groups per EG and only one -OD per 2P molecule are
exchangeable, changing the weighting of OH:OD in the calcium
hydroxide. The contribution of the -OH groups from calcium
hydroxide particles ([Ca(OH)= 1% by mass) to the overall solvent
SLD after exchange was ignored, and the OH:OD ratio in the particles
is considered equal to that of the corresponding solvent mixtures.
By use of this protocol, the theoretical contrast-match points may
also be calculated for each data series.

Treatment of Porod Data. The Porod equation (eq 1) given
above can be modified to incorporate a ceséell particle structure,
where the single expression for the Porod consfarst split into
components for the core and shell:

A= I(Q)q4 = ZJt(pchs(bcoreZcfs + pzsfb(bshel;‘sfb) (2

Here the subscripts c-s and s-b refer respectively to the specific
surface areas of the corshell and shettbulk interfaces, and

concentrations are given as volume fractions. We note that an alternatd™”

expression is given by Auvray et #Hlthat includes an oscillating
term appearing at high (qd > 1 whered is the distance between
the two surfaces):

A= 275p, (1 + (s (s )Py )(ach) 3)

They observed this oscillating term by SAXS in ionic surfactant

the bulk), this can be rewritten as

k= [¢mo|,shel(1 - ‘pmol,bulk)]/[‘pmol,bull&l - ¢'mo|,shel)] (8)
wheregno refers to the mole fraction of one species, in the bulk and
in the shell of thickness and approximating the surface coverage
as the mole fraction in the shell. Reciprocal valugsandkgs are
employed hereafter, referring to the exchange constant with respect
to each solvent, where adsorption of the species for wkiehl

is favored.

Note also that by using excess concentration rather than surface
coverage, there is no specific requirement for monolayer adsorption,
and the free energy change refers to a molecule being in a shell of
arbitrary thickness(restricted by the thin-shell assumption defined
above), and the SANS data are not directly able to resolve the
thickness of such a shéfl.Nevertheless, it is usually the case in
adsorption from condensed media that monolayer adsorption
evails3®
SLDghenis then explicitly determined by, whose value is the sole
fitted parameter. For a giveithe shell volume is given by eq 5,
and therefore the depletion/enrichment in the bulk solvent, giving
SLDpuik, €an be calculated to give both the ceshell and shett
bulk contrasts.

An equivalent constructidfiof eq 6 givesk in units of liters per
mole. Considering the surface to have an attractive potenti@ of
joules per mole, that extends a distance ioito the solvent, gives

microemulsions where a large electron density accumulates at thEa specific interfaciabolume (Zt), in which a specific number of

surfactant head groups, corresponding to the oil/water interface.

Such behavior is best observed in a plat(gjq* versusy?; however,

in the present system no such oscillating term was found, and we

therefore use the simple two-interface expression given in eq 2.
Even without knowing the particle morphology, by assuming a

thin shell such thak = (Z.-s ~ Zs-), one may reduce eq 2 to

A= I(q)q4 = zjrz(pchs‘pcore—i_ pzsfb(pshelb (4)

(35) Ng F.; Grillo, I.; Tache O.; Zemb, T.J. Phys. IV200Q 10, 403.
(36) Porod, GKolloid Z. 1951, 124, 83.
(37) Auvray, L.; Cotton, J. P.; Ober, R.; Taupin, £.Phys.1984 45, 913.

moles of solvent,Xt)/Vmel, iS contained, wher¥p, is the volume

of 1 mole of the adsorbing species. In the present construction, the
surface is in facEep,q, the surface area per unit volume of sample,
not per unit volume of particle. We then can determine a value of
k related to this volume and the depth of the well (energy of
adsorption), given b

(38) Lyklema, JFundamentals of Colloid and Interface Scienéeademic
Press: London, 1995; Vol. 2.

(39) Cabane, B.; Zemb, Nature1985 314, 385.

(40) Adamson, A. W.; Gast, A. FRhysical Chemistry of Surface8th ed.;
Wiley: New York, 1997.

(41) Spalla, O.; Belloni, LJ. Chem. Phys1991, 95, 7689.
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K™= (Zpyol)V e 2™ ) 10° 15 o
103 —.:o ® EG-h
Note, however, that in this forrkis constant only if the specific e "-’320 o hoda
surface of the sample is constant. _ i o EG-d
£10' -
Results =,
=10
Figure 1 shows SANS spectra resulting from the contrast- o
matching determination performed on the two individual solvents. 10~
As a preliminary observation, we see that in the case of ethylene 107 e
glycol, only theq Porod limit is observed due to particle 107 Ll u.fm‘%
agglomeration into micrometer-sized aggregafds. the case 107 107 10"
of 2-propanol, however, a(q=29 regime is also observed at g/ A"
low g, indicating a mass-fractal structd?é? of the particle 10!
aggregates. Selected samples were measured also at double ()
concentration (2% w/w) and then normalized for volume fraction 10’ o
to give identical results. 16? & 2P-d30%
In the absence of specific adsorption, the contrast match point ST ° ;iﬂ o

(CMP) can be determined by a plot tfd)]°-*against the solvent §

SLD at constang. This plot is linear to either side of the CMP =10
due to theAp? dependence of scattered intensity in the general S
scattering equatidf*>and can be verified by determination at

several different values. This does not necessarily give good 10° oz v %
results in the Porod region due to the combined dependence of 107 T B % i
the scattered intensity upon both the specific surface and the 10° 102 10"
square of the contrast (eq 1). Nevertheless, if the particle specific g/ A"

surface is known or constant, one should be able to make thisgjg e 1. SANS curves atvarying contrast from calcium hydroxide
determination when the absolute scattered intensity is known. nanoparticles dispersed in (a) ethylene glycol and (b) 2-propanol.
Therefore, the specific surface of the particles in the two solvents, Proportions of hydrogenated/deuterated solvents are given in weight
determined from the Porod equation (eq 1), is shown in Figure percent.

2 for each different contrast. The values determined, shown on

alog scale for clarity, differ by more than an order of magnitude 10
between the specific surfaces in EG{tth1) and 2P (5x 10° ./H"’
cm™1). It can be seen in both data sets that there is a loss of
accuracy, especially on the low-deuterium side, approaching the R
CMP. Inthe case of EG, the only precise data are for L00%EG-
and EGd samples, as only for these samples was the logest

range measured. This is also sometimes the case for 2P, but the L R <
larger specific surface allowed accurate determination already
in the mediumg range. The determined values at full contrasts .l ] . e
are also givenin Table 2The larger surface area in the 2P solvent 1900 02 04 06 08 1.0
generally is expected from the results presented in ref 19, where Ooyq (WIW)
micrometer-sized particle agglomerates are observed in EG, asrigure 2. Specific surface areas for Ca(Qtjanoparticles in 2P
opposed to the nanosized particles of a few tens of nanometergcircles) and EG (diamonds). Open symbols represent samples for
that were reported in the 2P solvent. This difference was attributed which the lowest-range was not measured, thatjgin ~ 6 x 103

to peptization of the particle surfaces by 2P preventing aggregationAfl. Data are omitted for the minimum-cont(ast samplein each case
into larger agglomerates. Interestingly, an increase by a factor (SLDsov ~ SLDpart ~ 2.5 x 10°¢ A~2, occurring nea ~ 0.4 for

: o . . . both solvents), since the division by the near-zero contrast term
of 1.5 in the specific surface of the particles is observed with results in an unphysical, large exaggeration of the calculated surface.

increasing deuteration in 2P, suggesting that the deuterated solveng)iq jines are guides to the eye: dashed lines show the respective
peptizes the surface slightly more effectively. The dashed lines surface areas as determined by SAXS.

in Figure 2 show the surface determinations by SAXS. Although

they are significantly smaller, more importantly the order of Table 2. Results from Evaluation of the Porod Surfaces in the
magnitude variation between 2P and EG solvents is the same Four Solvents

and the smaller absolute value in the SAXS data is attributed to solvent 16 x A,2cmA=* SpqLcm?  Eecemt  Zem>g?

2/cm]
<o
<o

aging ¢~1 month) of the particles. EGHh 0.83 733 1.48¢ 10° 6.6
The contrast-matching experiments for the two solvents are EGd 1.54 789 1.49% 10 6.5
presented in Figure 3. Clearly the loss in precision for 2Ph 6.38 9.70x 10°  3.04x 10° 135
measurements without the logveonfiguration makes the EG 2pPd 48.8 220x 10" 531x 100 230
samples difficult to interpret. aporod limit.® Sample specific surfacéParticle specific surface.
(42) Hermann, H.; Schmidt, P. W.; Schneider)PMater. Sci. Lett1995 14, The 2-propanol data (Figure 3b), are much clearer. The
81?;13) Martin, J. E.J. Appl. Crystallogr.1986 19, 25. approach to the calculated CMP is evident and is very precise
(44) Porod, G. Irsmall Angle X-Ray ScatterinGlatter, O., Kratky, O., Eds.; if the linear variation in the particle surface observed in Figure

Academic Press: New York, 1982. . - .. . .
(45) Spalla, O. INeutrons, X-Rays and Lightindner, P., Zemb, T., Eds. 2 is employed (solid line). The variation in experimental CMP

North-Holland: Amsterdam, 2004. between the best fit to the data and the interpolated surface is
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2.0 4
10
S (@) (a)
+ 15 10° EG-h
§_ 1 2P-d 20%
1 or 10° 2P-d 30%
< 051 _ 2P-d 60%
Q : & IE ]01
3 00 ——FK— 2
< @ 10°
< 05 =
~— 1 .
"’é 1.0~ 0 o
DR otk ST S N N N 10 229
1 2 3 4 -65-26 7 10-3 11 1||11||A 1 IAIIII-II
SLDg,, / 10".A 10° 102 10"
-1
¢ ob® a/A
< 10°
£
<
I
< s 107
- T .
& 0 E 10
A1) 1 T .
i < 0 o 2Pd
M = 10 + 2P-d 80%
“© = o o 2P-d 60%
=S5 1 o1 S o5 X 2Pdso%
10 [ a® A 2P-d30%
1 2 3 4 455 _26 7 A 4 A 2P-d20%
SLDg,, / 107.A | s EG-h
-11 L1 Lo
Figure 3. Contrast-matching plots of particles in (a) ethylene glycol 10 10 102 1o
and (b) 2-propanol. Calculated zero-contrast points for CagOH) e
q

Ca(ODy), and fully exchanged patrticles are indicated ondais.
The dashed line in panel bis a linear least-squares fit to the presentedrigure 4. SANS data for 2RYEG- mixtures: (a) reduced raw
data, and the solid line is calculated by linearly interpolating the data; (b) Porod plot*l(g) vsg. Several data series have been omitted
particle surface between the experimentally determined values atfor clarity.

¢2p—g = 0 @ndepopg = 1.

approximately 12%. However, the samples with the least signal-
to-noise contribute the greatest variation from the interpolated
surface and theoretical CMP.

In order to examine the effect of the solvent on particle
aggregation, the SANS spectra of the particles were measured
in mixtures of ethylene glycol and deuterated 2-propanol in
varying proportions. The raw data in standard-t¢og and so-
called “Porod” representations are shown in Figure 4. Porod law

SLD; Contrast (A4.U.)

0.0 0.2 0.4 0.6 0.8 1.0

behavior is observed for all samples, as well as oscillation in 3 Fpa (V)
. . . . . 12x10
intensity for the high-signal (deuterated, high-surface) samples ®) b
thatis attributed to surface roughness observable atlength scales 10 -
of < ~50 nm. The transition from the Porod to fractal regimes
that is observed in 2P solvent but not in EG (see Figure 1) is 8-
present up to at least 40% B after which there is a transition, o °
between 40% and 70% EG, to the agglomerated particle structure. :'; or o

The mixture of protonated EG and deuterated 2P requires =k
some care in calculation. As shown in Figure 5a, there is a N
nonlinear variation of contrast arising from the OH/OD exchange 2"
between 2R3 (with one -OD group) and E®G-(with two -OH 0 ,
groups), and the resulting nonlinear variationpa,s and Ap '/ﬂ
with solvent composition. For the present study, we presume the _2'_

| | | |

carbor-hydrogen/deuterium bonds to be nonlabile. Furthermore,
we expecta variation in the Porod surface as a function of solvent, 0.0 02 04 ( 0/“6/) 08 1.0
thus invalidating a simple CMP extrapolation. Indeed, when Pop.g (W

examined in the CMP-plot representation, Figure 5b, there is Figure 5. (@) Variation in scattering length densities of the mixed
clearly no linearity in the data. EG-H/2Pd solvent < — —), the calcium hydroxide nanoparticles

. . . ... (*=*),andthe resulting calculatéph? (solid line, x 10°). (b) Contrast-
Therefore, it is necessary to determine the particle specific yariation plot of nanoparticles in EG:2P-d solvent mixtures. The

surface independently from the neutron scattering by SAXS. line represents the curve calculated from the specific surface of the

The results are presented in Figure 6. Here the contrast inparticles as measured by SAXS (see Figure 6). The calculated CMP

electronic density is well-known, almost invariable between for fully deuterium-exchanged particles is indicated ontais.

solvent mixtures, and with no variation due to hydrogen 1he units ofA are (At-cm™).

deuterium exchange. Interestingly, the variation in surface area

does not follow a smooth curve, whether linear (as observed the order of magnitude variation between EG and 2P solvents).

between 2Hrand ) or logarithmic (as may be expected given Rather, it behaves more like a “titration curve”, where only small
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Figure 6. Specific surface as a function of 2P concentration in Figureé 7. (a) Analysis of the Porod constaAtper unit ofX (as
mixed 2P-EG solvents, as determined by SAXS. (a) Porod plots, determined by SAXS), normalized by sample volume fractions.
A[=¢f(q)] vs g, normalized by volume fraction and contrast, showing  CUrves are calculated for corshell structures with surface layer
the intensity variation in the Porod region. The dashed line indicates { = 1 nm. The shell composition is determined according to the

the EG surface; the other curves aredes (w/w) = 0.5, 0.6, 0.75,  €aullibrium constantkze (Or kes = 1/kee) = 1 (solid gray line), 0.8,
0.9, and 1. (b) Porod specific surfaceégi(a fur)mtiocpzefshowing 0.65, 0.56 (best fit, solid black line), and 0.45. (b) Resulting 2P

i ot : « ~ o “adsorption isotherms”, mole fraction of 2P in the surface layer
%ghrg:[tlg(rjl ts)catﬁgddzgrggge”\r/gr.latlon. An approximate "end point” is (shell) as a function of bulk mole fraction, fagr = 1 (solid line),

0.8, 0.56 (thick solid line), and 0.45.
changes in the surface are observed with solvent composition to ] ) )
either side of an “end point” where there is an abrupt transition for a total zero-contrast point. Rather the turning point seen at
between 2P-poor and 2P-rich regions. psoiv = 2.1 x 10°° A2 for k¢ = 1, and increasing fokzp < 1
When this surface variation is accounted for, a reasonable < Kee, represents a “minimum intensity” that is a function of
agreement with the SANS data is obtained (Figure 5b). However, PothApc—sandAps-, for a plot of A’Z. In such a representation,
there are still significant discrepancies arising betwsgr= 0.6 it become§ clear that for a S|mple surface, the calculated curve
and 0.8, as well as in the low-contrast, high-E@egion. The ~ does not fit well to the data (Figure 7a, gray curve).
titration-type behavior of the specific surface supports the Curves calculated for several valueskeBhow the effect of
hypothesis of 2P adsorption being responsible for stabilizing the varying the surface layer composition. The data fit well for a
nanoparticles against agglomeration. If this is the case, theconstankepr= 0.56 (orkeg = 1.79) except at the two points that
observed behavior suggests a thermodynamic equilibrium fall very close, respectively, to the minimum contrast point and
between EG and 2P on the surface that drives the transition, andhe end point in the surface titration. This corresponds to a free
that should be measurable by contrast-variation SANS by use€nergy gain of-1.4 kymol~* of EG-h over 2Pd on the surface,

We begin by choosing a shell thicknessf 1 nm, or roughly of gas-phase adsorption of EG and 2P onto the bare 001 face of
a monolayer of solvent. For several valueskgf andkzp, the Ca(OH).* This energy difference is of the order of magnitude

contrasts at the two interfaces are calculated as a function of the®f hydrophobic interaction®, as might be expected given the

initial bulk solvent compositionp.e. Rearranging eq 4, we have ~ formation of a hydrophobic Surfaqe When 2P is adsorbed.
Although an apparent constant in units of liters per mole (eq

AZ = 271(0,_boore+ Lot Pehen) (10) 9) requires a constant specific surface, one can make the
calculation in the dilute limit. In this case ethylene glycol has

Figure 7a shows plots 0&/Z, as a function of overall solvent & specific adsorption ‘constant’ (usigfor the sample in 2P,
composition for the SANS data, as well as curves calculated Where EG is d”Utez of 4.8 1072 M™%, and 2-propanol (using
from eq 8 for several values kf, normalized to the initial particle = in EG) of 4.1 M™%. Note, however, that these very different
volume fraction (which varies between samples with the varying Values arise only from a difference in the specific surface area,
solvent density). For the experimental data poitits determined ~~ at the same, experimentally determined energy of adsorption,
from the Porod limit in the SANS data, aitis determined by and therefore in the present dynamic, reactive systems do not
SAXS. Shown in gray i = kop = 1, which maps directly to give useful information. Therefore we consider below only the
the curve shown in Figure 4. The negative-to-positive repre- (46) Yu, Y. Personal communication
.Sen.tatlon of .the (?ontraSt'matChmg plot Flgur.e 5Sbis abandoned (47) Taﬁfofd,CTI’he Hydrophobic Effect: Formation of Micelles and Biological
in Figure 7, since in a coreshell structure there is no requirement  Membranes2nd ed.; Wiley: New York, 1980.
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Table 3. Variation of the Best-fit Equilibrium Constants and 5.7 nm, which can be considered an a priori limiting value for
Corresponding Free Energy of Adsorptiorf at Various t, certainly allowing such an assumption to hold for monolayer
Arbitrary Shell Thicknesses adsorption. Note that the value= 0, while not physically
t, nm 0.1 0.5 1 2 25 meaningful, could also be fitted in principle: Since no consid-
kop 0.56 0.56 0.56 0.57 0.58 eration of the distance between surfaces (only their contrasts,
ke 1.79 1.79 1.79 1.75 1.72

which are affected by the shell volume and therefore indirectly

A fmolt -1 -1 -1 -1 -1 . - ;
Goas JMO 390 390 390 350 300 by the thickness) is included, the two surfaces of different contrast

@ Free energy of adsorptionGags for 2P is equal to-AGagsfor EG. can be arbitrarily close together in the calculation. To the other
extreme, for values of > ~2.5 nm, the data from the high-
6x10° surface (2P) samples cannot be fitted to any greater thickness
X

by adjustingk. A similar limiting value can also be found for
the low-surface (EG) samples; however, due to the low surface
area in the 2P-dilute region, this occurs only at unreasonably
large shell thickness.

A general quantitative theory developed by Jolivet &f &br
oxide nanopatrticle systems showed predictable particle sizes
varying as a function of surface energy. Interestingly in the present
case, the large specific surface is observed in the less-strongly
adsorbing molecule (2-propanol), which would appear to be
contrary to the theory of Jolivet (since stronger adsorption should
lead to a lower surface energy). However, those particles were

00 0z 04 06 08 10 studied as a function of pH, thus varying the surface energy

fapa (VW) through the surface charge density due to protonation and

Figure 8. Variation of fitted data as a function of shell thickness, hydroxylation. The solvents in the present case were shown by

t, for kep = 0.56kec = 1.79.t = 0.1, 0.5, 1, and 2 nm. infrared spectroscop§to be only physisorbed to the surface,

and therefore not to affect the surface charge density in the way

) ) ] pH does with oxide nanoparticles. Rather, the specific surface
reciprocal, surface-independent valles andkec as defined s governed by the hydrophobicity of the surface layer that in
ineq 8. the presence of 2-propanol favors smaller particles by slowing

Figure 7b shows resulting adsorption isotherms, calculated down growth on the surface relative to nucleation of separate
from eq 8, giving the surface layer composition as a function of particles.
total solvent composition, for several valueskgf presented in For low values ok, (smallz), the dependence of the data
Figure 7a, includindep = 1 (solid line) and the best-fit value o, t js minimal. This is becauseaffects only SLQux due to
of kep = 0.56 (heavy solid line). Intriguingly, to a first  anrichment of the shell in one solvent that results in a
approximation, the end point of the surface titration curve (Flgure corresponding depletion in the bulk, which is not significant
6b), occurs at a molar surface coverage of one-half 2P (Figureyhen the volume fraction of this surface layEt)(s infinitesimal
7b). with respect to the bulk volume. Therefore the only parameter

Itis likely that an underestimateXiresulted for the two data  ffected significantly by varyingep is SLDspe;, Which then
points, probably due to a shift in the end point of the surface getermines both surface contrasts. This is not the case in the
titration in the Samples used for SANS and SAXS. Batch high_surface region' where for even quite smialthere is
variability or other random error between samples could certainly significant depletion from the bulk solvent for the fitted shell
explain the apparent shift, and the SANS results for the pure 2P composition, so that SLiy is also dependent upda
solvents (see above) suggest a stronger effect ai aR-the One may further consider behavior in the intermediate mixtures
surface area that would contribute to such a shift. The error bars;5 nondilute. That is, the assumptions employed here in the
in Figure 7a partially account for this, due to the larger uncertainty | angmuir model of 1:1 exchange and ideal mixing on the surface
in the SAXS surface determination near the transition point. But 55\ye|| as the bulk are not necessarily valid. Also, the equilibrium
even by choosingz = Zeg, curves cannot be fitted to the  ghel| composition is dependent not only on the energy of
recalculated data points (see Discussion). _ adsorption but also on the free energy cost of the concentration

The best-fit values and correspondingags are shown in gradient (this could also be considered as a stirllk surface
Table 3 for shells of varying thickness, and Figure 8 shows the tension). The rather smaliG favoring EG over 2P (1.3 kihol ),
variation of the fitted curves with the thicknetssf the surface being of the order of magnitude of hydrophobic interactiths,
layer, at constarkep. The best-fit curves agree well with the data  may then no longer be dominant. Were this the case, one would
inthe range ~ 0.1—-2 nm, consistent with monolayer adsorption  expect the equilibrium constant to tend toward unity in this region,
(t~ 0.6 nm), which is expected since near-ideal solution behavior resulting in the /) data that we observe fgse= 0.5 and 0.6.
is observed for the 2PEG mixture, and such that neither solvent As it is the -OH groups that adsorb to the particles’ surfdce,
molecule should be favored in the second layer. the number of these groups on each solvent provides a possible
. . simple explanation for the competitive adsorption effect.

Discussion However, the formation of a hydrophobic interface with the liquid
The assumption of a thin shell (leading to eq 4) requires that phase by 2P, but not EG, could also contribute. It may be of

the characteristic distanc¢éMC) given?® by (HO= 3/Z for any future interest, therefore, to examine the asymptotic behavior

globular structure of small grains, be greater than the shell around the transition region more closely in further SANS

thicknesg. For the smallest unit particles (in 2P solveli) = experiments, to provide further insight into the molecular
(48) Hyde, S.; Anderson, S.; Larsson, K.; Blum, Z.; Landh, T.; Lidin, S.; (49) Jolivet, J.-P.; Foidefond, C.; Pottier, A.; ChaneC.; Cassaignon, S.;

Ninham, B. W.The Language of ShapElsevier: Amsterdam, 1997. Tronc, E.; Euzen, PJ. Mater. Chem2004 14, 3281.
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mechanism of this effect. This may also allow a more detailed
model of the adsorption isotherm to be employed than the simple
Langmuir case, with the interactions arising in this nondilute

region taken into accoust.

The mass-fractal structure of platelike particle aggregates,
observed in samples @f,p > 0.6, is indicative of diffusion-
limited aggregation, with inhibition of the faedace sticking,
as aresult of adsorbed 2P. Similar phenomena reported recently 4
for mixed metal hydroxide8 showed low dimensionalityd(~
2.3), from SEM analysis, that results in a “house of cards” structure 10°
due to edgeedge and edgeface aggregation. In the present
system, there is a continued presence of fdeee stacking,
resulting in the exaggerated 001 diffractithhowever, the
specific surface for the 100% 2P sample corresponds to flat
particles of thickness-8 nm, and the onset of fractal scaling o
occurs at a length scale of the order0 nm, in close agreement
with TEM results!® suggesting that individual particles are still 107!
resolved, at least in this case. Slightly smaller specific surfaces
(i.e., greater apparent thickness), but the same overall range of Wome
fractal scaling, is observed fgpp = 0.8 and 0.6, suggesting an 0.001 0.01 0.1
increase in the faceface stacking driven by displacement of 2P g/ A
by EG, and reaching a critical pointatthe end point of the “surface rigyre 9. (a) Schematic representation of the structural evolution
titration” that collapses the aggregate structure in the EG of aggregates of thin flat discs in varying proportions of the two
regime. solvents. In EG, nanocrystals are strongly aggregated such that only

If one analyzes the pure Efssample more closely, the scaling  micrometer-sized structures are observed by Ttd SANS. In
law at lowq (<~8 x 103 A~1) is not quiteq* (Figure 4b). 2P the individual crystals are stabilized by surface adsorption such

" . L - that individual particles are observed, and in mixtures of the two
Rather, itis approximately 3.85, characteristic of a slightly fractal solvents intermediate structures are observed. The transition is a

surface structure of dimensidn- 2.155 The equivalentscaling  yeyersible consequence of thermodynamic, competitive surface
is also observed in the EGsample (not shown). The transition  adsorption between of the stabilizing 2P and aggregating EG solvents.
from surface fractal to Porod scaling appears at about the samegb) SANS curve for nanoparticles in 20.6 w/w) and EGh (data

g as the equivalent transition in the mass fractal of the 2P-rich points), and a simulated flat disc form factor and “pearl necklace”

samples, indicating that the surface fractal is observed on theStructure facté¥ (solid line), using calculated contrast and volume

aggregated superstructure but that the primary particles arel/2ction. a disc “thickness” of 70 nm (equal to the approximate

unaffected, consistent with the reversibility of the surface area
as a function of solvent composition.

Thus the overall effect of adding 2P to such nanoparticle
aggregates confirms the propo&tdypothesis that adsorption
of 2-propanol onto the surface of precipitated calcium hydroxide
agglomerates resultsin a stabilization of the primary nanopatrticles.

In the case of a mixture of two differently acting solvents, the her th hick hen in he individual icl
competition between the two for surface adsorption determines ather than thickness, when in fact the individual particles are
still mostly resolved in the Porod asymptotic region; however,

the final aggregate structure (Figure 9a), in this case between; titative fit id onlv b ted with
open aggregates, where the surface of the subparticles is resolved!! &Ny case a gquantitative fit could only be expected wi

and closed aggregates, which appear up to micrometer-sized butf"qnsidera_tion of sme_aring and polydispersfity in the mode, and
are nevertheless separable into nanoparticle units by the additiorf 'S 'éMains a question to be addressed in the future.
of appropriate solvent molecules.

It must be noted that one must be skeptical of quantitative
fractal dimensions without proper fitting of the data overthe full A process resulting from simple adsorption of solvent molecules
fractal range. This was attempted by use of a structure factoronto particle surfaces, in an otherwise additive-free system, has
introduced by Teixeird25% developed for “pearl necklace”  significant implications with respect to aggregation and growth
structures of spherical subunits on a flexible chain. However, phenomena and could help to account for, for example,
even when the procedure was modified to incorporate a flat mechanisms of inorganic crystal growth under the influence of
particle form factor, good fits could not be found with physically adsorbent polymeric additives that stabilize precursor particles.
meaningful parameters, and thus this remains a question to beCalcium carbonate especially can assemble in a variety of ways
addressed in the future. One exception was found, however, atto form the final crystal structures, including oriented attachment
¢2p= 0.6, close to the end point, where a reasonable overall fit and formation of so-called mesocrystals, which have been
could be found with the apparent size dimension indicated by observed to display a mass-fractal distribution of adsorbing
the onset of fractal scaling, as shown in Figure 9b. polymeP*55and have been claimed to be mesoporous in structure

While this simulation remains fairly qualitative, the resultant and specific surface aré&55"We have shown that competitive
fractal dimension of-1.5, suggests the appearance of many adsorption with just a small favorability in energy on the order

=)
:

lig)/ em

particle size), and a fractal dimension of 1:50(3).

one-dimensional faceface stacks of particles, Figure 9a, as may
be expected in the hypothesis presented above for the aggregate
structural transition. The lower than expected surface area is the
result of constraining the particle dimension to the disc area,

Conclusions
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