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Organic-template-directed nucleation of strontium fluoride and barium fluoride:
Epitaxy and strain
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In situ synchrotron x-ray diffraction studies show that barium and strontium fluoride grow preferentially
oriented at a fatty-acid monolayer template, with the unit cell spacings initially contracted I6¢6 (Srk) to
~4% (Bak). In addition to this macroscopic strain, peak width analysis shows the presence of local strain that
relaxes as the crystals grow. In contrast, the diffraction pattern from calcium carbonate grown at the same
template shows no preferred crystallographic orientation.
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I. INTRODUCTION acid?* on oriented crystal growth of glycine under Langmuir
monolayers ofa-amino acid$® and on the growth of ori-
The use of inorganic templates to direct the growth ofented ice under alcohol monolayéf$’ In the case of cal-
inorganic films(typically under ultrahigh vacuuis by now  cium carbonaté? only amorphous growth was observed. In
a major industry, and inorganic templates are also used tée other studies, no linear relationship between the organic
grow structured organic thin filmésuch as self-assembled and inorganic lattices has been determined. In our recent
films). In nature, however, it is more common to use organicG!D Stut?lf of barium fluoride nucleation under monolayers
templates to grow inorganic crystals, a process known a8f heneicosanoic acid, we reported that the interfacial or-

biomineralization. Organic template-directed nucleation is #ﬁnichand inorgalni% lattices k;]lohachhleve a _premsle r?glstry.d
new and potentially easier way to grow tailored inorganic ™S happens only because both the organic molecules an

materials, but our understanding of such processes is at ge inorganic atoms rearrange as needed at the initial stage of

t
relatively early stage growth.. . . .
The best-studied. class of organic-template-mediate In this paper, we address two experimental issues. First,
. . X q/ve test whether the organic monolayer has a similar effect on
hucleation processes is the growth of oriented crystals ur]def\5vo other minerals, strontium fluoride, and calcium carbon-
organic monolayergLangmuir filmg that have been spread ’ ’

. ) ) pes ate. Strontium fluoride was chosen not only because it is
at air/supersaturated-solution interfaces. The weakly  jsosiryctural with barium fluoride, but also because it pos-

acidic headgroups of the organic molecules attract aqueougssses properties desirable for crystal growth from solution:
ions of metal salts to the water surface, where the ions ag; forms no intermediate polymorphs, it has no stable hy-
gregate in large concentrations and grow into crystals. Ifyrates, it has a low solubility, and its supersaturated solution
contrast to the uncontrolled precipitation of a salt from ancan be prepared by chemical reactions. We chose calcium
aqueous solution, here the crystallites grow preferentiallytarbonate because it and its polymorphs are biologically im-
oriented to the plane of the organic template, and have spgortant and therefore have been extensively studied.
cific morphology and size. The matrix-mediated-growth of Second, we analyze diffraction peak widths to obtain in-
crystals such as CaG@d™*? CaGO,'* BaSQ,* ' formation on the domain sizes and structural defects during
KH,PQ,,}" BaR,,®19CdSZ’ and Pb3'?2have been studied, the initial stage of growth. Structural defects can play an
mostly by variousex situmethods—the crystals are removed important role during an epitaxial growth. For example, in-
from the solution and examined by optical, transmissionorganic crystals are known to grow on inorganic substrates
electron, scanning electron, Brewster angle, and atomic forcpreferentially oriented, even if the surface lattices of the sub-
microscopies; x-ray photoelectron spectroscopy; energystrate and deposited material are substanti@k/ much as
dispersive x-ray analysis; electron and x-ray diffraction; etc.30%) mismatched.In such cases, the lattices cannot distort
A wealth of information has been accumulated about théo accommodate a one-to-one fit; instead, the initially formed
organic monolayer material and subphase conditions besliverlayers contain structural defects that accommodate the
suited for nucleation of a particular mineral in a particularstrain energy associated with the lattice misfit. Such crystal
orientation. defects, in addition to causing the diffraction peaks to shift,
None of the above-referenced studies, however, provideontribute to the broadening of diffraction peaks.
information at the microscopic level. The populand rea-
sonablé explanatioR® for the preferentially oriented inor-
ganic nucleation at the organic template is that it stems from
a match between the interfacial lattices of the organic mol- Supersaturated aqueous solutions of strontium fluoride
ecules and inorganic molecules. Such interfacial organicwere prepared at concentrations of 4.5 and 7.5 mM by mix-
inorganic registry has recently been sought using grazing ining appropriate stoichiometric amounts of strontium chloride
cidence diffraction (GID) on the growth of a calcium and ammonium fluoride, and supersaturated solutions of cal-
carbonate film under Langmuir monolayer of arachidiccium carbonate were prepared at concentrations of 7 and 20

Il. EXPERIMENTAL DETAILS
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mM by mixing stoichiometric amounts of calcium chloride , % p 4164 \

(dihydrate and sodium bicarbonatéSigma, quoted purity BB > {200} BaF, 4124 N

99.99% or better for all salisThe pH was adjusted with 2 4.08 3 {400}
sodium hydroxide(Sigma, quoted purity 99.998%0 8.0 5 4 v e
and measured in the beaker before the solutions were poure o 29 a3

into the trough. About 65 mL of a 0.87 mg/mL solution of 2 “peda A 220
heneicosanoic acid (gH,,COOH, or G, Sigma, quoted & *'] 2:88+ O-k\v{ }.
purity 999 in chloroform was spread on pure water once E 2_1255‘

and compressed by a mechanical barrier in order to deter- sosd T E.

mine the area/,) corresponding to the pressure only very 204 'b} {200}
slightly above 0 dynes/cm. The surface pressure was 0.0+ . : T — I‘Vl =
measured with+0.5 dyne/cm accuracyBalance ST9000, 20 21 22 4 6 8 10 12 14
Nima Technology. In subsequent sample preparations, the K (A) Concentration (mM)
same amount of the fatty acid was spread on the aqueous sait

solutions at constant areay/at 25 °C (the barrier was not FIG. 1. Macrostrain relaxation in barium fluoride at the mineral-

moved so that the organic film and the process of inorganienatrix interface as a function of solution concentraticeproduced

nucleation were not disturbgdA slight overpressure of he- from Ref. 28. The peak positions have been determined with an

lium was maintained in the trough to reduce radiation dam-accuracy of+=0.002 A" (smaller than the data symbglsThe

age and air scattering. peaks also shift with time, but much more slowly than for strontium
The experimental setup and procedures for data collectiofiuoride (below).

were similar to those described elsewh&&ID studies of

films with calcium were performed at the 1-BM{Bending

magnet beamline of SRI-CAT at the Advanced Photon

Source, Argonne National Laboratory and studies of films 2

with strontium were performed at the X-14A beamlif@ak (5ny)S=T (1)

Ridge National Laboratory Beamline, bending magaéthe

National Synchrotron Light Source, Brookhaven NationalWith no other constantd. is the effective crystalline dimen-

Laboratory. The wavelength of the bedin=1.5491 A was  sion, or more precisely, the volume average of the mean

the same at both beamlines. Vertical and horizontal solle¢rystallite dimension. The integral profile breadth due to dis-

slits in front of the detector defined a horizontal resolution oftortions (microstrair) alone may be expressed as

~0.01 A* full width at half maximum(FWHM) for K,

scans and a vertical resolution 6f0.05 A~* FWHM for K, (5ny)D:2< A__d

a convenient measure because the Scherrer formula for line
width due to finite size becomes simply

L . Kyy (2
scans. Two scintillation detectors were used to monitor the *

intensities of the beam incident on the water surface and h h end/d) | fth . rai
specularly reflected from it. where the parameteAd/d) is a measure of the microstrain.

The breadth for the instrumental resolution function
é‘(2¢9xy)R was determined experimentally from a silicon
powder standard, an@((xy)R calculated from this measure-
ment for theK,, values of interest. We assume that the
Lattice distortions in a crystal can be either unifopmac-  three broadening effects give Gaussian lineshapes, so that
rostrain or nonuniform (microstrain. Both “macrostrain” when all three effects are presentK(,)5=[(Kyy) 5>
and “microstrain” refer to the microstructure of the  +[(Ky)P12+[(5K,y) 12
crystallites®® The uniform lattice distortions are residual
stresses that cause lattice spacings to expand or contract, and IV. RESULTS
thus shift the diffraction peaks in the reciprocal space. In the
case of nonuniform lattice distortions, the crystal lattice
spacings range betweed—Ad and d+Ad,3' and this For Bah, it is knownt®*°that nucleation from solution at
causes broadening of the diffraction line shapes. The pea& Langmuir monolayer occurs with a preferred orientation,
profiles will also be broadened by the instrumental resolutiorthe (00) axis being normal to the water surface. Our studies
and by the finite crystallite size. The objective of the analysisof BaF, nucleation have been described in a recent pZper.
is to separate out the contribution to the broadening from thén brief, we find that the horizontal lattice spacings and the
effects of instrumental resolution, size, and strain. We usénorganic film thickness depend on solution concentration,
simplified integral breadth methotiso estimate information  with the least supersaturated solutions forming the most dis-
about the size of crystallites and the effect of microstraintorted layers(Fig. 1). As expected, the distortion occurs in
We label the integral breadths of the profiles from sizevery thin layers(14 A for 5.6 mM solutions, estimated from
distortion (strain, and instrumental resolution asﬁl(xy)s, the widths of Bragg rods shown in Fig. 3 of Ref.)28he
(5ny)D, and (5ny)R, respectively. The integral width vertical lattice spacings cannot be determined with any pre-
(11 p) f1(K)dK is the width of a rectangle having the same cision because the peaks are wide in #direction. At the
area and peak height as the fitted Gaussian line profile; this @ilute limit, the square inorganic lattice and the oblique or-

Ill. LINE SHAPE ANALYSIS

A. Macrostrain
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two directions of smearing are guides to the eff®. The same

FIG. 2. Macrostrain relaxation in strontium fluoride at the combination of effects is seen in t§220} contour.
mineral-matrix interface(a) A representativg200; diffraction peak
“shifts” as a function of time at concentration of 4.5 mM. The ions’ in dilute solutions. Because of the narrow metastable
following symbols denote time after spreading the organic fikm:  region of strontium fluoride, diffraction peakdesignated by
206 min, 0 230 min, ® 255 min, O 345 min. The peak from a a star in Fig. 2 from slightly more concentrated solutions
slightly more concentrated solutioff.5 mM) denoted by a star appear at their usual bulk position immediately after spread-
appears at the ideal, bulk position immediately) The {200 ing the organic film.
peak position as a function of time. The mineral is initially strained  The contour plots in Figs.(8) and 3b) at low supersatu-
by ~1.6% from its bulk structure. The peak positions have beerration show that th¢200 and{220 Bragg spots for Srfare
determined with an accuracy af0.002 Al (Sma”er than the data smeared partly a|ong a vertical ||r'(8ragg rod, and parﬂy
symbols. along Debye rings. These two directions of smearing indicate

that the bulk inorganic crystals grow from a thin inorganic

ganic lattice are commensurate, with the unit cell areas beingayer into slightly misoriented crystallites. The width of the
in a ratio of 1.50 to 1. At a given concentration, the BaF Bragg rods indicate that the inorganic layer is less than 20 A
lattice spacings will relax towards the unstrained values withthick when the solution concentration is 4.5 mM. Just as in
time, but very slowly. It is therefore more convenient to usethe case of Baf; the lattice spacings in thedirection can-
solution concentration to vary the Bakyer thickness and not be precisely determined because peaks are so wide. At
thus the macroscopic strain. high supersaturatiof.5 mM), the diffracted intensity is not

We have subsequently studied the nucleation o, SA=  distributed along Bragg rods but entirely along the Debye
weak{200 peak of strontium fluoride appears from a barelyrings (Fig. 4). Intensity variations alonghk0} rings have
supersaturated solutiqd.5 mM) abou 3 h after the sample their maxima atk,~0 A~ (in the plane of watér and al-
preparation, but at a highd&t-vector position than expected

from an ideal crystal. Successive scans of this peak show that
it is shifting toward the bulk position with time as shown in 025 o~
Figs. 2a) and 2b). The peak position reaches a value close Vo (400}
to that of the bulk structure about 6 h after the sample prepa- 7 0204
ration. The in-pland220; and{400 peaks have also shifted E /311}
to higher than bulk positions. In other words, the mineral g 0157
nucleates with a strained cubic lattice at the initial stage, with < .2‘-':\&%0}

- ; : . 2 010
the horizontal unit-cell spacing contracted from its bulk @ *. 200}
value of 5.8 A by 1.6%, and the strained structure relaxes S 505 "{---....:,f'
toward the bulk unit-cell with time. This is the same effect of = {111} 7
lattice contraction induced by the organic monolayer as we 0.00 4
have previously reported for barium fluoride, but at the same T TT T T
supersaturation, the average rate of ,.Speak shifts 2 0 5 101520 25 30
% 10™* A~/min) is much faster than that of previously ob- 3(deg)
served Bak peak shifts (-5x10"° A~*/min). This is con- FIG. 4. At high supersaturatioff.5 mM), the diffracted inten-

sistent with the known fact that, on average, the nucleatioiy is entirely peaked along the Debye rings. The maxima of the
rate of bulk strontium fluorid¥ is faster than that of a bulk intensity distribution indicate that the strontium fluoride crystallites
barium fluoride’ The relatively fast relaxation of strontium are preferentially oriented with th@01) face parallel to the plane
fluoride, unfortunately, means that we cannot track the corof the water surface. The angiis defined as tan=|K,|/|Ky/;
responding reorganization of molecules in the organic layefihe total wave vectok = K2, +KZ is the radius of the Debye ring.
which we were able to do with barium fluorid®@We do see  Intensity values for data points of t&11} curve have been divided
the LS-phase diffraction peaks at undersaturated concentrasy 50 and for the{200 and {311} curve by 5 so that they can be
tions (not shown just as we have seen with other divalent shown on the same scale.
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(110) calcite in Fig. 5. As expected from a powder, all allowed

__ 0064 . calcite peaks are visible in a horizontal radial scan, regard-
% (012) less of the crystallographic indices. Also as expected from
3 0044 o (104) unoriented crystallites, the intensity along Debye riigst
£ ° (018) shown fluctuates unpredictably. It is possible that there is a
> . (202) small number of oriented calcite crystals that are not seen by
% 0.02- l, . s (H3E o our x-ray beam because their orientation about the vertical
£ . T b4 3 (024 (116) axis never satisfies the diffraction condition. Other than that,
~ 0004 wﬁ_& we cannot explain the discrepancy between iousitu and

T T T T T previousex situstudies by others:

1.5 20 25 30 35 The arrow in Fig. 5 points to a peak from th& phase of

1
K (A% the organic monolayer that is also seen with other ions at

FIG. 5. An in-plane K,=0) diffraction scan of interfacial cal- u!’ldersaturated concentration. Although Fhe orgzh.r&peak
disappears at supersaturated concentrations of fluorides after

cium carbonate. All allowed peaks of calcite are visible, indi(:atingCr stals nucleate. it is unaffected by nucleation of calcium
that there is no preferred crystallographic orientation. In contrast to Y ’ y

the nucleation of fluorides, the growth of calcium carbonate |eave§arbonate.
the organic peak unchangéskee arrow.
B. Microstrain

though our apparatus does not allow us to scan far enough to when barium and strontium fluoride are grown at an or-
observe the maxima of the off-plafiekl} rings, itis appar-  ganic template, there is a lattice parameter distortion, result-
ent that thg001) face of bulk strontium fluoride lies parallel ing in shifts of the diffraction line positions. The diffraction
to the plane of the organic matrix. We do not see evidence gheaks of strontium fluoride are weak and shift continuously
other epitaxial orientations or of any unoriented crystallites.yith time, so their width cannot be ascertained with suffi-
Based on the intensity variations along the rings, the extenjent precision. However, we have measured and analyzed
of misorientation is only=5° FWHM at 7.5 mM. the broadening of barium fluoride diffraction peaks.

Motivated by numerous, nonstructural studies of the ori-  peaks at all concentrations are broader than the resolution

ented nucleation of the biologically important calcium car-jimit of about 1000 A. As can be seen in Fig. 6, the integral
bonate, we have also looked for the face-selective nucleation

of this salt. Consistent with previous macroscopic stutfies, a

we see that calcium carbonate nucleates at the air-water in- 0.0040
terface in the form of either vaterite or calcite, depending on R
calcium concentration in the subphase. However, our studies
show that neither of the two polymorphs have a preferred
crystallographic orientation; they both nucleate as powders, 4 %
as shown in the representative in-plane diffraction scan of < 0.0035 4
{200} {220} {400}
K
0.042 1 el 0.0030
< /'<§
o . ,/ ., b
2 00364 . P ¢
z Al 500 ]
pd R }
0.030 I
§', Jpeatat 400
’,r,,/ “€ ‘zl'
00244 @ ¢ a §
é 300
1 1 1 1 1
20 25 30 35 40
K (A" 2oo-§
xy
FIG. 6. Integral widths of the diffraction peaks from interfacial 1T T T
barium fluoride. The following symbols denote the salt concentra- 8 9 10 11 12 13 14
tion (in mM): @ 14.0,0 11.2, ¢ 9.3, & 8.4. If the peak broaden- Concentration (mM)

ing were solely due to finite lateral size, the widths would be inde-

pendent of the scattering vector. In fact, the width depends on the FIG. 7. Strain relaxation in barium fluoride at the mineral-
scattering vector, and also increases as the concentration decreasesitrix interface. The microstrain parametexd/d) and the do-
The broadening is thus most likely caused by an increased numbenain sizeL have been determined from fits to the peak widths
of structural defects at the earlier stages of growth. shown in Fig. 6.
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breadth of diffraction lines depends &, ; thus, the finite interface and grows with it€001) crystallographic face pref-
size effec{Eq. (1)], which predicts a width that depends on erentially oriented to the plane of the water surface. Calcium
L only, is not the only source of peak broadening. We fit thecarbonate, on the other hand, grows with no preferred crys-
trends as discussed earlier, and extract the in-plane domajallographic orientation. We conclude that the cubic unit cells
sizeL and strain parameten\d/d) [as shown in Eq(2)]. L  of the fluorides possess the symmetry and lattice parameters
is about 200 A at low concentrations, and as the crystallitesecessary for the registry at the heneicosanoic acid template.
grow (at higher concentrationsL increases up to about 500 In addition to peak shifts, strong peak broadening effects
A [Fig. 7(b)]. Although the microstrain remains present evenfrom metastable supersaturated solutions of barium fluoride
after the peak positions approach their ideal, bulk values, itan be attributed to microstrain, which is highest when the
decreases slightly as the domain size incredbés 7(@)].  macrostrain is highest. The broadening indicates that the ini-
There are thus three different events occurring simultatja| inorganic nuclei form with a higher density of point de-
neously: the inorganic crystals grow laterallgs well as  fects, As the crystals grow, the density of defects decreases.
transversely, their crystal structure relaxes uniformlyhe  rhe stryctural defects in the initial stage presumably account
peaks shift back to their bulk positionsind the nonuniform ¢, 1 fiexibility of the inorganic lattice, and allow commen-

SPread in, the spacings rgduces slightly. These trends are cogly a¢e ordering of inorganic atoms at the structured organic
sistent with the expectation that the structure approaches thfarace.

nonstrained form as the crystallites grow.

Our observations reveal global strain effegieak shifts
that are correlated with increasing microstrgoeak broad-
ening at the organic-inorganic interface. Strain in solid ma-
terials can be associated with many different types of crystal
defects, but generally, it is not possible to distinguish be- ,
tween these effects from diffraction data. Given the nature of 1NiS work was supported by the U.S. Department of
our sample, it is likely that there is entrapment of water orEnergy under Grant No. DE-FG02-ER45125. It was per-
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