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Abstract: The nucleation of the amino acids, aspartic acid and asparagine monohydrate, beneath monolayer
films has been investigated as a function of film material and surface pressure. For the first time, nucleation
has been shown to occur preferentially beneath films at low to medium surface pressures and not at high
surface pressures as previously found. At high surface pressures, where the film was close-packed, the nucleation
rate was low. In contrast, the nucleation rate was optimum under films at low to medium surface pressures.
Since the close-packed films were unable to induce significant nucleation promotion, it is highly unlikely that
this optimum nucleation at lower surface pressures occurs beneath close-packed film islands, but rather it is
induced by the inherent nature of the films at lower surface pressures. We believe these novel results arise
from both the substantial adsorption of the amino acid zwitterions between the film molecules and the exploitation
of the greater compressional freedom of films at lower surface pressures, which enables greater lattice mismatches
between the film and nucleating crystal face to be accommodated. Based on these findings, a new mechanism
for nucleation beneath monolayer films is proposed. By using molecular modeling it was possible to demonstrate
the existence of an electrostatic and geometric correlation between the film and nucleating crystal face in all
cases. Therefore nucleation beneath the monolayers was governed by both strong adsorption upon the film
and a correspondence between the structure and geometry of the film and nucleating crystal face, the latter
correspondence being facilitated by the greater compressibility of the lower surface pressure films.

Introduction film headgroup to the nucleating species, usually called
“template matching”, whereby the film mimics a particular plane
in the nucleating crystal and so leads to nucleation bounded by
this planel~® Alternatively, electrostatic attraction and either
geometrical matching, or stereochemical complementarity, may
be sufficient to bias the nucleation to the required outcémé;

this is observed in biomineralizatidf.

Original monolayer crystallization experimehtgoncentrated
upon producing nucleation under films compressed to high
surface pressures, where the film was known to be in a close-
packed and essentially fully ordered state. Thus, these films
acted as 2D crystals, producing a corresponding order in any

It is known that monolayer films can act as sites upon which
heterogeneous, and indeed epitaxial, nucleation may preferen
tially occur:? The resulting nucleation is often highly specific;
either a particular crystal morphololyy or polymorpA—11 may
be obtained by careful choice of the film material. Hence, this
phenomenon has important implications in the fields of both
crystal morphological engineeritigand biomineralizatior.1°

Nucleation beneath monolayer films relies upon a degree of
molecular recognition between the film and nucleating species.
This recognition may be manifested by an exact match of the
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temperature is reduced close to freeZifi. Mannet al./8
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discrete islands, isot the only entity upon which nucleation

working on the preferential nucleation of the less stable beneath monolayer films can occur.

polymorph, vaterite, of calcium carbonate beneath octadecanoic The following four film materials were used in this study:
acid monolayers, showed that while the fully compressed films L-alanine octadecyl ester hydrochlorided]a film), L-aspartic
produced a greater nucleation density, crystals grown under theacid tetradecyl diester hydrochloride-dsp film), L-tyrosine

partially compressed film were more uniform in size. This

O-octadecylcarbamoyl hydrochloride-fyr film), and its methyl

suggested that once the crystal nuclei formed, subsequent crystagster . -tyrosineO-octadecylcarbamoyl methyl ester hydrochlo-
growth would occur on these nuclei at the expense of fresh ride (L-tyr-me film). These film materials afforded the best
nucleation. On uncompressed films, nucleation was slow and opportunity of observing nucleation of the amino acids beneath
led to both oriented vaterite and nonoriented calcite crystal- them, without their film headgroups completely matching the
lization. This also implied the existence of condensed film amino acids and thus biasing the nucleation toward crystalliza-
islands, probably induced by the calcium ion binding strongly tion of the face for which the film acted as a template. The
to the monolayer. Hence, although nucleation beneath films atamino acids, aspartic acid and asparagine, were chosen because
lower surface pressures has been found to occur, it has alwayshey had suitable solubilities. The structures of the amino acids
been at a reduced rate compared to nucleation at high surfaceand film molecules used are shown schematically in Figure 1.
pressures. Consequently, the mechanism of nucleation at lower

surface pressures has always been attributed to nucleatiorExperimental Section

beneath isolated clusters of condensed film material.
It has recently been shovét, 24 however, that films at lower

the absence of film island formation. The application of
techniques such as grazing incidence X-ray diffracfidhand
fluorescence microscop¥?8for determining the structure and

Materials. Film compounds were synthesized from the purest

.available starting materialsc-alanine octadecyl ester hydrochloride
surface pressure may also possess a degree of order, even i

Was synthesized following the procedure of Penaegl3 and had a
melting point of 112-114 °C; L-aspartic acid tetradecyl ester hydro-
chloride was synthesized following the procedure of Kéemd had a
melting point of 109-111 °C; L-tyrosine O-octadecylcarbamoyl

packing of monolayers has been able to reveal such ordering.hydrochloride and its methyl ester were synthesized following the

This has led some authd?€*to emphasize the apparently
liquid—crystalline nature of these films.

In this study we investigate whether heterogeneous and

epitaxial nucleation may occpreferentiallyupon such partially
compressed or uncompressed films, aea significantly greater
rate than beneath the fully compressed filnlhe decrease in

procedure of Marr-Leisyet al®? and had melting points of 197198
°C and 163-164 °C, respectively. The NMR, infrared, and mass
spectrometry data obtained from the film materials agreed with
published dat&®32

The purity of the other materials used were as followsandbpL-
aspartic acid (99%, BDH)p-, L-, andbp,L-asparagine (99%, BDH),
Milli-Q water (conductivity 0.05:S/cm), chloroform (99.9%, Aldrich),

order of these more expanded films, as compared with their ang trifluoroacetic acid (99%, Aldrich).

fully compressed counterparts, may be compensated by their

Monolayer Experiments. The monolayer experiments were per-

greater dynamical freedom and compressibility. Thus, a larger formed on a purpose-built computer-controlled Langmuir trough which
degree of lattice mismatch between the film and nucleating enabled surface pressure, area, and time to be recorded. A Wilhelmy
species may be accommodated. This idea is corroborated by aplate (consisting of a roughened platinum strip, 1xr8 cm) attached

recent paper by Ahret al?® on the dynamics of template-

to an Oertling NA114 microbalance was used to measure the surface

directed calcite crystallization under monolayer films. Using Pressure. The Langmuir trough was isolated in a rubber-mounted

FTIR they were able to show that monolayers at medium surface

pressures (10 mNm) were actually able to reorganize them-

selves to optimize the geometrical and stereochemical fit
between themselves and the growing crystal face. The opti-

Perspex cabinet to reduce contamination and vibrations. The trough
was sealed and saturated with water vapor to eliminate any effects of
evaporation. The temperature in the trough was regulated1t6C
by a waterbath.

The trough was cleaned prior to each experiment with tissues soaked

mized films had lattice parameters greater than those of thein chioroform followed by rinsing with Milli-Q water. Films were
close-packed films, clearly indicating that a close-packed spread from approximately ¢ 10-3 M spreading solutions containing

monolayer film, whether in the form of a coherent film or
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(22) Lin, B.; Shih, M. C.; Bohanon, T. M.; Ice, G. E.; Dutta, Phys.
Rev. Lett. 199Q 65, 191-194.

(23) Kenn, R. M.; Bim, C.; Bibo, A. M.; Peterson, |. R.; Muvald,
H.; Als-Nielson, J.; Kjaer, KJ. Phys. Chem1991, 95, 2092-2097.

(24) Knobler, C. M.J. Phys.: Condens. Mattet991 3, S17-S22.

(25) Kjaer, K.; Als-Nielson, J.; Helm, C. A.; Laxhuber, L. A.; Mwald,

H. Phys. Re. Lett. 1987, 58, 2224-2227.

(26) Dutta, P.; Peng, J. B.; Lin, B.; Ketterson, J. B.; Prakash, M.;
Georgopoulos, P.; Ehrlich, hys. Re. Lett. 1987, 58, 2228-2231.

(27) Losche, M.; Rabe, J.; Fischer, A.; Rucha, B. U.; Knoll, W.;
Mo6hwald, H.Thin Solid Films1984 117, 269-280.

(28) McConnell, H. M.; Tamm, L. K.; Weiss, R. MProc. Natl. Acad.
Sci. U.S.A1984 81, 3249-3253.

(29) Ahn, D. J.; Berman, A.; Charych, . Phys. Chem1996 100,
12455-12461.

the following solvents: 96% chloroform and 4% trifluoroacetic acid
for the L-ala, L-asp, and.-tyr-me films and for the.-tyr film, 86%
chloroform, 10% methanol, and 4% trifluoroacetic acid. THeA
isotherms were typically run in-35 min at a temperature of 28 1

°C and to an accuracy ef1 mNnT! and+1 A2,

Nucleation Experiments. Preparation of Supersaturated Solu-
tions. The required amount of amino acid subphase material, deter-
mined from published solubility dafd,was dissolved in 250 cfrof
Milli-Q water by heating. This solution was filtered through 0,22
filters to remove any dust particles and was then maintained at a
temperature at least 2C above its saturation temperature for a further
hour. In the subsequent nucleation experiment, 219afrthe cooled
solution was used while the remaining 40 Tsplution was left
uncovered and acted as a control.

Control Experiments. Preliminary experiments were undertaken
to determine the supersaturation limit for indiscriminate heterogeneous

(30) Penney, C. L.; Shah, P.; Landi,$.0rg. Chem1985 50, 1457
1459.

(31) Koch, H.Doctoral Dissertation Johannes Gutenberg University:
Mainz, Germany, 1983.

(32) Marr-Leisy, D.; Neumann, R.; Ringsdorf, i€olloid Polym. Sci.
1985 263 791-798.

(33) Fasman, G. DHandbook of Biochemistry and Molecular Biolggy
3rd ed.; Chemical Rubber Co.: Cleveland, 1976; Vol. 1, p 115.
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a) H b) H required surface pressure. The system was left undisturbed for 20 h,
| | dhuri?g w;i;]:h rt]ime tk?ehsurfacefpressure whas I:ognd toldtlecﬁéaEer /
. ) the first 3 h, the subphase surface was checked regularly, every 1/4 to
HO,C—CH, —C—CO; HNCO— CHZ*ﬁ_Coz 1/2 h, to ensure that no crystals were visible. This was important since
any nuclei observed in this time would have either nucleated on dust
particles or preexisted in the supersaturated solution, as insufficient
time had elapsed for crystals nucleating beneath the monolayer film to
grow to visible proportions. None of the experiments failed this test.
Thereafter, the surface was checked at times of around 5, 7, and 20 h.
Analysis. At the end of each experiment, the surface crystals were
c) CH, d) CH; CHj; carefully removed without disturbing their surface orientation using
| | | strips of pliable metal grid (grid size 0.5 mm). Typically,680% of
(CHj)1e (CHy)(5 (CHy)y2 the surface crystals could be removed for surface analysis with their
r surface orientation preserved, although this value fell to approximately
H, CH, CH, 50% at low supersaturations, where the crystals were smaller. All the
| crystals collected were dried with filter paper and viewed under an
0O optical microscope. The crystals that exhibited clearly defined crystal
| faces were analyzed by single-crystal X-ray diffraction to determine
C
|

NH3+ NH;+

|
c the crystal face that grew beneath the film. With increasing experience,
l this face could be determined by inspection. The remaining crystals
were glued onto the metal grids to preserve their surface orientation
H_(]:_CH3 H)C—C—H and were examined by scanning electron microscopy (SEM).
N

Hy+CI- NH,+CI- Results
Monolayer Experiments. IT-A Curves. IT-A curves of the
films over aqueous subphases were in good agreement with the
data reported in the literatu?&32:35 Over saturatedL-aspartic
acid and p,L-asparagine monohydrate solutions, the films
, | became more expanded up to surface pressures of approximately
(CHy)17 (CHy1s 20—25.mNryT1; this expansion effect was more marked for the
| | |_.-tyrosme films. Above approxmgtely 25 mNrrlle 'the
NH NH films became condensed and attained the same limiting areas
per molecule as found for the films over aqueous solutions. This
c=0 behavior was attributed to the adsorption of amino acid
| zwitterionsbetweerthe film molecules up to surface pressures
0 of approximately 26-25 mNnT1.36 Similar expansion effects
| in TT-A curves have also been observed in other systems where
solute-film interactions were appreciaBl&37-3°
@ @ Monolayer Experiments. Heterogeneous Nucleation Limit.
[ Initial experiments upon nucleatingaspartic acid beneath the

|
CH, CH, films found that none of the films were particularly effective at
| | promoting nucleation of this amino acid. Consequently, further
H—C—CO,H H-—C—CO,CH; experiments concentrated upon nucleation withirihaspartic
acid and asparagine monohydrate systems, for which nucleation
NH*Cl NHg*CI was more evident. Furthermore, owing to the small quantity

Figure 1. Schematic diagram of materials used in this study: (a) Of L-tyr film available, most O_f the monol_ayer nucleation
aspartic acid, (b) asparagine, (ehlanine octadecyl ester hydrochloride ~ €xperiments were conducted using thigr-me film. Thet-tyr

(L-ala film), (d) L-aspartic acid tetradecyl ester hydrochlorideaép experiments that were performed, however, all gave similar
film), (e) L-tyrosineO-octadecylcarbamoyl hydrochloride-tyr film), results to those of the-tyr-me film.

and (f) L-tyrosine O-octadecylcarbamoyl methyl ester hydrochloride Both theL-aspartic acid and-alanine films were ineffective
(L-tyr-me film). at promoting aspartic acid and asparagine monohydrate nucle-

nucleation of the amino acids by dust particles, etc. The supersaturationatIon at supersaturations below that at which indiscriminate

limit for indiscriminate heterogeneous nucleation was defined as the heterogeneous nucleatlpn could occur. In Contras't,-tblEDSIne

lowest supersaturation at which a filtered, uncovered solution produced films promoted nucleation down to supersaturations as low as

crystals in 24 h at ambient temperature. All the monolayer nucleation 90 £ 7% and 40+ 5% for pL-aspartic acid and- and

experiments were conducted at supersaturations below this value toL-asparagine monohydrate, respectively.

ensure that any surface crystals observed did indeed nucleate beneath bL-Aspartic Acid System. Effect of Surface Pressure.

the film and not on any other foreign body. Table 1 shows the effect of surface pressureisaspartic acid
Monolayer Nucleation Experiments. The monolayer nucleation nucleation at supersaturations of 90%, 100%, 150%, and 200%

experim_ents were perfo_rmed using gach dif.fe_r_ent.film material at ever nger theL-tyr andL-tyr-me films. Nucleation was optimum

_?_ﬁg?:;g%f;ﬂfésfﬁféigmi?rt‘geatni'g‘;;et?ér']”L“fég'r?‘mse“nrgcvigsref:stre;under films at low to medium surface pressures. In contrast,

20+ 2°C. Glass slides were placed on the bottom of the PTFE trough nucleation on the surface between the barriers was significantly

to prevent nucleation occurring on scratches present there. sciggn?egalilneeva\%r:lnsiggg!e Molr!‘_f]'lagsers at LiquidGas Interfacesinter-
A typical monolayer nucleation experiment was performed using " 357,y qa i ; Shibasakt v.: Nakahara Macromol. Sci. Chen1981,
the following procedure. The film material was spread upon the A15 (5) 999-1014. T '

supersaturated solution and approximately 3 min allowed for the  (36) Cooper, S. J.; Sessions, R. B., Lubetkin, SL&ngmuir1997, 13,
spreading solvent to evaporate. The film was then compressed to the7165-7172.
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Table 1. Nucleation Rate obL-Aspartic Acid beneath the [CE—
L-Tyrosine Films as a Function of Supersaturation and Surface
Pressure

i

Sk

no. of surface crystals

e

Ais
§
HEet

supersaturation surface pressure inside outside 4

film (%) range (MNm?Y)  barriers  barriers ;;:
L-tyr-me 200 5-0 83 0 R
L-tyr-me 200 6—1 66 0 2
L-tyr-me 200 16—0 30 0 5
L-tyr-me 200 16— 4 40 0 H
L-tyr-me 200 19—2 45 0 2 |, g
L-tyr-me 200 26-11 57 10
L-tyr-me 200 313 °2 207 , :
L-tyr-me 150 51 24 0 . < - e
L-tgr-me 150 7_) 0 25 0 25 75 IZ.)SM”ace re];.:rumN/m)ZZ.) 275 325
L-tyr-me 150 23-3 57 0 e
L-tyr 150 25— 5 32 0 Figure 2. The histogram shows the variation in nucleation rate with
L-tyr-me 150 30— 3 e 72 surface pressure for the set of the 10 monolayer nucleation experiments
L-tyr-me 100 5-0 21 0 on the 100% supersaturated-aspartic acid system using thetyr-
L-tyr-me 100 5-0 15 0 me film shown in Table 1. The histogram was constructed by making
L-tyr-me 100 64 15 0 the assumption that the nucleation rate does not vary during each
L-tyr-me 100 16—0 11 0 nucleation experiment, so that the number of crystals nucleating in any
L-tyr-me 100 16— 3 21 0 surface pressure range is proportional to the time spent in that range.
L-tyr-me 1188 223: ig g 8 This assumption wilbverestimatethe nucleation rate at the nonoptimal
tg; me 100 22 -8 15 0 surface pressures. Hence the real variation in nucleation rate with surface
L-tyr-me 100 24— 13 4 0 pressure will fall off with increasing surface pressure even more rapidly
L-tyr-me 100 310 15 6 than the histogram shows.
t:g:_me 11%% 5373_’22 g g: Crystal Morphology. The crystal faces that nucleated
L-tyr-me 90 19-5 7 0 beneath the films exhibited numerous, often macroscopically
L-tyr 90 15— 3 4 0 visible, surface structure effects (see Figure 3). The large

number of surface irregularities observed is typical of epitaxial

, : n .
*Nucleation beneath films compressed abev@0 mNnT* was nucleatior®® In contrast, all other faces appeared flat and

significantly reduced, and more crystals tended to nucleate outside the h
barriers than within. The nucleation outside the barriers occurred on SMOOth. _ _
film material at low surface pressure that had dissolved from between Faces attached to the film were often enlarged compared with

the barriers and reemerged outside them. Even once the initial film the corresponding faces of crystals grown from aqueous solution.
surface pressure had decreased between the barriers due to this filmrhis was expected from a diffusion limited growth mechanism

dissolution, the nucleation rate was still low, since by then the _. . . . . .
supersaturation level had been reduced by nucleation on scratches ipince this upper face is not in direct contact with the solution.

the PTFE trough® The relatively high nucleation rate indicated here All other faces present in the crystals were those commonly
occurred many hours after the initial film compression, when the film seen in aqueous solution, although the large size of faces
was at far lower surface pressures. Nucleation could occur at this late gttached to the films would sometimes mask the formation of
stage, since nucleation did not occur on the PTFE trough at this the adjacent crystal faces.
supersaturation level. . . . L -

Single crystal X-ray diffraction studies identified three types
of crystal faces which commonly grew beneath the film: namely
e’th_e{llO}, {111}, and{202} faces, while on one occasion, the
{112} face was also observed. The actual face that grew
beneath the films was found to depend upon the surface pressure
range in which the nucleation occurred. In particular, in the
pressure rangdl ~ 7—25 mNntT! predominantly {111}
nucleation occurred beneath the films, with a smaller proportion
of {202} crystals also observed. Low surface pressures (

approximately 30 mNmt), while nucleation outside the barriers
began to occur. The reduction in the nucleation rate in films
compressed above 30 mNAmay be clearly seen in the entries
marked by a superscript italic a in Table 1. Indeed, the number
of crystals nucleating outside the barriers is typically greater
than those nucleating within the barriers in these marked entries.

'(Ij'he Tutgleat?fq outS||de tlhe ]tc)arrlebrst\\,/vvas f?hung to arise dge ttOmNm*l) produced significant nucleation of both th&l1} and
issolution of film molecules from between the barriers (eviden {11@ faces, with a single case 112} growth also observed.

frpm the rapid surface pressure_drop following compression to The ratio of different faces that grew beneath the films is shown
high surface pressures) and their subsequent reemergence at ‘Wﬁ Table 2 for all the single crystals collected from under the
surface outside the barriers. The reemergence of film molecules

. . ~~~>films. The ratio values were calculated to the nearest half
outside the barriers caused the surface pressure there to rise tﬂwteger In all the experiments, there was no discernible
typically around 3 mNmZ., ' ’

) . _ difference betweenL-aspartic acid nucleation beneath thgr
The lack of crystals nucleating between the barriers at high fjjm and its methyl esten,-tyr-me.
surface pressures, under the coherent, close-packed film, is Asparagine Monohydrate System. Effect of Surface
evident from Figure 2, which shows the variation of the Ppressure. The effect of surface pressure on the nucleation of
nucleation rate with surface pressure for the 100% supersaturated 7) Arsentiev. V. A Leja. J. IKColloid and Interface Scienterk
_ H H _ _ 1 H rsentev, V. A.; Leja, J. 0llold and Interrace Sciendlerker,
DL-aspartic acu_j and-tyr-me fllm system. Smce the coherent M., Ed.: Academic Press: New York, 1976: vol. 5, pp 2870
close-packed film wasot an efficient nucleation promoter for (38) Chi, L. F.; Johnston, R. R.; Ringsdorf, Eangmuir1991, 7, 2323~
pL-aspartic acid, it iextremely unlikelthat the nucleation at ~ 2329.

lower surface pressures occurred beneath close-packed filnysgj);gggra' Y.; Kurihara, K.; Kunitake, T.. Am. Chem. Sod991, 113

islands, since the close-packed film itself did not induce (40) Stowell, M. J. IrEpitaxial Growth Matthews, J. W., Ed.; Academic
nucleation. Press: New York, 1975; Part B, p 437.
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Figure 3. SEM micrographs obL-aspartic acid crystals grown under the¢yrosine films. The crystal face marked by an asterisk in the micrographs

nucleated beneath the films. Note the high density of surface irregularities on this face, while all other faces are smooth. This is emphasized on the

higher magnification pictures of this face on the right-hand side of each micrograph11@) growth and (bX111} growth.

Table 2. Ratio of Faces Found Nucleating beneath the Films inthAspartic Acid Experiments

adsorbeaL-asp ratio of faces nucleating
supersaturation surface pressure area per molecule no. of surface beneath film _
film (%) range (mNnY) (A3 crystals {110 :{1113:{202} :{112}

L-tyr-me 200 5-0 ~ 65— 100 83 4:2:1:0
L-tyr-me 200 6—1 ~ 60— 97 66 2:2:1:0
L-tyr-me 150 5-1 ~ 65— 93 24 8:3:1:0
L-tyr-me 150 —0 ~ 56— 100 25 2:1:0:0
L-tyr-me 100 5-0 ~ 65— 100 21 1:1:0:0
L-tyr-me 100 50 ~ 65— 100 15 5:3:2:1
L-tyr-me 100 6—4 ~ 60— 76 15 1:1:0:0
L-tyr-me 200 16—0 ~ 46— 100 30 1:3.5:0:0
L-tyr-me 200 16— 4 ~ 39— 66 40 45:2:1.0
L-tyr-me 200 19—-2 ~ 37— 83 45 4:7:1:0
L-tyr-me 100 16—0 ~ 46— 100 11 1:2:1:0
L-tyr-me 100 16— 3 ~ 39— 82 21 1:1:0:0

L-tyr 100 20— 10 ~ 34— 45 2 0:1:1:0

L-tyr 90 15—3 ~39—74 4 1:1:1:0
L-tyr-me 90 19—5 ~ 35— 66 7 1:1:1:0
L-tyr-me 200 26—11 ~ 30— 45 57 0:4.5:1:0
L-tyr-me 150 23—3 ~ 32— 80 57 1:7.5:4.5:0

L-tyr 150 25—5 ~ 32— 59 32 1:3:2:0
L-tyr-me 100 21— 16 ~ 34— 39 5 0:1:1:0
L-tyr-me 100 22— 8 ~ 32— 55 15 0:3:1:0
L-tyr-me 100 24— 13 ~ 31— 44 4 0:1:1:0
L-tyr-me 200 33 ~ 28— 83 9 1:1:0:0
L-tyr-me 150 30— 3 ~ 28— 81 7 2:1:0:0
L-tyr-me 100 30 ~ 28— 100 15 1:1.5:1:0

L-tyr 100 35—5 ~ 28— 59 1 1:0:0:0
L-tyr-me 100 5726 ~ 26— 30 5 2.5:1:0:0

asparagine monohydrate at supersaturations ranging from 30%seeri?in crystals growing on a melt surface, where growth upon

to 92% is shown in Table 3. Nucleation beneath the films was the upper hopper face is limited since it is not in contact with

optimum in the surface pressure rang&—20 mNnTL. At the melt. Hence, the presence of “hoppers” on only one crystal

higher surface pressures, the coherent films are again lesdace in the asparagine system confirms that this face did indeed

effective at promoting asparagine nucleation. Similarly, at low nucleate beneath the film.

surface pressures, asparagine nucleation is also less efficient. Single crystal X-ray diffraction studies identified two different

This lack of asparagine nucleation at low surface pressurescrystal faces that grew predominantly beneath itHgrosine

ensures that, unlike in ther-aspartic acid system, nucleation films: namely the{012 and{101} faces, while thg 020} and

did not occur on the solution surface outside the barriers even{111} faces were seen on rare occasions. All other faces present

if the films were compressed to highr 25 mNnT1) surface in the crystals were those commonly seen in aqueous solution,

pressures. although similarly to theL-aspartic acid system, the large size
Crystal Morphology. The crystal faces attached to the of faces attached to the films would sometimes mask the

L-tyrosine films were typically enlarged relative to their usual formation of the adjacent crystal faces.

size in crystals grown from aqueous solution. Scanning electron

micrographs of these faces (see Figure 4) revealed the presencpiscussion

not only of numerous surface irregularities but also “hopper” ) )

growthA142 while all other faces appeared relatively smooth. In the monolayer experiments we have shown that nucleation

Hopper growth on only one particular crystal face is frequently (2) does not occur at the pure water surface outside the trough
barriers; (b) is not caused by dust particles; and (c) is

23(541) Pamplin, B. RCrystal Growth Pergamon: Oxford, 1975, pp 235, qramatically reduced under high surface pressure conditions
(42) Lefever, R. A.; Giess, E. Al. Am Ceram. Socl963 46, 153 where closed packed film is present. By contrast, nucleation

154, occurs at a high rate beneath the film under conditions of low
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Table 3. Nucleation Rate of Asparagine Monohydrate beneath the importance of the compressibility of the substrate has, of course,

L-Tyrosine Films as a Function of Supersaturation and Surface already been highlighted in epitaxial growth theétyFurther-
Pressure more, the recent paper by Atet al2® actually shows that a

] solute and its supersurface pressure  no. of surface monolayer film at medium surface pressures can reorganize itself

flm  saturationlevel range (mNm?) crystalsinside barriers g4 a5 to reduce the lattice mismatch between itself and the
L-tyr-me  92%p,L-asn 140 17 growing crystal face.
L-tyr 92%p,L-asn 15-0 20 The increased compressibility of lower surface pressure films
L-tyr-me - 87%.-asn 213 46 will not be sufficient to induce nucleation in any species which
L-tyr 87%L-asn 22—3 54 . "
L-tyr-me  87%p-asn 221 48 does not match the film headgroup, unless there is a strong
L-tyr 87%D-asn 227 51 interaction between the two. In the present systems, this is
L-tyr-me 53%D,L-asn 6—0 0 demonstrated by the far greater nucleating power of the two
L-tyr-me 532/00‘L-asn 90 S L-tyrosine films compared with theaspartic acid and-alanine
l[:g:-me gg%“gt:ggﬂ E:g ; films. TheL-tyrosine films possess the two functional groups,
L-tyr-me 53%D:|_-asn 20— 0 14 NH3+ gnd CQCHg_ or COH, upon which the -amino acid
L-tyr-me 53%,L-asn 26— 0 4 zwitterions may bind, whereas both theaspartic acid and
L-tyr-me 53%.-asn 5-~0 1 L-alanine films have only the N& headgroup upon which
L-Eyf-me ggz;oo-asn 1?"8 g amino acid binding may occur (see Figure 5). Therefore
L-tyr-me oL-asn — i i i i i i
L-t));r-me 3%0-asn 120 4 adsorption of the amine acid zwitterions between the film

molecules will tend to be greater for the tweyrosine films;

L-tyr-me 53%L-asn 17—0 20 . . . .
L-tyr-me 53%p-asn 14—0 11 this agrees with the results of the adsorption calculations
L-tyr 53%L-asn 15—~0 30 obtained from thdI-A curves of these systerfs.In the present
L-tyr 53%p-asn 15-0 12 system, the “two point” interaction possible between the
L'Eyr'me gggm-asn 2%‘_‘12 1i L-tyrosine films and amino acids will also help to predispose
L-tyr-me oD-asn the resulting nucleation toward epitaxy, since the amino acid
L-tyr-me 45%L-asn 9—0 4 . . .
L-tyr-me 45%Db-asn 11— 0 3 zwitterions may (_)nly adsorb betv_veen _tmetyros_lne film
L-tyr-me 40%L-asn 15—0 3 molecules in a limited number of orientations if this favorable
L-tyr-me  40%p-asn 14—0 3 two point contact is to be maintained.

L'Eyr 28‘0’;0“35” ﬂ:g ‘11 Correlation between the Modeled Structure of the Film
L-tyr oD-asn and the Nucleating Crystal Face. In this study, both the amino
L-tyr-me 30%p,L-asn 16—0 3 . . .

L-tyr 30%D.L-asn 17— 0 2 acid nucleation rate and the crystal face nucleating beneath the

film were dependent upon the surface pressure. This suggests
that a degree of molecular recognition was occurring between
to medium surface pressure. Thus, nucleation is occurming the film and nucleating species. The film structures were
preferentiallyat low to medium surface pressures and not at modeled by placing the surfactant molecules at an area per
high surface pressures, under the closacked film, as previ-  molecule consistent with that calculated from ffieA curvess®
ously observed->7#1314 This is a new finding, and as such By comparing the structure of the nucleating faces to those of
we must look at the detailed mechanism of why the nucleation the modeled films, it is possible to determine whether this
is biased toward these lower surface pressures. We mustmolecular recognition represents both a geometrical and ster-
emphasize that the nucleation occurring at lower surface eochemical match between the film and nucleating crystal face
pressures isighly unlikelyto be occurring under clusters of  or simply a strong electrostatic attraction between the two.
close-packed film; the close-packed film itself has been shown 1, _Agpartic Acid System. There was a correlation between
to be ineffective at promoting nucleation since the nucleation poth the geometry and modeled structure of the film and
rate is greatly reduced at high surface pressures. Thus, althOUthucleating crystal face in this case. The aapccupied by
we cannot rule out the formation of close-packed film islands, 5 2witterion on the surface of each of the nucleating faces,
we are of the firm opinion that they cannot be the main amely the 111}, {110, {202}, and{112} faces, is 46.6, 80.0,
nucleators. Also, diffraction studi®on a similara-amino acid 93.2, and 72.3 A respectively. In Table 4, these aredsare
monolayer have shown that close-packed film is only present oo mpared with the arease,*4 occupied by theL-aspartic acid
above~15 mNr’rrl;_ thus the surface pressure at which close- ,yiitterions adsorbed between the films at the nucleating surface
packed film material first appears correlates with the surface pressures. For each crystal fagelies within, or just outside,
pressure at which we first observe a drop in nucleation rate. ¢ range of\y values, i.e.A ~ Ay For the nucleation of the
This is consistent with the close-packed film being a poor (711y crystal face at low surface pressures;, 2 Ay, i.e.,{ 222
nucleator. Furthermore, both thi@-A expansion behavior of  ncleation actually occurs. The crystal fa¢@é1}, {110, and
the films over the amino acid solutions and the adsorption 302 each contain planes that are structurally similar to the
modeling dat# indicate that the amino acid zwitterions adsorb 1, ‘surface at that area. Hence, this suggests that both
between the film molecules at low to medium surface pressures. geometric and stereochemical recognition occurs between the
This mitigates against close-packed film islands being presentfjiy and nucleating crystal face. This is highlighted in Figure
under these conditions. _ 6, which depicts suggested models for nucleation of these crystal
The results strongly suggest that a new mechanism for 5ce5 under the film.
nucleation beneath monolayer films is operating, whereby a |, the rarer case dfl12} nucleation, a regular array of film

property inherent in the lower surface pressure films is exploited, qjecyles (plus adsorbed amino acid zwitterions) is less likely
namely their increased compressibility. Such increased com-

pressibility allows greater mismatches between the film and  (43) Frank, F. C.; Van der Merwe, J. iProc. R. Soc. Londod949

:/A198 205-214, 215-220.
crystal face to be accommodated and so enables the nucleatiof* (44) The values oft were determined by modeling the adsorption

beneath the films to occur, even thouqh the fi!m hegdgroups between the monolayer films using the Gibbs and Langmuir adsorption
are not an exact match to the nucleating amino acids. Theisotherms. The details of this approach may be found in ref 36.
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lap

Figure 4. SEM micrographs of asparagine monohydrate crystals grown undeitynesine films. The crystal face marked by an asterisk nucleated
beneath the film. This face shows hopper growth in (a) and surface irregularities in (b) while all other faces are smooth. (a) and (b) both show
{101} growth.

a film molecule between the film and nucleating crystal face is less easily
accommodated. Hence nucleation will tend to be biased toward
low to medium surface pressures in any system where there is
not an exact match between the film headgroup and nucleating
species, particularly when the nucleating species is larger than
the film headgroup.

Therefore, in theL-aspartic acid system, nucleation beneath
the monolayer films appears to be governed by both a structural

air

N N R — and geometric match between the film and nucleating crystal
o co. co- aqueous solution faCe

2 2 2 .
\ \ Asparagine Monohydrate System. In each of the faces that
WOR IR R R i scid muitterion nucleated beneath the films, namely §@&2, {101}, {020,
NHg* NH,* NHg* and{ 111} faces, the surface zwitterions have up to four different

orientations. Hence, as with thgl12} pL-aspartic acid
nucleation, stereochemical recognition could not occur. How-
ever, all these faces also contain positively and negatively
film molecule charged groups. Thus, an electrostatic interaction between the
« film and these faces is a controlling factor in the nucleation. In
addition, the nucleation rate is dependent upon the surface
pressure; this suggests that geometric matching is also an
important criterion.
Thus in the asparagine monohydrate system, nucleation
beneath the films appears to be governed by both an electrostatic
air and geometric match between the films and nucleating faces.
L-Aspartic Acid System. We may also consider why the
films were not efficient nucleators afaspartic acid. Nucleation
NH G0 NHT 003 of this amino acid would be facilitated if the low energy crystal
H-C-R H-CR "\ amino acid zwitterion face{100}, which dominates the aqueous crystal habit, could
Figure 5. Schematic diagram of amino acid adsorption between the P€ nucleated. The structure of the st&b(@00) plane contains
monolayer film molecules: (a) “single point” interaction between amino Only surface CGH groups and is therefore electrostatically
acids and.-ala and.-asp films and (b) “two point” interaction between  incompatible with tha.-tyrosine films. We would anticipate
amino acids and-tyr andL-tyr-me films. R indicates the amino acid  that this face could nucleate beneathitfedanine and-aspartic
sidegroup. acid films which possess the NH headgroup; however, the

L ) ) L lack of a two point film-amino acid interaction prevents
to mimic this plane, since the face contains surface zwitterions , ,cleation of this face occurring at the relatively low super-

with three distinct orientations. Consequently, no stereochem- q51 ration levels investigated in this study.

ical recognition between the films and this face could occur. Proposed New Mechanism for Nucleation beneath Mono-

Hg‘WJrevera the{ 1.12}| plgneéjoeshcontzm beth p03|t|vely_,rr|].e., layer Films. Previously, nucleation beneath monolayer films
5", and negatively, i.e., GO, charged surface groups. ThuS, o heen shown to occur preferentially under films at high

the sllnggle (;,a?e 05(1112} nuc{gatlon olbst_ervid t\vlvvas mt(:]ucf(_ald by dsurface pressures where the film is close-packed and ordered.
an electrostafic and geometric correlation between the im and |, contrast, we have demonstrated preferential nucleation

crystal face. beneath films at low to medium surface pressures. higaly
%nlikelythat this nucleation is occurring under close-packed film
islands, since the closgacked film itself was not an efficient
nucleator. A property which is characteristic of the lower
pressure films must be aiding the nucleation. In particular, we
believe these novel results arise from the greater compressional

NH* \COZ‘ NH* \COé NH \COE; aqueous solution

explained by the lack of a suitable (i.e., electrostatically
compatible) crystal face with a small enough surface area per
molecule. Modeling shows that tibe-aspartic acid zwitterions

are larger than the film headgroups and so are unable to fit
beneath the film when it is close-packed. Films at high surface
pressures are less compressible, and any geometric mismatch (45) Cooper, S. J.; Sessions, R. B. Manuscript in preparation.
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Table 4. Comparison betweeA;, the Area Occupied by Each Film Molecule on the Surface of the Crystal Face, the Radg&/afues at
Which Nucleation of that Face Occurs, and the Maximum Area Mismatch Observed in This Nucleation

ca. range of nucleating ca. range of nucleating
pL-aspartic acid surface pressures areas per moleculéyy area of molecule on max. area
crystal face (MNm™) (A?) nucleating faces; (A% mismatch (%)

{1113 ~0— 25 ~ 31— 100 46.6,93.2 34
{202} ~7—25 ~ 31— 56 58.8 48
{112 ~0—7 ~ 56— 100 72.3 38
(rare)

{110 ~0—7 ~ 56— 100 80.0 30

a{222 growth occurs.

film

[111] plane

film

[222] plane

film

[110] plane

film

d)
&

Mo 2 e W

1B e B

Figure 6. Suggested model for nucleation of crystal faces beneatb-tiimsine films. Color code: carbon is shown in light gray, hydrogen in
white, nitrogen in black, and oxygen in dark gray. Note only part ofititgrosine film has been shown for convenience. In each case the film
mimics the face that nucleates beneath it.{(E)1} growth beneath the films at surface pressures betweeand 20 mNm?. (b) {222} growth
beneath the films at surface pressurgs mNm L. (c) {113 growth beneath the films. (d)202} growth beneath the films.

freedom of films at lower surface pressures, which enables the low to medium surface pressure film molecules, aided by
greater lattice mismatches between the film and nucleating the two point interaction between the two, and (2) the greater
crystal face to be accommodated. compressibility of the lower surface pressure films that allows
We propose the nucleation is induced through the following the adsorbed amino acid layers to adopt conformations elec-
processes: (1) the greater adsorption of the amino acids betweetrostatically and geometrically similar to layers within the
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macroscopic crystal, thus inducing the corresponding faces tophenomenon not only observed under films in a close-packed
nucleate. This new mechanism for nucleation beneath mono-and ordered state. Indeed, nucleation beneath monolayer films
layer films is likely to be important whenever the nucleating is facilitated by having the film at lower surface pressures in
species and film headgroup are of a different nature, and systems where the film headgroup and nucleating species are
particularly when the nucleating species is larger. Whereas not an exact match. We believe this behavior is explained by
nucleation under close-packed films typically results in the the “liquid—crystalline” type behavior of monolayer films at
nucleation of one particular crystal face, nucleation at lower lower surface pressures; the films are more compressible and
surface pressures will tend to be less specific, resulting in the thus allow a greater geometric mismatch to be tolerated between

nucleation of a number of low energy crystal faces. the film and nucleating face, yet the films possess sufficient
. order to induce nucleation in any supersaturated species
Conclusion adsorbed strongly between them. This is the first time that

We have shown that nucleation is undetectable on the pureucleation beneath monolayer films has been shown to occur
water surface outside the trough barriers and occurs very S|0W|ypreferentiallybeneath films at low to medium surface pressures.
at high surface pressures beneath the fully compressed film.
This demonstrates that neither the bare water surface nor fuIIyfo
packed films are good nucleators in this system. In contrast,
the nucleation rate was high under low to medium surface
pressures. Therefore nucleation beneath monolayer films is aJA963799G
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