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ABSTRACT

The aim of this project was to develop the capabilities for Sandia to fabricate self
assembled Langmuir-Blodgett (LB) films of various materials and to exploit their two-
dimensional crystalline structure to promote the growth of oriented thin films of
inorganic materials at room temperature.  This includes the design and synthesis of
Langmuir-active (amphiphilic) organic molecules with end groups offering high
nucleation potential for various ceramics.  A longer range goal is that the understanding
of the underlying principles, make it feasible to use the techniques presented in this report
to fabricate unique oriented films of various materials for electronic, sensor, and
membrane applications.  Therefore, whenever possible, work completed in this report was
completed with the intention of addressing the fundamental phenomena underlying the
growth of crystalline, inorganic films on template layers of highly organized organic
molecules.  This problem was inspired by biological processes, which often produce
exquisitely engineered structures via templated growth on polymeric layers.  Seashells,
for example, exhibit great toughness owing to their fine brick-and-mortar structure that
results from templated growth of calcium carbonate on top of layers of ordered organic
proteins.  A key goal in our work, therefore, is to demonstrate a positive correlation
between the order and orientation of the template layer and that of the crystalline ceramic
material grown upon it.

The work completed was comprised of several parallel efforts that encompassed
the entire spectrum of biomimetic growth from solution.  Studies were completed on
seashells and the mechanisms of growth for calcium carbonate.  Studies were completed
on the characterization of LB films and the capability developed for the in-house
fabrication of these films.  Standard films of fatty acids were studied as well as novel
polypeptides and porphyrins that we synthesized.  Finally, studies were completed for the
biomimetic growth of ZnS and CdS on LB film templates.

In summary, a new capability for facilitation of LB technology for materials
development of thin film structures has been created for Sandia and it has been
demonstrated that organic templates may be used for the controlled growth of inorganic
sulfide films under ambient conditions.  Also, the design and usefulness of synthetic
polypeptides and porphyrins for LB technology has been demonstrated.
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SUMMARY

Biomimetic growth of ceramic materials is a phrase that is utilized to convey the
concept of utilizing functionalized organic molecular structure to facilitate and control the
growth of a ceramic material within the environment of living organisms.  The often used
analogies are the growth of seashells or bones.  The growth of these materials is directed
by protein molecules that induce the precipitation of these ceramics from solutions of
ions in their immediate environment.  Our research attempts to simulate these growth
conditions for materials potentially useful for Sandia's mission and to learn more about
the underlying principles for this type of biomimetic growth.

The unique approach taken in this research involves the use of the Langmuir-
Blodgett method to form highly ordered template films.  This technique begins with the
spreading of a monomolecular film on the surface of a quiescent liquid, an example of
which is a colored oil film on a water puddle.  Upon adjusting the area occupied by the
film using multiple barriers, such films can be forced into two-dimensional phases
analogous to gas, liquid, or solid.  (A fourth state of matter possessing a long-range
orientational order but short-range translational order, the "hexatic" phase, is also
possible.)  The Langmuir film is then transferred from the liquid surface to a solid
substrate by dipping a wetting substrate into the liquid through the film.

The template thus prepared is then immersed in a saturated solution of the desired
ceramic material; the template it is hoped will provide a low energy nucleation site for the
desired ceramic phase.  If properly done, the result should be a continuous polycrystalline
film whose grains are oriented in some way with the ordered substrate.  Also, the growth
is confined to the substrate and does not occur throughout the solution.

We were successful in demonstrating this biomimetic technique for the growth of
ZnS and CdS on LB films.  We believe that the CdS grown on films of Cd-arachidate
(fatty acid) is an oriented structure.  We also learned that in addition to templating
provided by an organized organic layer, enzymes may be useful in controlling the local
chemistry and facilitating growth where it would otherwise not occur.  A detailed analysis
of these results and related work is presented below in a series of papers and
presentations.

The topics covered are in several chapters and include:

1. An introduction to biomimetic processing;
2. The preparation of Langmuir-Blodgett films for biomimetic processing;
3. The chemical precipitation of metal sulfides from solution;
4. The biomimetic deposition of metal sulfide thin films;
5. A summary of our Russian collaboration for the fabrication and characterization

of biomimetic films;
6. Custom-synthesized oligopeptides for biomimetic mineralization;
7. The fabrication of ordered Langmuir monolayers of acetyl-phenylalanine6-

aspartic acid;
8. The design and synthesis of an amphiphilic porphyrin; and,
9. A review of seashell structure and precipitation of calcium carbonate.
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Chapter 1

Introduction to Biomimetic Processing

The complex composite architecture often observed in naturally biomineralized
structures are generally thought to be made because of the ability of the systems to direct the
nucleation and growth of the mineral crystals.  An example is shown below for the layered
structure of an abalone shell.  Acidic proteins interact with ions from sea water to direct the
growth of oriented calcium carbonate crystals.  It is believed that the spatial periodicity of
functional groups on the protein scaffold provide a templating mechanism for growth of the
inorganic material.

BiomineralizationBiomineralization
• acidic proteins 

assembled on the 
hydrophobic scaffold

• nucleation and 
growth of inorganic 
crystals on organic 
scaffold

We are proposing that by applying Langmuir-Blodgett films of biochemicals and
synthesized bio-like chemicals to substrates we will have the necessary control of chemical
functionality and spatial periodicity to develop a biomimetic process to grow oriented crystalline
ceramic films.  LB films can have controlled spatiality at the molecule level.  Precipitation of
CaCO3 has already been shown to be controllable under Langmuir monolayers at the air water
interface by Mann et al.  However, the methodology of using the precision of LB film
technology for biomimetic processing is unexplored territory.  A schematic of the idea is
represented below; showing ions from an aqueous solution nucleating on the functional head
groups of an LB film attached to a solid substrate.

Biomimetic ProcessingBiomimetic Processing
• Functional Organic 

Template
• System of 

Transporting Ions to 
Growing Mineral 
Phase
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For success, expertise must first be developed for the fabrication and characterization of
LB films.  The following 13 pages are a summary of the techniques we used to fabricate LB
films to be used to facilitate the growth of CdS.
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Chapter 2

Preparation of Langmuir-Blodgett 
Films for Biomimetic Processing

Jennifer M. Dean and Joe Cesarano

Langmuir-Blodgett (LB) Films Made of Surface Active 
Molecules

•  Molecules are amphiphilic

Hydrophilic Head Group

Hydrophobic Tail Group

•   Molecules with correct amphiphatic balance are  trapped at 

     interface                                                                               

•   Molecules act to reduce surface tension of subphase

•   Molecules can be compressed to form oriented monolayer    
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Langmuir-Blodgett Films are Highly Ordered Monolayer Films

• Sequential buildup of monolayers as substrate crosses air-
water interface

• Produces a controlled, highly structured thin film 
• Applications include step gauges, anti-reflection coatings, 

and template for deposition of inorganics

Langmuir FilmsLangmuir Films

Wilhelmy Plate

Pressure sensor

Monolayer

Subphase

Barrier
Trough

Barrier

Monolayer

Subphase

Barrier
Trough

Barrier
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LB Films Deposited as Substrate Passes Air-water Interface

• Hydrophobic substrates start deposition on first 
downward pass

•   Meniscus of subphase dips below level of surface and wets   

     substrate at an angle of 180 degrees

•   Hydrophobic tail groups contact substrate and are 
deposited

•   Multilayers are built up ‘head-to-head and tail-to-tail’

    

Buildup of multilayers on hydrophobic substrate

•  Process repeatable until desired thickness formed
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Factors Affecting LB Film Quality

•  Cleanliness of equipment, chemicals, and substrates
•  Choice of deposition material
•  pH of subphase
•  Concentration of Cadmium ions in subphase
• Highly hydrophobic substrate
• Deposition speed and “pressure”

Project Objectives

•  Produce high quality Langmuir-Blodgett films

•  Modify process to provide template for metal sulfide 
deposition

• Preliminary characterization of 4-layer Langmuir-Blodgett 
films



11

Chemical Functionality of Three- and Four-Layer LB Films 

• Three-layer films show carboxylic acid group outward

 =  - COO - -

•  Four-layer films show  methyl group outward

= - CH3

Cleanliness Critical in Formation of High Quality LB Films

• Substrates plasma cleaned before treatment
• Glassware “piranha cleaned” 
• LB films processed in Class 100 cleanroom
• Equipment thoroughly cleaned before each use
• Ultra-pure water used as subphase
• Subphase surface contamination removed
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Silicon wafers are plasma cleaned to 
remove all organic contaminates

Arachidic Acid Selected as Deposition Material

•  Has correct amphiphatic balance
•  Has been extensively characterized
• Easily forms LB films

C

OH

O

Arachidic Acid - a Fatty Acid

CH3 -(CH2)18- COOH



13

Subphase pH  and Cadmium Concentration Control Rigidity of 
LB Film

•  Higher pH and concentration of Cd +2 ions in subphase form 
more rigid monolayers

• Less acidic pH promotes dissociation of carboxylic group
• Cd+2 ions complex arachidic acid molecules

C  

Cd

O-
O

R

O

C  

O-

R

O

C  

R

O

C  

R

O O

+ Cd+2
(aq)

Cadmium Arachidate

Intermediate pH and Cadmium Concentration is More Suitable 
for Biomimetic Processing

• Rigid monolayers produce rigid films
• Rigid monolayers are hard to dip and LB films produced are 

often blotchy
• Acceptable balance between rigidity and film quality leads to 

following subphase conditions:
pH : 5.3
[Cd+2] : 2.5 x 10 -4 M

•   Isotherms (surface pressure vs. area) show rigidity of

     monolayer
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Substrates Treated to Form Highly Hydrophobic Surface Prior 
to Deposition of LB FIlm

• Silicon wafers treated with Octadecyltrichlorosilane (OTS)

Si
Cl

Cl

Cl Cl Cl
Si

SiO2

H OOH H

SiO2

H OOO HO

•  Methyl  terminated chain makes substrate surface hydrophobic

•  Hexadecyl Mercaptan, HS -(CH 2)15- CH3, reacts in similar way with 

    gold coated wafers to produce hydrophobic surface

•  Contact angles on substrates measured before and after treatment

+ HCl 

Water wets an untreated silicon 
wafer.

After treatment with OTS, 
wafer is hydrophobic and
prepared for LB film deposition.
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Water wets untreated
gold coated wafer

Gold becomes hydrophobic
upon treatment with hexadecyl
mercaptan (contact angle >90)

Deposition of LB Film Must Occur at Slow Rate and Constant 
Pressure

• Dipping speed of 1.6 mm/min
• Deposition “pressure” must be within “solid” phase, but 

well below critical pressure
• Acceptable deposition “pressures” for Arachidic Acid are in 

the range of 25-30 mN/m
• Selected deposition “pressure” for this project is 28 mN/m
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Experimental Procedure for 4-Layer LB Films Used in 
Biomimetic Processing

• Substrate, either silicon wafer or gold coated silicon wafer, treated 
to produce highly hydrophobic surface

• Subphase (ultra-pure water with Cd +2) prepared, pH measured
• Clean trough and barriers thoroughly with chloroform
• Set up barriers, pressure sensor, Wilhemy plate
• Spread subphase in trough
• Clean subphase  of surface contamination to within 0.5 mN/m
• Set up substrate in dipping mechanism
• Spread deposition material (arachidic acid) on subphase surface 

and allow solvent to evaporate and monolayer to come into 
equilibrium 

• Run isotherm on monolayer 
• Set “pressure” control
• Dip substrate, watching meniscus for indication of film quality
• Remove substrate after deposition of four layers and clean trough

Ability to Form Stable Three-Layer LB Films Necessary for 
Biomimetic Processing

• Three-layer LB films are stable in water, but will rearrange 
upon exposure to air 

• Able to modify procedure for four layer films to produce 
stable three-layer films

• Necessary to provide reactive -COO - site in template for 
metal sulfide deposition

•   Stable LB films of arachidic acid have methyl group

     outward

•   Three-layer LB films have carboxylic group outward



17

Experimental Procedure for 3-Layer LB Films Used in 
Biomimetic Processing

• Substrate, either silicon wafer or gold coated silicon wafer, 
treated to produce highly hydrophobic surface

• Subphase (ultra-pure water with Cd +2) prepared, pH measured
• Clean trough and barriers thoroughly with chloroform
• Set up barriers, pressure sensor, Wilhemy plate
• Place sealable“piranha” cleaned jar in bottom of trough 
• Spread subphase in trough
• Clean subphase  of surface contamination to within 0.5 mN/m
• Set up substrate in dipping mechanism
• Spread deposition material (arachidic acid) on subphase 

surface and allow solvent to evaporate and monolayer to come 
into equilibrium 

• Run isotherm on monolayer 
• Set “pressure” control
• Dip substrate, watching meniscus for indication of film quality
• After deposition of three layers, open barriers and clean 

arachidic acid from area surrounding substrate
• Carefully and quickly lower substrate into jar placed in bottom 

of trough
• Seal jar under water
• Sample should be used quickly following deposition of film
• Clean trough

Conditions Used for Conditions Used for 
Biomimetic ProcessingBiomimetic Processing

• Biomimetic processing 
imitates the deposition 
of inorganics on an 
organic layer

• Previous trials led to 
the following 
conditions:

– pH : 6.5
– [Cd+2] : 5 x 10 -4M

Langmuir Blodgett film

=Sulfur 

=Cd++
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Ellipsometry Used as Preliminary Characterization of
Four-Layer LB Films

• Ellipsometry on LB films on OTS treated silicon wafers show 
average thickness per layer consistent with length of one molecule 
of arachidic acid ( 28 angstroms)

    
Trial Thickness per layer Standard Deviation

(angstroms) (angstroms)
6-28-4 24.5 2.7
6-28-8 27 0.5
6-28-12 27.8 0.4
6-30-4 29.2 0.3
6-30-8 29.9 0.8
6-30-10 31.8 1.36

•  Profilometry confirmed ellipsometry reading on silicon substrates

Ellipsometry on Gold Substrates Gives Variable Results

• For ellipsometry, gold film must be thick enough to be 
considered a substrate 

• Gold film not single crystal, made from evaporative process

  Run Thickness per layer Standard Deviation
(angstroms) (angstroms)

7-29 #3 41.9 0.4
7-25 35.1 1.2
7-26 29.4 0.8
7-29#2 25.4 0.1
8-2 #2 27.4 0.6
8-1 #1 46.2 1
8-1 #2 45 0.3

•  However, profilometry readings indicate thickness per 

   layer values close to theoretical value of 28 angstroms
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Atomic force microscopy reveals molecular resolution and the 
two-dimensional crystallinity of multilayer Cd-arachidate LB films

Conclusions

• Able to make consistently high quality LB films on silicon 
substrates and on gold coated silicon substrates

• Able to control chemical functionality of LB film with 
modifications to  four-layer process to produce stable three-
layer films

•  Ellipsometry and profilometry of LB films on silicon 
substrates indicate uniform film with thickness consistent to 
four monolayers

• Ellipsometry of LB films on gold coated silicon wafers is 
variable due to difficulties associated with ellipsometry on 
gold and surface roughness of gold after evaporation 

• Ellipsometry of LB films on gold coated silicon wafers 
shows sample with uniform film
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Chapter 3

Chemical Precipitation of Metal Sulfides From Solution

Summary

Prior to attempting the biomimetic growth of metal sulfides on LB film templates,

two techniques were studied for the controlled precipitation of CdS and ZnS in aqueous

solutions without any substrate present.  Precipitation induced by either thiourea or

thioacetamide decomposition reactions were studied.  It was determined that using

thiourea for the precipitation of CdS ended up producing CdS that was relatively
amorphous and contaminated with CdCO3 and CdCN2.  This occurred even if very

extreme purification steps were taken.  Alternatively, a thioacetamide decomposition

technique produced very crystalline forms of both CdS and ZnS.  Some more detail of

this work is presented in the following 14 diagrams on the next three pages.

Contents

■ Metallic Sulfides in the Biomimetic Project

■ The Thiourea and Cadmium Nitrate Reaction--
Rieke’s method

■ The Thioacetomide and Zinc Reaction--Akinc’s 
method

■ ZnS and CdS Acetate Thioacetomide Reactions

■ Conclusions

1
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Goals

■optimize the chemical precipitation of 
Cadmium and Zinc Sulfide for 
biomimetic deposition on LB films. 
–both mildly acidic and mildly basic 

conditions

–ambient temperatures

–well crystalline, pure precipitates

2

Approach

■Thiourea Decomposition in basic 
conditions with both Cadmium and 
Zinc Nitrate

■Thioacetomide decomposition in acidic 
conditions with various precursor salts

3
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Rieke’s Thiourea 
Reaction

Rieke, P.,  Chem. Mater. 1993, 43-53

■ CdS deposited from basic solutions (pH • 9)

■  0.5 M Thiourea -sulfur source

■ 0.1 M Cd(NO3)2 - metal source

■ 1.0 M NH4NO3- to complex Cd++

■ ambient temperatures

4

Cd(NO3)2    Cd(NH3)x
2+    Cd2+  

Cd2+ + NH2-CS-NH2 
+ 2 OH-

CdS + H2CN2 + 
2 H2O

 →
 →  →

5
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Results Using 
Rieke’s Method

Cd2+ + NH2-CS-NH2 + 2 OH-     CdS + H2CN2 
+ 2 H2O

■ formation of CdOH when [NH4NO]<
1.0M 

■ precipitate contained CdS, CdC03, and 
CdCN2

■ precipitate was highly amorphous 
indicating very poor crystal formation

 →

6

Results under 
Optimal Conditions

■ conducted most reactions at pH 8.5
■ Isolated  reaction in a Nitrogen box and 

boiled the water under Nitrogen to 
reduce contamination by CO2 

– eliminated CdCO3

■ recrystalized the Thiourea from hot 
methanol

■ precipitate stil highly amorphous and 
contained both CdS and CdCN2

7
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Akinc's Method
Akinc, M.  and Celikkaya, A.,  J.Am. Ceram. Soc., 73 [2], 240-50                    
Akinc, M  and Celikkaya, A., J. Am. Ceram. Soc., 73 [8], 2360-65

■Precipitation of zinc sulfide by thermal 
decomposition of Thioacetomide in 
acidic solutions

■  [Thioacetomide] / [Zn(NO3)2] = 4,8,16

■pH<3, temperature 600 C

8

CH3C(S)NH2    −   
CH3C(O)HN2 + H2S

H2S  −   HS-+H30+

HS-  −   S2- + H30+

Zn2+(aq) + S2-(aq)  −   ZnS(s)

H30+

9
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Results Using 
Akinc's Procedure

■chemical reaction described for pH<3 
only

■reactions at pH 4 and ambient 
temperatures produced ZnS very slowly

■pH dropped from 4.0 to 2.5 as 
Thioacetomide formed acetic acid

10

Thioacetomide with 
other Zinc Salts

■  Zinc Acetate, pH<3

–acetate ion buffers pH to 1.9  

–acetate catalyzes the decomposition of 
Thioacetomide

■ Zinc Acetate at pH 4 

–pH buffered at 4.0

–pure, well crystaline Zinc Sulfide formed

–reaction complete within 5 days

11
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Thioacetomide Method 
with Cadmium

■ Followed Akinc’s method substituting 
Cadmium  Acetate

■ precipitate evident in half an hour

■ reaction complete within 3 days

■ pH stable at 4.01

■ Formed well crystalline Cadmium Sulfide

12

Conclusion

■Formation of  Cadmium Sulfide using 
Thioacetomide reactions may improve 
reaction rates and purity of thin films 
with relative ease.  Thiourea 
decomposition reactions yield unpure 
CdS deposites.

13
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Future Research

■Thioacetomide precipitation 4<pH<7
– different chemical reaction

■Chemical Deposition of ZnS and CdS 
on Langmuir-Blodgett Films

14
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Chapter 4

Biomimetic Deposition of Metal Sulfide Thin Films

Summary

The next step in this project was to explore various methods  to achieve the
biomimetic formation of metal sulfides on a Langmuir-Blodgett film template.  The basic
methodology is to expose a substrate with an LB film to an aqueous solution containing
either Cd++ or Zn++ ions.  Then a source of S-2 must be introduced so that the solubility
limit of  the metal sulfide is approached in the vicinity of the LB film.  It is then hoped
that the LB will provide periodic heterogeneous nucleation sites for the growth of a
crystalline metal sulfide film.  This chapter will present results for our work on
precipitation induced by thioacetamide decomposition, alternate dipping in separate
thioacetamide and Cd-nitrate solutions, and electro-assisted deposition in Cd++ /
thioacetate solutions.  In following chapters, work completed by our Russian contractors
is presented showing results for using gaseous H2S and thiourea as sources of S-2.

Another objective of this work was to attempt to assess the effects of chemical
functionality and crystallinity for the organic template.  Therefore, LB films were
fabricated with acid groups extending into solution and others with non-polar groups
extending into solution.  Deposition on these films were compared to substrates with
adsorbed polyallyamine templates and others with adsorbed polyacrylic acid templates.

Results from this work showed that trying to complete biomimetic growth by
thioacetamide decomposition in a single solution (that also contains a source of Cd++)
was not very successful.  In addition to difficulty in controlling the pH, precipitation
could not be limited to just the surface of the template.  Powder precipitated throughout
the solution.  Biomimetic polycrystalline films of CdS were successfully prepared with
both the alternate dipping technique and the electro-deposition technique.  The films were
approximately 50Å thick.  The electro-deposition technique proved to provide much
faster fabrication times (completion in about five minutes) and lead to the development of
an ionic electro-deposition technique discussed in "Modeling and Characterization of
Molecular Structures in Self Assembled and Langmuir-Blodgett Films for Controlled
Fabrication" (SAND 97-2395).

It was also shown that methyl terminated LB films inhibited CdS growth however
the effect of template crystallinity was not so clear.  Atomic force microscopy (AFM)
seemed to show that the crystalline LB films promoted larger more distinct crystalline
regions than the polymer templates.  Molecular level AFM was unsuccessful in
determining if the crystalline regions were oriented with respect to the substrate.

Procedures:

Preparation of Metal Sulfides in Solution:
The decomposition of Thioacetamide in the presence of metal salts to form metal

sulfides is well documented.   In the pH range between 1 and 4, thioacetamide slowly
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decomposes to form sulfur ions which then react with metal ions to form metal sulfides.
In pH>4,  a direct reaction between the metal ions and thioacetamide predominates.
The charged Langmuir-Blodgett films are very pH sensitive and are most ordered at
pH>4.  A solution of 0.2M Thioacetamide and 0.05M Cd(NO3)2*4H2O has an ambient
pH of 5, NaOH was used to bring the pH to 6.0.  During a direct reaction however, the
byproducts of the cadmium sulfide solution include an acidic thioacetate group.  This
tends to lower the pH from the stable range as the reaction progresses.  At the end of a
typical reaction the pH would be on the order of 2.0.  In order to stabilize the pH in the
"direct reaction range,"  a Mettler DV11 titration device was used to control the pH.
According to M.S. Akinc, at pH>4, a direct reaction predominates in the production of
the precipitate.

Organic Template Preparation
As demonstrated in the accompanying diagram, Langmuir Blodgett films are

constructed of ordered amphiphilic molecules which are deposited layer by layer along an
air water interface.  The polymer layers used in this project consisted of polyallyamine
adsorbed on the surface of a silicon wafer for 1 hour in an ultrasonic bath at pH 6.
Polyacrylic acid layers were similarly adsorbed so the resulting film was sufficiently
disordered but contained COO- groups similar to those present on the LB films.

Ceramic Thin Film Deposition. by Alternate Dipping
The alternate dipping method of film deposition was attempted in lieu of direct

deposition from a CdS solution.   An organic template  was dipped alternately into a
0.1M Thioacetamide and 0.1M Cd(NO3)2 solutions hoping to attract Cd2+ to the film
substrate where they would bind to the charged hydrocarbon chains on the organic
template.  The organic template,  now coated with cadmium, was  exposed to a solution
of thioacetamide so that the two ions could react on the surface of the substrate, not in
solution.  This process proceeds a layer at a time, so the process was repeated 50 times in
the hopes that a fifty layer film would result.

Ceramic Thin Film Deposition. by Electro-Deposition
Biomimetic deposition in the presence of an electric field was completed in

solutions of Cd-nitrate and thioacetate.  Cycles consisting of alternating positive and
negative voltages were used alternately to attract cadmium and thioacetate ions towards
the electrodes where the ions react to form cadmium sulfide.
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Biomimetic ProcessingBiomimetic Processing

• Functional Organic 
Template

• System of 
Transporting Ions to 
Growing Mineral 
Phase

ObjectiveObjective

Deposition of Cadmium Sulfide 
in the Presence of Organic Thin 

Film Templates

• Effect of Deposition Techniques
• Examination of Effectiveness of Chemical 

Functionality of Organic Template
• Effect of Crystallinity of Organic Template on 

Crystal Growth
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Organic TemplatesOrganic Templates
• LB film with organized amphiphilic molecules
                                                
                                             
                                                 

• Polymer templates with random orientation of 
functional groups

                                                                                              

Functionality GroupsFunctionality Groups
4 Layer LB Film                                         Polyallylamine

5 Layer LB Fillm          Polyacrylic acid

=CH3 =NH2
+

=COO- =COO-



32

ApproachApproach

• Exposure to Cadmium Source
• Exposure to Sulfur Source
• Reaction to form Cadmium 

Sulfide

Cd2+

Cd2+

Sulfur Source

CdS

Methods of DepositionMethods of Deposition

• Thioacetomide Decomposition
• Alternate Dipping Chemical Deposition

– direct reaction between Cd   2+  and Thioacetomide 
on surface of substrate

• Electrodeposition
– attraction of Cd  2+ and Thioacetic Acid ions
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Production of CdS from Production of CdS from 
ThioacetamideThioacetamide

• Musaf Akinc* describes decomposition of 
Thioacetamide to form CdS at pH<4

• When pH>4, fast direct reaction to form CdS

*M. Akinc and A. Celikkaya, J. American Ceramic Societ , 73 [2] 2450 [1990]

CH3 C NH2

S

Chemical Deposition Chemical Deposition 
SetupSetup

• Substrates prepared with charged organic 
films

• Substrates dipped alternately in Sulfur and 
Cadmium solutions

0.2M Cd(NO3)2

0.2M 
Thioacetamide

Cd2+ S2-
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ElectrodepositionElectrodeposition

Cd2+

Sulfur
source

Cd2+

CdS

+-

Experimental SetupExperimental Setup

-2v +2v

voltage source Cd2+ and S 2-

source

Au substrate
with LB film
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Electrodeposition by Electrodeposition by 
Organic Sulfur SourcesOrganic Sulfur Sources

• Using methodology explored in Chemical 
Deposition

• Cd source:  Cd(NO  3)2

• Cycle:  -2v, 2s; +2v, 4s
• Approximately 50 cycles (5 minutes)

    CH3 C O-       K+

S

ConclusionsConclusions

• Effect of Deposition Techniques
– Electrodeposition

» Dense films
» Thicker films
» Ease of fabrication

• Effect of Chemical Functionality of Organic 
Template

– Nucleation and growth of inorganic crystalline film affected by 
chemical functionality of the organic thin film templates

» Carboxyl group

• Effect of Crystallinity of Organic Template on 
Crystal Growth

– indirect evidence--crystallinity of organic thin film improves 
orientation



Chapter 5

S~R Y OF RUSSIAN CO LLABORATION

Growth and StructuIE of Ceramic Films on Langmuir-Blodgett Films

The aim of work presented was to establish conditions of ceramic
film growth on the o“rganicsublayer and following fixing of such a
cOmp1ex system on the solid substrate. PbS and CdS were selected as
ceramics, Langmuir-Blodgett films of fatty acids salts were choosen as
organic sublayers, znd monocrystallyne Si wzfezs were choosen as solid
substrates. The most significant requirement imposed on the techni~es
developed was that the ceramics films must be oriented. Ey other
words, films should be grown by epitaxial growth.

The main factor of epitaxial growth is meeting some requirements
on relationship between crystallographic orientations of the substrate
(matrix)and the grown film. So the main attention at the beginninS of
the work was paid to the following problems: - appropriate SelecEion
of structure investigation techniques; - preparation of highly ordered
Langmuir-Blodgett films of fatty aCldS salts; - structure study of Si
s’ubstracetreated by various techniques and investigation of influence
Cf the substrate structure on the structure of LB film deposited on
the substrate.

Thzes techniques were used for study the structure of LB layers
deposited.on the solid substrate:

small-angle X-ray scattering (SAW) which provides information
on spacing in the film and electron aensity distribution across the
film;

F.eflectionHigh Energy Electron Diffraction (RHEED) which gives
information on eleCtron de~sity aiszribution at the film layers n~i~

the surface of the film;
Transmission Electron Diffraction. The use of this teC~nique

required special sample preparation. Langmuir -Bloagett films w=re
depositsd onto celluloid s’ubscrst~swhich were prelimir,aryzrtzc3sd
onto special grids transparent for el~cCron beam. The use of the
electrac diffraction camera cf the special ge~metry made possible to
obtain transmission diffraction patterns of hicjnresolution .aznormal
incidence of the electron beam to the sample as well as at oblique
incidence at tilt an~les up to 70 ae~rees. Patterns cf nonisl
incicisnce provide information only cc reflexions of indices hkO while
patternS Of oblique texture type show pr~ctically whole t~ree-
dimensional set of reflexes a“~ailable.Sucn information provides not
only analysis of the r~p~~ion u=it but alsa complete s:ructu~~
inves:i~stion of the sample under s:udy includin~ analysis of such
defeCts Oi the lattice as disruption of the moleculsr lzttice,
inclinations and bends of molecules e:c.

SCructure of crystalline silicon substrate surfsce was s~udied by
RHEED. S;~bsrratestreated through vzrious preparation proc~dur~s were
studied. Techniques of polistiing,
hydroph;bization were

surface cleaning Ella
varied. It Kss established that orientazioriof

the cr~stal sustrate surface ((loo) or (111)) does not affect the
struccurs of the Langmuir-Elodgett film deposited while the value of
surface roughness and the technique: cleaning are of significance.

Langmuir-Blodgett films were prepared with the use of “LangtmJir
Trough 4“ (Joyce Loeble, England).

!3asicstages of investigation of LB films were the followin~:
- preparation of the subphase;
- spreading the layer Of arnpniphilicmolecules over the subphase;
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analysis of the monolayer structure on the subphase by p-A
isotherm;

- deposition of the monolayer onto the solid substrate;
- possible repetition of the preceding stage;
analysis of the film obtained.

Reports on Task 2 and Task 3 include the detailed description of
the techniques mentioned above and results on investigation of LB
films of fatty acids salts of bivalent metals, length of hydrocarbon
tail being varied. Stearic ( C(18) ), arachidic( C(20) ), behenic(
c(22) ) acids were used.

Conditions of deposition of ordered LB films were established for
PbSt2, CdSt2, PbBeh2 . Organic matrixes for growing ceramic films of
PbS and CdS were prepared under these conditions.

For the growth of ceramic crystals, the following three methods
of crystallization from solution were applied:

- layer-by-layer chemosorbtion of metal and sulphur ions from
water solutions of the corresponding salts;

- growth from solution as a result of reaction with hydrogen
sulphide provided from gaseous phase;

the same as above but hydrogen sulphide is provided by
thiourea reaction.

Orientation and structure of the grown ceramic films were studied
by electron diffraction. The time of ceramic film growth, method of
picking up of the samples from subphase and thiourea concentration
were varied in the course of experiments.

Section 4 of the Report on task 3 includes preliminary res@ts of
growth studies of PbS and CdS crystals by layer-by-layer
chemosorbtion. Only polycrystalline ceramic films were obtained in
this case because used were hydrophobic surfaces of LB bilayers.

In the second and the third methods (see Report on task 4)
special attention has been paid to the experiment arrangement in the
manner when ceramic film is deposited onto the hydrophilic surface of
LB film.

The most successful was the method of the growth from solution by
reaction with hydrogen sulphide. As it was established by means of
electron diffraction, in this case the oriented growth of PbS (111),
(001), (011) and CdS (111), (0001) crystallite and non-oriented
polycrystals took place. Orientation of (111) and (001) faces in the
first approximation correspond to the symmetry of molecular
arrangement ‘ in the packed LB layer. At the mostly ordered sites of LB
layer at 28 mN/m it was possible to grow PbS (111) and CdS (111),
(0001) crystallite with low misorientation (2-5 degrees),

Further research in the line of the optimization of growth
parameters may be prospective for fabrication of continuous oriented
films.

The difference of the space groups of s}mmetry and the types of
chemical bonding of sulphides of the elements of 2rd and 4th groups of
the periodic table may allow to compare the processes of the
nucleation and growth of different ceramic compounds at LB matrixes
(if systematic experimental data become available).
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Chapter 5.1

Report on Fabrication of Langmuir - Blodgett Films on Silicon and
Preliminary Characterization of the Films

The aim of the current work - to investigate a possibility of
formation of oriented non-organic semiconductor CdS and PbS
layers on Langmuir-Blodgett thin film organic dielectrics.

It may be suggested that the formation of oriented layers -
monocrystal domains or polycrystal textures - may be carried out
by means of film growth from electrolyte solution at room
temperature using layer-by-layer chemosorbtion of
potential-defining ions on the surface of a growing film.

As an organic base for LB film, lead and cadmium salts of stearic
acid have been chosen. These metals are involved in formation of
the required semiconductor layers.

1. The first stage of the research includes the following tasks:

- to develop and describe the method of cadmium and lead
stearate LB film preparation;

- to estimate the role of substrate treatment quality in LB film
formation;

- to obtain preliminary results of structure studies of the LB
films using X-ray and electron diffraction.

1.1. The method of cadmium and lead stearate LB film fabrication

1.1.1. Equipment for Langmuir-Blodgett (LB) film fabrication and
stages of the process.

For LB film fabrication the Langmuir trough is used. Its main
elements are: trough, movable barrier, sensitive electronic
balance for surface pressure measurement and feedback system
maintaining surface pressure at the required value during LB film
deposition.

In this work, commercially available “Langmuir Trough 4“ (Joyce
Loeble, England) was used. It is equipped with Whilgelmy balance
providing surface pressure measurement sensitivity of 0.1 mN/m.

The main stages of LB film fabrication are:

- preparation of subphase,
- monolayer formation,
- substrate treatment,
- determination of operating conditions for monolayer transfer,
- monolayer transfer onto solid substrate.

1.1.2. Preparation of subphase and formation of cadmium stearate
or lead stearate monolayer.

The water for subphase preparation was purified by triple
distillation. Organic contaminations were oxidized using
potassium permanganate addition at the second stage of
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distillation.

In the case of cadmium stearate monolayer formation, cadmium
chloride was added to purified water to obtain 0.2S mM solution
with pH6.2.

For lead stearate formation, subphase was 0.03 mM Solution of
lead nitrate (PH5.8).

Monolayer were formed by spreading of 1 mg/ml solution of
stearic acid in hexane. To obtain a uniform monolayer, the
stearic acid solution was spreaded by drops to total amount of
0.1 micrograms per square cm.

1.1.3. Monolayer study at a subphase surface.

The monolayer was compressed at a speed of 10 square cm/min. The
surface pressure - area dependence was recorded during this
process. This tune (called “isotherm”) is presented at Fig.1. It
shows a linear region with a bent indicating monolayer collapse
at the pressure value of 67 mN/m for both cadmium and lead
stearate. The area per stearic acid salt molecules was estimated
from these plots to be equal 20 A. Monolayer transfer for the
both stearic acid salts was carried out at the surface pressure
value of 28 mN/m.

1.1.4. Substrate treatment

1.1.4.1. Substrate cleaning
\

There are following methods to clean substrate surface:

1. Substrate is washed in detergent solution followed by
distilled water;

2. Substrate is washed in potassium hydrocarbonate
solution, in water, in hydrochloric acid solution
completed by careful washing in distilled water;

3. Substrate is kept for several hours in solution of
potassium bichromate in sulphuric acid (15 mg of
potassium bichromate per 500 ml of concentrated sulphuric
acid) then for 1 hour in pure sulphuric acid and washed
carefully in distilled water;

4. Substrate is boiled in a mixture of 7 parts of water,
2 parts of hydrogen peroxide and 1 part of ammonium
hydrc,xide,then washed in bidistillate, then boiled in a
mixture of 7 parts of water, 2 parts of hydrogen peroxide
and 1 part of hydrochloric acid and finally washed
carefully in distilled water;

5. Substrate is washed in sulphuric acid solution, then
in distilled water followed by long-term isopropanol
vapor treatment;

6. Substrate is plasmochemically treated in weak
discharge in argon-oxygen gaseous mixture.

Each one of the methods described above allows to get clean
hydrophilic surface of silicon substrate. It is worth noting that
ultrasonic treatment is effective in the case of cleaning in
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organic solvents.
alkaline solvents
increases surface

Ultrasonic treatment of silicon substrate in
or in water causes surface etching and thus
roughness.

In the present work substrates were cleaned using method 3.

1.1.4.2. Substrate hydrophobisation

The most universal method of obtaining hydrophobic surface is
treatment of cleaned substrate in 5% solution of
dichlorodimethylsilane in hexane (or octane, or benzene). For
this purpose a clean dry substrate is immersed into
dichlorodimethylsilane solution for 20 minutes, then washed with
hexane, acetone and hexane again.

Silicon substrate may be hydrophobised also by immersion into
hydrofluoric acid for 1-2 seconds and immediate washing in water.
The substrate becomes hydrophobic because the top silicon oxide
layer is etched off. To avoid effect of silicon oxidation in air,
LB film must be deposited onto such substrates not later than in
1-2 minutes after etching in hydrofluoric acid .

In the present work substrates were hydrophobise.dusing
dichlorodimethylsilane solution.

1.1.5. Deposition of monolayer onto substrates.

Monolayers of cadmium stearate and lead stearate were deposited
onto hydrophobised silicon substrates. The deposition was carried
out at the different substrate velocities ranging from 1{5 to 20
mm/min. After deposition of the first and the second bilayers, the
sample was dried in air for 5 minutes. It was found that this
drying leads to better film uniformity. Starting with the third
bilayer, substrate dipping was carried out without special drying.

1.1.6. Description of LB film samples.

The described method was used for the fabrication of LB film
samples of cadmium and lead stearate for structural studies. The
total number of fabricated samples was over 60. They differed in
number of deposited layers, transfer regime and monolayer
conditions. The samples were used for optimization of deposition
conditions using (1) visual LB film quality estimation, (2)
X-ray diffraction and (3) electron diffraction.

1.2. Pidlmlxlary structure studies of cadmium stearate and lead
stearate LB films.

1.2.1. i-ray diffraction study technique

In X-ray diffraction experiments, two small-angle diffractometers
were’used:
- the diffractometer with linear beam collimation using
triple-slit geometry,
- diffractometer AMUR-K with Kratky collimation system.

The both diffractometers were designed in Small-Angle Scattering
Laboratory of the Institute of Crystallography of Russian Academy
of Sciences by L.A.Feigin, L.Yu.Mogilevsky and A.T.Dembo. The
both devices were equipped with linear position-sensitive
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detectors, developed in the Institute of Nuclear Research of
Siberian Division of Russian Academy of Sciences (Novosibirsk).
The X-ray tubes with copper anode and sharp-focus were used.
The Cu-K_alpha radiation (wavelength 1.542 A) was Ni-filtered.
The sample-to-detector path (700 mm) was evacuated.
Detector resolution was equal 0.01 degrees.
The detector was movable to cover angular range up to 20 degrees.
Zero angle position was calculated by means of extrapolation of
several mirror reflection maxima obtained at different angles
from ethalone sample.

During diffraction experiment, the flat substrate covered with LB
film has been uniformly rotated against X-ray beam and scattering
intensity was summed over the whole available angular range.

Experimental data were stored and analyzed using a personal
computer connected with the diffractometer.

A schematic representation of the experiment is shown in Fig.2.

1.2.2. Electron diffraction study technique

Study of LB film structure by electron diffraction was carried
out by means of the EMR-102 electron diffractometer (made by PO
“Electron”, Sumy city, former USSR) . An electron diffractometer
has some constmctional features making it different from
electron microscope. Its optical scheme includes the only
condenser lens placed between an electron source and a sample.
The condenser focuses both incident and diffracted beams on the
screen. This scheme is an experimental base for classical
electron diffraction studies, widely developed in Russia where
its main line - structural electron diffraction analysis (analog
of X-ray structure analysis) - was established and a wide
spectrum of analytical and structural problems was solved.

This scheme provides the maximum diffraction pattern performance
and reflection peak sharpness. This method of electron
diffraction has a conventional title “High Resolution Electron
Diffraction (HRED)”. Electron energy range was 10-100 keV.

Depending on experiment geometry, two kinds of electron
diffraction method are distinguished: Reflection High Energy
Electron Diffraction (RHEED) and Transition High Energy Electron
Diffraction (HEED).

For the study of samples on silicon substrates RHEED method was
used. For HEED experiments LB films were deposited onto special
grid with 0.2 mm windows, covered with thin celluloid film.

Sample holder allowed to move a sample in the 10 mm range
longitudinaland transverse directions; to rotate a sample
the beam axis up to 360 degrees and tilt it to 90 degrees

Diffraction patterns could be visualized on the screen,
photographed to 9x12 cm photoplate or recorded using
electrometric registration system.

1.2.3. Description of SampleS chosen for LB film structure
study .
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The organic LB layer should serve as a base for further growth of
oriented non-organic film. The first stage was to estimate how
substrate influences resulting LB film structure. It was decided
to clarify if LB film formation is different for the cases of
crystalline and amorphous substrates. For this purpose, for the
both compounds, cadmium stearate and lead stearate, three sets of
samples were prepared. Each set included samples of 1, 3, s and
10 bilayers. In the first set as substrates were chosen
chemically polished silicon plates of (111) orientation. In the
second set, silicon orientation was (100). The third set of LB
films was prepared on the rough side of silicon plates where the
surface layer was disturbed in the coarse of mechanical
treatment. All three kinds of surfaces visually appeared as
mirror-flat.

In order to clarify the influence of deposition conditions, each
set of samples was repeated twice: with fast deposition
(15 mm/min) and slow one (2.5 nun/reindown and 7 mm/min up).

For electron diffraction studies besides the described above
samples on silicon substrates, a special set on celluloid film
was fabricated.

1.2.4. Discussion of results of preliminary studies

1.2.4.1. Substrate quality estimation

Substrate surface quality was monitored using electron
diffraction (RHEED) . The silicon plates of (111) and (lQO)
crystal orientations were used. Depending on the method of their
treatment, silicon surface was either amorphous (mechanically
polished substrates, fig. 3) or monocrystalline (chemically
polished samples, fig.4) .

1.2.4.2. Results of visual observation of monolayer transfer onto
substrates

Visually, the quality of monolayer transfer onto substrate was
monitored by obsenation of the meniscus. It apDears at the line.
of monolayer-substrate surface juncture. The smooth meniscus
indicates uniform monolayer deposition over the whole substrate
surface. The meniscus with “teeth” or ruptures shows that there
are bad-adhesy sites on the substrate and monolayer deposition is
not uniform.

In the coarse of visual observation it was shown that good
uniform meniscus is easily formed at the rough surface. At the
smooth surface the uniform meniscus was achieved after special
care to Surface treatment and experimental details. Small
divergence of optimal air temperature and humidity and of
optimal subphase constitution led to the slipping down of the
first monolayer.

Low deposition speed manifested itself in visual transparency and
uniformity of deposited LB film. As a result of high-speed
deposition, LB film showed white dust appearing if visualized at
sliding angle.

1.2.4.3. Results of X-ray study
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X-ray diffraction curves were obtained for all three sets of
investigated samples. All cumes showed Bragg diffraction peaks
corresponding to 49.OA spacing for both cadmium stearate and
lead stearate LB films (Fig.5). Each curve showed a number Bragg
reflections, their intensity and width was dependent on the
number of deposited bilayers. For the samples of 10 and 20
bilayers the number of obsened reflection orders was more than
10, peak intensities were high and the peak widths were small.
For the sample with 3 bilayers peak intensity was decreased and
only 3 or 4 were visible.

For LB films, deposited onto smooth surfaces, besides Bragg
reflections also Kiessig fringes (interference maxima from total
film thickness) were visible. They allow to estimate overall film
thickness. For the case of rough surfaces Kiessig fringes were
absent.

The difference of deposition speed was not manifested in X-ray
diffraction pattern.

1.2.4.4. Results of electron diffraction study

Electron diffraction patterns were obtained for all series of
samples. The films consist of crystallite (flat domains)
with basis plane orientation being parallel to substrate and an
axis perpendicular to it.

Preliminary analysis of the diffraction pattern shows a
dependence of LB film structure of the experimental conditions
(Fig.6,7). Misorientation of domains depends on silicon surface
treatment and on film deposition conditions.

Fig.6a. Electron diffraction pattern on mechanically polished
silicon surface (111). The structure is amorphous.

Fig.6b. Electron diffraction pattern of chemically polished
silicon surface. The structure is monocrystalline.

Fig.7a. Electron diffraction pattern of 3-layered cadmium
stearate film, deposited onto mechanically polished silicon
substrate (111).

Fig.7b. Electron diffraction pattern of 3-layered cadmium
stearate film, deposited onto chemically polished silicon
substrate (111).
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Fig.3. Electron diffraction pattern from mechanical

polished silicon surface (1 11). The sttucture is

amorphous .

Fig.4. Electron diffraction pattern from chemically

polished silicon surface (1 11). The structure is

monocrystalline.
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Fig.6. Electron diffraction pattern of 3-Iayered cadmi-

um stearate filmdepositedontomechanicallypolished

siliconsubs(rate(111).

Fig.7. Electron diffraction pattern of 3-lavered cadmi-

um stearatefilmdeposited onto chemically polished

silicon substrate (111 ),
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Chapter 5.2

Preparation and Electron Diffraction Study of PbS Films on Langmuir
Layers of Fatty Acid Lead Salts

L. Feigin, V. Klechkovskaya, E. Rakova, I. Sarnoilenko, N. Stiopina, and L. Yanusova
Institute of Crystallography, Russian Academy of Sciences

J. Cesarano III
Sandia National Laboratories

Abstract

Semiconductm lead sulphide fihns were grown on Langmuir fa[ty acids layers

used as substrates. C~rowth was carried out in the aqueous solutions by chemical reactious

at room temperature. Two growth di fferen 1 techniques were employed. The first of thcm

used as a substrate a [atty acid monolayer floating on the surface of Pb(Noq)v aqueous.-
\

solution in a Langmuir trough. S2- ions were introduced into the reactiol] chamhcr

[hrough gaseous H2S dissolution or thiourea dissolution. The second tcchniquc used a

solid La]lgllluir-Bi(ldgetl fi]m of fatty acid on a Si plate as a subslratc. Layer-hy-layer

chemisorb[ion of Pb2+ and S2- ions was perfom~ed through successive immersions ol”

the substrate in solutions. The structure of Langmuir layers and PbS films was sludied by

hi:h-energy elcclron diffracti~m (HEED) and by electron microscopy and X-my

rcflecLivi[y as well. Lead sulphide epi[axy wilh (11 1)PbS//(()()l)PbS[2 oricn[alim] took

place on Lhe floating monolayer in a Lal}gmuir trough umicr strict surface pressure

control and employment of gaseous H2S as a source or sulphur ions. Growth of

pt~lycryslallinc or [cxturcd films with n~ixcd orientations of crystallitcs by ([)[)I), (() I 1)

and ( 11I) fii~cs p;lrallcl 10 the suhstrale was olmervcd in olhcr cases.
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1. Introduction

Langmuir layers Of lead fa[ty acids sal~s at the aqueous solution surface form

generally domains containing hydrophilic Pb2+ “heads” directed to the solution and

hydrophobic “tails” oriented perpendicularly to the SOIUlionsurface [1, 2]. Heads in

each domain form regular two-dimensional hexagonal lattice with interatomic spacings

close to those in the lead sulphide lattice (3]. Such arrangement provides a possibility for

oriented growth of’non-organic semiconductor compound of PbS on Langmuir layers of

~rgallic ]Cad compounds (stearate, behenate, arachidatc etc.).

A process combining preparation of the oriented substrate and growth of the Icad

sulphide film was described in recent papers [3, 4] . A Langmuir nwnolayer of lead

arachida[e was employed as a substrate. Oriented microcrystals of PbS grew on lhc

suhphasc-monolayer inlerface duc to chemical reaction between Ptt2+ cnthions and S2-

anions.

The work presented is conccme~i wi[h a variety of techniques of grmving PM ON

or~alli~ substrates. In a(idilim to the technique prcscnled in [3, 4], wc USCd [hc layer-by -

Iaycr chcmisorhlion of ions Pb2+ and S2- from solulims of cm-cspmdin: elec[rolytcs

mto solid Lallgllluir-Blocigclt layers and (icposiliol~ from thiourea soluti(m onlo a

Iloaling mom)laycr and OI11Osolid Lal~gIIluir-Blo{l:ctt substrates [5,6 ].

2. Experiment

The structure of’ Langmuir suhslrates and lead sulphidc lilll~s was cxall~il~cd at

sumcsivc stages of the growth by high-energy clcctr(~ll dilTractit)Il (HEED) \vi[h [hc usc

or EM R- 102 electron diffraction canlcra (produced by Electron, Ukrail~c) at accelerating

Vol[agc or 75 kV. This mctho(i was used at two nwdificalions: transnlission lllodc with
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tilling the sample in the angular range from 0° to 80° and reflection mode (RHEED) at

grazing incidence of the electron beam onto the sample [7] . The ordering of Langmuir-

Blodgett layers in the direction normal to the surface was also examined by X-ray

reflectivityy in the range of X-ray beam incidence angle from 0° to 100. The small-angle

X-ray diffractometer AMUR-K at CUKa radiation (wavelength 1.54 ~) was employed

for this purpose [8]. Morphology and structure of lead sulphide films were stu(iied by

transmission electron microscopy (T’EM).

3. Results and discussion

3.1. PM growvh on ajloating monolayer, S2- ions are produced by H2S solving

This proce~iure consisls of

belween Pb2+ and S2- ions by

Icad sulphide deposition through

the technique advanced in [3].

a chemical reaction

The subphasc in a

Langmuir trough contained aqueous solution of Pb(N03)2 of 3 10-5 M concenlra{iml at

pH = 5.5. The fatty acid solution in chlorophorm of 1 mg/ml concentration was applied

on

28

by

the surface of the subphase. The resulting mormlaycr was crnnprcssed by a han-icr [o

nlN/m surface pressure. Sulphur anions were provided by solving gaseous H~S ariscl~

hydrolysis of Naj5. The low H2S pressure prevents a spontaneous generationofPhS

clusters in Lhe solution. Duration of the film growth was varied in the range of ().5 - 15

hours. A c mposite film consisting of a Lallgnmir monolayer with a g-rowTl PbS film was

[hcl~applitd on a silicon substrate or on a copper grid by horizontal lift LOprepare i[ for

structural investigation.

Electron cliffraclion paltcrns from the inilial PbSK? film on celluloid are sht)wn ON

Fig. 1. At normal incidence of the electron beam, the system of Debyc rings is ohscrvcd

(Fig. 1a). Al inclined incidence of the electron beam (Fig. lb), reflexes of equal indices

h and k arc Iocaicd at elliptic arcs, with the index / taking on values -1, .... -2, -!, (], +1,
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+2, .... +1. Such a space separation of reflex ions points to existence of preferential

orientation of domains comprising the Langmuir Iaycr as well as to formation of a

texture with the c axis perpendicular to [he substrate. Eslimated size of a single domain

was found to be greater than the coherence length of the electron beam (-200A). 28

mN/nl value of surface pressure was found the best to obtain an ordered layer.

Nucleation and growth of PbS film occured at LhcLangrnuir monolayer-subphase

inlerface. The layer squired grey color at prolonged duration of growth.

Fig. 2 shows the micrograph of a PbSt2 monolayer exposed to H2S tiuring 2.5

hours. The particles of triangular shape are the PbS islands grown under PhS12

monolayer and oriented by (11 1) face parallel to the surface. Disorientation of separate

PbS particles with respecl 10 each other is up to 5° and is likely caused by (iomains

disorientation in the PbSt2 layer. The linear size of the particles varie~i from I()() u] 400”

~, average surface density of particles was 210-10 cm-2. Particles are twinned along lhc

(11 1) plane. Twinning is known to bc inherent for epilaxial growth of PbS bccausc

nucleation al twin positions is of equal probability.

RHEED pattern from this film was ob[ained for a comparatively large surface

region of 0.04 mm2 area at grazing incidence of electron beam on[o

3a). The intense point 1I 1-reflex cicmonstralcs the existcncc of (111)

orientation parallel to the substrate. As the growth duration increases up

particles rf(01 1) and (00 1) orientations appear (Fig. 3b).

the sample (Fig.

PbS prcfcrcntial

to 15 hours, PbS

?.2. PM ,qrow’than o Jloaling monolayer, S2 - ions arc pnxiuccd hv Ihiourcn

.Toli’ilig

This techniyuc differs from tha[ above by dcliverin: sulphur ions no{ from the

gaseous phase but from the thiourca solulion. For this purpose, the subphase prepared ii]
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a Langmuir trough was of the following composition: 1 ml of 0.175 M Pb(N03)2, 6 ml

of 0.57 M NaOH, 2 ml of 1 M thiourea, 180 ml of H20.

PbS films were obtained b~th on a Langmuir monolayer and on a solid

Langnmir-Blodgett films deposited on a silicon substrate. TO obtain an ordered Langmuir

layer, excessive amount of fatty acid was appliedon thesurface of the subphase with no

compression by a barrier. According to [8], this way to compress a Langmuir layer

makes it possible to produce an ordered nlonolayer with the c axis perpendicular to the

surface.

Electron diffraction data revealed that PbS films grow through this technique

were polycrystalline (Fig. 4). The possible reason of non-oriented growth is the

I_onnation of PbS clusters in colloid stale which is observed visually by the solution

opalescence.

3.3. Lqer-.by-lqwr chernisorbfion of ions

Langmuir-Blodgett films of lead

numbers of monolayer deposited onto

were employed as substrates.

stearate and lead arachidate of even and odd

silicon wafers of (11 1) and (001) orienla[ions

Pcrfec(ion of PbSt2 films against orientation of the Si substrak and its

preliminary treatment was studied by RHEED and by X-ray reflectivity. Langnwir-

Bk@ctt ~lms were of a textured polycrystalline structure with the c axis perpendicular

to the su face on the Si substrates of bo[h orientations. RHEED patterns (Fig. 5) contain

a system of narrow streaks perpcudicular to the sample shadow. The intensity

modulations along the streaks reveal the pcriodici(y of the layer packing in the direc[ion

or the nomlal. ~Jcollldry of the diffraction pattcm dots not change umlcr azinluthal

scanning the reciprocal lattice.Thus, the film consists or Lhc domains oriented hy (001)
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plane parallel to the surface and randomly oriented in the surface plane. Dimensions of

coherently scattering regions (domains) were greater than 200 ~.

Preliminary treatment Of tie si surface was found to influence essentially the

structure of Langnmir-Blodgelt films. For PbSt2 films deposited 011chemically polishe~i

substrates, fitting of X-ray reflectivity data (Fig. 6a) revealed hat roughness of the

surface did not exceed 10 k By contrast, the diffraction curve from the fihn deposited

onto a mechanically polished substrate (Fig. gb) shows no Kiessig fringes. So the

surface of such films is much more rough. This fact leads to the conclusion that thin

dielectric Langmuir films of high perfection can be built-up only on chemically polished

S i substrates. This requirement was met for experiments presented

The Si substrale with a deposited Langnluir-Bkdgctt

below.

film was succcsivcly

immcrccd in 0.01 M Pb(N03)2 solulion of pH= 2.8 (cathion source), in water, in 0.0 I

M Na2S solution of pH= 11.6 (anion source), in water, and such a cycle was repeated.

Pb2+ ions are assumed LObc adsorbed on the LB-fihN surface. At immersion ill Na~S

solution, reaction with S*- ions from the solution occured rcsul[ing in PbS formation as

well as S2- ions adsorption. Excessive ions were washed out in distilled water. Time or

the sample exposure in every solution was about 40 sec.

RHEED pallems from lead sulphide films grown by Iaycr-by-layer chcmisorh(ion

on a solid Langnluir-Blo(igetl substrate rcvcalcd the polycrystalline structure of those

lllms. The size or crystallite was eslimatccl by a half-width of diffraction maxima and its

value vari:d from 100 to 500 A as a number of dcposi(ion cycles incrcascd fronl 51060.

N%n-orienkxl g-rowlh of Icad sulphidc on the Lallgltluir-Blodget[ solid filn]s and

i[s oricntctl growth on the floating Langmuir monolayer can bc explained in terms of

Ialticq nlisl~~atch at lhc epi~~xy.

II is known tha( orienlcd growth lakes place at the small dimensional ll~ismalch 01’

alomic nets in colljugalivc planes or the subslriile and the film, as a rool. Let us consider

the atolllic nets shown on Fig. 7. Lead sulphide is or cubic sh-ucture, space group Fliilnl,
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aO= 5.95 A. At the <110> directions, closely packed chains of Pb atoms are localed. The

interatomic Pb-Pb spacing in these chains is 4.20 A. At the (11 1) plane, Pb atoms form

the hexagonal net (Fig. I’s). Mered monolayer of fatty acids form also hexagonal two-

dimensional Ialtice an the air-water interface, a. = 4.8 A [ 10] (Fig. 7b). The “head-head”

spacing in directions of <21> type is close to tie doubled Pb-pb spacing in directions Or

<01> type. The similar symmetry and the small dimensional mismatch provide the

possibility of PbS epitaxy on the fatty acids floating monolaycrs.

By contrast to the floating monolayer, the PbSt2 structure in the solid Langmuir-

Blodgett films is represented in a pseudoorthorhoxnbic unit cell, space group P21/b,

periods a = 4.96 A, b = 7.39 A, c = 96 A, ~ =90° [11]. Two-dimensional laltice in lhc

(()()I) plane is of two-fold symmetry (Fig. 7c). This results in the angular and

dimensional mismatches which cause non-oriented growth of lead sulphide on the PhS[2

Langmuir-BlodgcU films deposited on silicon substrates.

Grow[h of oriented non-organic filIns from solution in si~u on Lan:muir layers of

organic compounds isa promisingway 10 produce various epitaxial heterostruciures

containing organic and mm-organic consti[ucn(s and to simulate processes occurml in [hc

nalure.
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Figure captions

Fig. 1. Transmission elec~on diffraction patterns from a Icad stearate Langmuir-BhJdgct[

film ou celluloid taken at normal (a) and oblique (b) electron beam incidence.

Fig. 2. Electron micrograph of PbS oriented particles grown on the floating

monolayer compressed to surface pressure 28 mN/m. Duration of growth t= 2.5 hours.

Fig. 3. RHEED-pattems from PbS films grown on the floating PbSt2 monolayer at
.-

tiifferen[ durations of growth: t= 2.5 hours (a) and t= 15 hours (b).

Fig. 4. RHEED-pattem from a PbS film grown on the PbS12 floating monolayer, S2-

anions were produced by thiourea solution.

Fig. 5. RHEED-pattem from Pt)StzLangmuir-J310dgett film (thickness of ]() bilayers)

deposited onto chemically polished Si substrate.

Fig. 6. X-ray reflectivity curves of PbSt2 Langmuir-Blodgett films deposi[ed onto

chemically” polished (a) and mechanically polished (b) Si substrate.

Fig. 7. Sc#emes of atomic arrangement for/

hcxagonai (b) and orlhorombic (c) packing.

<c

(11 1) PbS plane (a), (001) PbSt2 in closed
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Chapter 5.3

Electron Diffraction Study of CdS Films Grown on Langmuir Layers of
Fatty Acid Lead Saks: Structure and Orientation

L. Feigin, V. Klechkovskaya, E. Rakova, I. %rnoilenlco, N. St.iopina, and L. Yanusova
Institute of Crystallography, Russian Academy of Sciences

J. Cesarano III
Sandia National Laboratories

Abstract

The oriented CdS films were grown on the floating cadmium arachidate (CdArh2)

Lan=~uir monolayer from solution due to the interaction between Cd(N03)2 soluted

in the subphase and gaseous H-2S. The inhomogeneous distribution of CdS crystallite

on CdArh2 was observed. According to High Ener~ Electron Dfiaction data, the

cubic CdS crystallite are oriented by (1 11) plane parallel to the (001) plane of ~

hexagonal C&%h2 at the following mutual relation:

(111) [liO] CdS II(001) [100] CdArh2

..



1. Introduction

Heterostructures

are of interest m view

made of alternating layers of organic and non-organic layers

of their prospective employment m molecular electronics as

well as in view of simulating of biomineralization phenomena in the nature. The

technique of fabrication of such heterostructures through crystallization of non-

organic components from the oversaturated aqueous solutions on a LaXI&gmUirlayer has

been intensively developed in recent years [1-4]. Growth of the non-organic layer is

usually caused by a chemical reaction at the interface between the Lanegmuir

monolayer and the aqueous subphase.

This technique is applicable for the growth of compounds which are of low

volubility in water. Particularly, this procedure is promising for CdS as its volubility

product is 10-28. Reports on CdS growth on Lan=&uir layers were presented in [3,4].

Cadmium sulfide was deposited onto Lan&gmi.r layers due to interaction between

CdC12 soluted in the subphase and H2S provided born gaseous phase. Particulate CdS

films on a Lanegmuir layer of heptadecylmalonic acid di (2-aminoethylamid) revealed

the dependence of the absorption band edge position on the size of the deposited

CdS particles [3]. Also, variation of the CdS film density for different compositions of

the subphase used and for the kind of amphiphilic compounds in the Lan&gmuir

monolayer was obsewed [4]. Structural parameters of those films were not presented.

This work deals with growth of CdS films from a solution on the Langxnuir
. J

monolaycrs of cadmium arachidate (CdArh2) and cadmium behenate (CdBeh2) as well

as with study of the structure of such films and the mutual orientation of the films and

the substrates by I@-energy electron di.filaction (HEED) and by transmission electron

microscopy (TEM).
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2. Experiment

GTowth of CdS films on the float~g layer of Cd arachidate was performed in

the Lanemuir troue~ through the follotig procedure. The 5 10-4 M aqueous solution

of Cd(N03)2 4H20 was used as the mbphase. Value of tie mbphase PH was set to

5.5 by adding nitric acid. 1 mgfl solution of arachidic acid C 19H39COOH in

chlorophoxm was applied onto the surface of the subphase and then the monolayer of

fatty acid was compressed to date pressure of 28 mN/m Such value corresponds

to the mostly ordered packing m the monolayer as it was previously revealed by

electron &f&action data. Cadmium sulphide was produced through the reaction

between Cd2+ cation and S2-/HS- anions, which were delivered to the subphase from

gaseous H2S provided by hydrolysis of 0.02 M Na2S solution. Time of growth was

t’aried from 0.5 to 3 hours under controlled surface pressure in the monolayer.

The procedure of CdS growth on the CdBeh2 monolayer was difFerent from

that above. The subphase was placed m a Petri dish. The composition of the mbphase

was following: 20 ml of 0.1 M Cd(N03)2, 75 ml of 6 M NH40H, 40 ml of 1 M

CS(NH2)2, and 75 ml of H20. 1 mg/1 solution of behenic acid C2 IH43COOH in

chlorophorm was applied onto the surface of the subphase. Compression of the

produced Langmuir monolayer was provided by the technique of “excessive droplet”.

According to [5], this technique is suitable for obtaining an ordered cadmium

arachidate monolayer at the subphase date.

~e structure of Lanegmuir layer as well as the structure of cadmium sulphide
d

films grown on them was studied by TEM on an electron microscope BS-540 and by

HEED at E= 75 keV on an electron difilactometer EMR- 102. DifE-action pattexns

were obtained in transmission mode in the range of sample tilting of O-800 (oblique

textures technique).

Samples for Structural characterization were

LanQmuir monolayer with the grown CdS film onto

prepared by deposition of the

the copper grid. The grid was

prelirnina~ covered with a thin amorphous layer of cellulose which was transparent for
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electron beam and did not produce its own difiaction pattern. ne sample was

removed from the solution through the “horizontal lifi” technique.

3. Results and discussion

3.1. l%e structure of a monolayer of cadmium arachidate

for CdS growth

wed as a substrate

Some ways of aliphatic acids molecules packing m the Lan-mui.r monolayer on

the subphase su.rfhce are theoretically possible [6]. In the temperature range of 10-

300C and m the surface pressure range of 10-40 mN/q a hexagonal and four types of

rhombic two-dimensional phases were observed by tiaction of synchrotrons radiation

at grazing incidence mode “in situ” from floating monolayer of acids C 19H41 COOH

and C21H43COOH [7,8]. We had to transfer the fis to solid substrates to carry

out electron difiiaction study of them Obviously, this process may change the oribginal

packing of molecules in the layer. For example, in the case of cadmium stearate in

LanQgmuir-Blodgett films built of 10-20 bilayers at room temperature the rhombic

phase with periods a= 4.96 A and b= 7.39 A was revealed. This phase transfoms to

the hexagonal one at heating to 60°C [9,10]. Fig. 1 presents the electron dfiaction

pattern from a monolayer of CdArh2 on a celluloid substrate taken at normal incidence

of the electron beam to the sample. The reflexes in the shape of pronounced spots and

arcs are arranged with the six-fold symmetxy. Reflections indices and their intensities

correspond to a hexagonal packing of moIectdes in the domains constituting the film
“4

The lattice period a= 4.80& the [001]-direction is perpendicular to the film surface.

Domains are disoriented to the angles up to 10o. The hexagonal phase is dominant

thouk@ a.rhombic phase with the periods a= 4.96 A and b= 7.39 A is also revealed by

two weak rings which are due to the most intensive reflections of this phase.

As can be seen in the phase diagram ofC21H43COOH [11] shown on Fig. 2,

the conditions of films growth presented above are close to the triple point A where

probable is the coexistence of the rhombic phase with the hexagonal one.
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3.2. The structure of CdS jilm and mutual orientations of CdS$lnl and

Cd4rh2 substrate.

It islmown that CdS exists rn~o stmctural modifications cubic (sphalerite

type) and hexagonal (wurtzite type). At CdS growth from the solution containing N03

anion, observed is usually the cubic modification with the period a= 5.82 A and space

group F~3m [12].

The CdS cubic cell is presented on Fig. 3. Atoms of Cd and S are embedded at

sites of face-centered sublattices displaced to 1/4 of the spatial diagonal to one

another. The structure do not possess the centre of symmetry and <111> directions are

polar in it. {111} planes consist of cations or anions which alterate layer-by-layer in

the <111> directions and are charged positively (Cd2+ planes) or negatively (S2-

planes). This produces the strong electrostatic interaction at the interface during

growth.

At the (111) plane, atoms of the same name arrange in a rekgularhexagonal net

well matched by its period with the hexagonal net formed by hydrophilic Cd2+ heads

in a compressed monolayer of cadmium arachidate (Fig.4a,b).

Fig.5 SI.IOWS the electron dfiaction pattern from the CdS illrn grown on the

floating cadmium arachidate monolayer during 3 hours. Reflections both by the film

and by the substrate are presented thus enabling their mutual orientation to be

determined. The ring nearest to the primary beam consists of 6 reflexes and is

associated with the (100) plane of CdArh2. The next ring is associated with the (111)

CdS pkne. The reflections of these Mgs are turned to 30° to one another. Strong

reflections positioned at the ring indicated by the arrow coinside. They are responsible

for the reflection 220 CdS (d220= 2.06 A) and for the reflection 200 from the

hexagonal phase of CdArh2 (d= 2.08 A).

The analysis of the difhaction pattern makes it possible to conclude that botb

the CdS film and the CdArh2 substrate consists of domains, the plane with the axis of

the 3rd (6th) order of which is oriented parallel to the substrate surface, i.e.

(lll)CdS ll(OOl)CdArh2.
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Directions of the <110> kind in the CdS are parallel to directions of the <100> in the

CdArh2. In two-dimensional coordtiates, the latter corresponds to the parallelity of

[01] CdS and [~1] CdArh2 directions (see Fig.4). The domarns are turned with respect

to one another to angles up to 10° in the plane of the sample. Strictly speaking, 111

reflections of CdS may not appear in the diffraction pattern if the sample is oriented by

its (11 1) plane parallel to the substrate. Their existence indicates that the domarns of

the film are disoriented m the bulk. It is of rnterest to note that at initial stages of

growth (growth duration -0.5 hours), reflexes from the CdS are distorted (Fig. 6,

shown by the arrow). This distortion can be explarned by the influence of crystallite

shape and their strong interaction with CdArh2 - layer. Some pati of CdS crystallite

are disoriented what is possibly due to formation of CdS clusters in the subphase or

due to growth on the CdArh2 domains of orthorhombic structure.

3.3. Morphology of CdS$lnz

Samples were examined by TEM at successive stages of growth. Fig. 7 shows

micrographs from the samples after 0.5 (Fig. 7a) and 3 (Fig. 7b) hour duration of the

reaction. It is seen that nucleation of CdS islands is inhomogeneous in active points at

the monolayer-subphase interface. On growing up, islands form a continuous layer. It

is worthwile noting that CdS islands are not faced contrary to PbS islands grown at the

same condkions [13, our data in print]. It follows from the phenomenological theory of

crystal growth that ori=tiation of sin=gdar faces during the c~stal growth depends on

the ratio’ of specific crystallization heat to kT: the larger this ratio, the larger.

probability of origination of a sinedar face. Probably, values of specific crystallization

heat for PbS and CdS at conditions of growth from the solution under chemical

reaction are essentially different.

3.4 Cd growth at supplying S~- ions from the soIution of flH)~CS

Employment of solved thiourea as a source of S2- ions is more suitable

because it eliminates the inconvenience of usage of gaseous H2S. However, CdS films
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gTOWIIby this technique both on the behenic acid monolayer and on the arachidic acid

ones were polyc~stabe. It seems that essential pan of CdS crystaUytes nucleated in

the subphase and then deposited onto the monolayer. As compared to this results the

preceding technique allows the monitoring of CdS growth. Maintaining both low H2S

pressure and acidic conditions in the subphase suppresses the oriktiation of CdS

clusters in the bulk of the subphase thus resulting in growth of CdS particles mainly at

the monolayer-subphase intefiace.

4. Conclusions

Oriented CdS ilms were grown on a floating CdArh2 monolayer. Films are of

mosaic structure with the preferable orientation of the (111) face paraUel to the

surface. On the base of dfiaction patterns analysis, onentational relations between the

hexagonal phase of the cadmium arachidate Lan&gmuirmonolayer and the cubic phase

oftbe cadmium sulphide film grown on it were obtained. It turned out that

(lll)CdS II(OOl)CdArh2

[liO] CdS II[100] CdArh2

.
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Figure captions

Fig. 1. Electron &action pattern born CdArh2 monolayer. The domains of

hexagonal phase oriented by (001) plane parallel to the stiace coexists with the

domains of polycrystalline orthorhombic phase.

Fig.2. Phase diagram for behenic acid Langmuir layer (according to [1 l]).

Fjg.3. ‘The scheme of CdS cubic unit cell.

Fig.4. The atomic netsin(111) - “CdS plane (a) and (001) plane of hexagonal CdArh2

(b).

Fig.5. Electron diffraction pattern from the CdS-film grown on CdArh2 - monolayer.

(3 h grOWill~).

Fig.6. Electron difhaction pattern from the CdS-film on CdArh2 floating monolayer

(0.5 h growing). The arrow shows 111- reflections of distorted form.

Fig.7. TEM - micrographs of CdS-fiIms on CdArh2 floating monolayer, X 20.000.

(a) - CdS-islands at the initial stage of growth,

(b:, - CdS - film after 3 h of growth.
3
{
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Chapter 5.4

Electron and X-ray Characterization of Langmuir - Blodgett Films and
the Fabrication of Inorganic Ceramic Films on the LB Structures

Current report presents results of the second stage of
investigation under the contract AE-3528.

The work includes the results of studying molecular packing
structure against of number of deposited layers, film Surface
quality, speed of the film deposition and other parameters. It
contains also the description of method of chemical adsorption
of ions from solution and preliminary results on abilities of
deposition of the ceramic layers onto LB films.

1. STRUCTURE OF THE Si-SUBSTRATE SURFACE.

We used the Si-substrates of (111) and
Mean

~001) orientations.
square deviation of the orientation from the tme

crystallographic faces was monitored by X ray diffractometer
and did not exceed 2.5 grad. Preliminary treatment of
substrates was different: some specimens were mechanically
polished (serie A), and other ones were chemically polished
(serie B).

Surface structure was studied by reflection high energy
electron diffraction (RHEED) at accelerated voltage of 75 lcv.
The surface of A-specimens was amorphous as a result of crystal
breaking at the contact with abrasive materials. Diffuse halo
alone was present in diffraction pattern from these specimens
(see fig.3 in Report 1).

The surface of B-specimens was monocrystalline.
RHEED-patterns contained Kikuchi-lines
(see fig.4 in Report 1).

and point reflections

The surface of A-specimens was rough in optical microscope
and contained scratches, hillocks, pits and other polishing
defects. The surface of B-specimens was rather smooth in
compair to former

The structure of LB-films on Si-substrates depended on the
surface roughness. Electron diffraction data showed that the
lateral size of the domains in the films on smooth substrates
was, as a rule, larger than on rough ones.

Film thickness was determined using computer fit by the
Simplsx method...

2. X-RAY CHARACTERIZATION OF LB FILMS OF Cd STEAIQTE
Fabricated AT DIFFERENT CONDITIONS

2.1. X-~Y CHAWKT’ERIZATION OF HYDROPHOBISATION LAYER

Using the X-ray diffraction method we studied the difference
of surfaces of “pure’’(untreated) and hydrophobized silicon
plates, used as substrates for LB deposition.

Fig.1 shows X-ray diffraction curves for silicon substrates: A
untreated substrate, B- hydrophobised with

dichlorodimethylsilane. The thin layer of silicon oxide,
present at the untreated substrates, do not manifest itself at
the diffraction curve becuse of not enough sensitivity of
X-ray equipment used. The thickness value of this layer (15
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angstrom) was taken from [11. The electron density of
dichlorodimethylsilane layer is not very much different from
silicon oxide so the diffraction tune from the sample
containing the both layers (B) shows the broad diffraction
maxima corresponding the total thickness of 26 angstrom. Thus
the thickness of hydrophobic dichlorodimethylsilane layer is
11 angstrom.

2.2. LB FILMS OF Cd AND Pb STEARATES ON Si(lll) AND Si(100)

X-ray diffraction curves, obtained for LB films on the
monocrystalline silicon substrates of different crystal plane
orientations did not show significant distinction. This fact
was apparently due to the presence of amorphous silicon oxide
and dichlorodimethylsilane layers preventing direct contact of
ordered silicon atoms snd LB film molecules.

2.3. LB FILMS ON THE ROUGH AND SMOOTH SURFACES

We studied LB films deposited onto the chemically and
mechanically polished silicon plates. The latter had a
mechanically disturbed layer on the cop. At the X-ray
diffraction curves shown at Fig.2(A,B) one can see well defined
differences : for the case of smooth (chemically polished)
substrate, in addition to Bragg maxima, the Kiessig
oscillations are observable. These oscillations originate from
the interference of X-ray beams, reflected from the air-film
and film-substrate surfaces, and indicate that the roughness of
these surfaces are about 10 A or less. Kiessig oscillations
were absent for the case of rough (mechanically polished)
surfaces due to weak reflection from the interface between the
films and the substrates.

2.4. ESTIMATION OF DEPOSITION SPEED INFLUENCE ONTO THE QUALITY
OF OBTAINED LB FILMS

We obtained X-ray diffraction curves for LB films deposited at
different speed. Fig.3 shows the diffraction curves for cadmium
stearate LB films deposited at A) 1.5 mm/min (slow) and E) 20
mm/min (fast). As it seen from the figure, there were no much
differences, but it is noteworthy that Kiessig oscillation
periodicity was somewhat different. It means the higher
thickness of “fast” film. Roughness of bilayers interfaces is
also li’igherthat results from higher diffuse scattering level.
Howe\’er this observation can not be regarded as the
reproducible regularity and requires more careful studies.

2.5. ESTIMATION OF FILM SPACING AND THICKNESS

Absorption and refraction in the films were not taker!into
account because of low film thickness. Spacings were calculated
using Bragg law. The films of Cd and Pb stearates showed the
spacing values of 49 angstrom that correspond to Y-type
molecular packing (head-to-head, tail-to-tail) .

Film thickness was estimated for the samples on smooth
substrates from the period of Kiessig fringes. It was mentioned
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in the previous report that molecular packing in this case was
better but the film deposition was more problematic especially
for the starting layers. It was found that the real number of
deposited layers may be different from the number of dipping
cycles. Fig.4-6 show some typical X-ray diffraction curves for
Cd stearate LB films with different numbers of layers.

The overall thickness of 3-cycle sample of Cd stearate LB film
was about 195 A. This means that the thickness of hydrophobic
underlayer was about 40 A and LB films consisted of 3 bilayers.
The same value of the underlayer thickness and coincidence of
numbers of belayers and dipping cycles was obtained for 5-cycle
sample also. It should be noticed that the coincidence achieved
of numbers of bilayers and dipping cycles is not reliably
controlled in the technological process and must be examined for
every LB film after its fabrication. The validity of the last
remark can be demonstrated by results for the 10-cycle and
20-cycle films. For the case of 10-cycle sample, the
discrepancy between of the number of deposited layers and the
overall film thickness appears. Predicted film thickness was
49+1(3+40=53(3A, but the real thickness calculated from K~esslg
oscillations was 440 A. For 20 bilayers the predicted thickness
value was 1020 A but the real one - 745 and 570 (for samples on
the rough and smooth silicon surfaces respectively) .

2.6. X-RAY STUDY OF FATTY ACID SALT LF FILMS WITH DIFFEREhT
FLUOROCARBON CHAIN LENGTH: C18(STEAMLTE) , c20(mcHIDATE) AND
C22(BEHENATE)

Besides the stearic acid sslts, we determined spacing values
for LB films of cadmium salts of fatty acids with slightly
different hydrophobic tail lengths.

Fig.7 (A-C) shows X-ray diffraction tunes for Cd-behenate
(C22), Cd-arachidate(C20) and Cd-stearate (C18). The angular
distance between Bragg maxima is smaller for longer chains
indicating higher spacing value (they are 58.2, 53.9 and 49.2 A
respectively) . The increase of spacing (the unit cell includes
two molecules) per addition of two CH2 groups equals 2.5
angstrom that is in agreement with vertical chain orientation
in the films.

2.7. X-RAY STUDY OF FATTY ACID SALT LF FILMS WITH DIFFERENT
DEGREE OF ACID-SALT CONSTITUTION

.
The !niluence of pH value onto the character of deposition of
cadmium salt of behenic acid was estimated. The behenic acid
was chosen because it provides more stable monolayer in the
acid form relative to shorter tail acids.

Fig.8 shows X-ray diffraction curves for Cd-behenate (C22) LB
fiims deposited at different pH values to provide different
degree of acid hydrogen substitution with metal. Curve A shows
typical behenic acid spacing of 52.5 angstrom corresponding to
tail tilt of about 30 degrees to vetical (pH3.3, the acid
groups are in protonated state according to [21). At pH4.7
(that corresponded to 7% substitution of acid hydrogen with
cadmium in monolayer [21 ) the drastic deterioration of Bragg
maxima takes place (curve B) . The film in preferentially salt
state (pH 6.25, curve c) shows the Bragg maxima of 58.2
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angstrom spacing corresponding to vertical chain orientation.

These data show that the subphase pH value essentially
influences on the constitution and structure of fatty acid salt
LB films.

2.8. THE METHOD OF REFLECTOMETRY STUDIES AND MODELLING OF
ELECTRON DENSITY PROFILES

Arrangement of the X-ray diffractometer used was presented in
the previous report. Change of incidence angle is performed by
slow continuous rotation of the sample. The pattern obtained
results from accumulating intensity over all angle range during
the measurement time. It should be noticed that this technique
provides not “true” reflectivity curve because besides the
specular scattering signal diffuse scattering and background
also contribute to the pattern obtained. The latter prevents
from exact evaluation of electron density profile but sDatial
structural parameters can be obtained because the (i~ffuse
scattering pattern has its maxima at the same position as that
of specular reflectivity. So only thicknesses of sublayers can
be evaluated reliably from such patterns.

Estimation of thicknesses values was proceeded in the
following way. The spacing and the total thickness of the film
can be roughly evaluated by positions of Bragg’s and Kiessig
maxima at the reflectivity curve. Those values were taken as
the first approximation in the fitting procedure. First
approximations of Values of optical parameters were taken from
[1]. The expression for scattered intensity was that ‘ofthe
kinematical approach, i.e. Fourier transformation of the
Patterson function of electron density distribution. Correction
for refraction was made in the equation for scattering vector.
The latter is essential in the vicinity of the critical angle.
Then parameters of the initial model were modified to reach the
best correspondence between experimental data and those
calculated according to the theoretical approach. Fitting was
proceeded with the use of the simplex method. The procedure was
stopped when the best coincidence of maxima at the experimental
curve and at the theoretical one was reached. As was
highlighted above only spatial parameters obtained through
fitting are of value.

2.9 FITTING RESULTS
Di~fractograms of the 10-cycle and two 20-cycle samples were

choosen for fitting. For the superlattices investigated the
following pattern of constituents altercatingwas choosen:

Substrate I Sublayer I lst_bilayer I ... \ Nth_bilayer I Vacuum

while the pattern of bilayer was

CI+_tail- I -Cd- [ -CH_tail

In the table below spatial parameters of investigated
structures obtained with the fitting are given. As was remarked
above, only these parameters are of value. Therefore optical
constants of partial sublayers are not presented in the table.
Values of these constants were of order of those taken from
[1]. Thicknesses are in angstroms.
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Sample N Sublayer CH_tail Cd

20-cycle,fast 17 66 22 5.4 deposition

20-cycle,slow 13 48 22 5.1 deposition

10-cycle 9 45 21.4 6.4

3. ELECTRON DIFFlV4CTION STRUCTURE ANALYSIS OF THE LEAD AND
CADMIUM STEARATE LB FILMS. /

Electron diffraction patterns were obtained from lead
stearate and cadmium stearate LB films on substrate - holders
with 2 mm dia holes covered with celluloid thick film almost
not distorting the diffraction pattern.For the transmission
electron diffraction study from 12 to 30 bilayers were
deposited.

Thus obtained films were studied in an EMR-102 electron
diffraction camera at accelerated voltage of 50 and 75 kV. The
diffraction patterns were recorded onto photoplates both
normally to the electron beam and at an angle of 50 grad to
it.The reflec- tion intensities were measured on a Carl Zeiss
Jena Gill microphotometer.

3.1 FORMATION OF ELECTRON DIFFRACTION PATTERNS FROM
PLATELED-LIKE TEXTURE

The use of specially designed electron diffraction cameras
with the diameter of the beam on the specimen equal to 0.2-0.3
mm allows one to irradiate a large surface area of the specimen
with crystallite arranged randomly with respect to azimuth but
with the basal planes being parallel to the substrate
(platelet-like texture). This results in the formation of
specific electron diffraction patterns from these texture
illustrated by figure 1. The points of reciprocal lattices of
different crystallite merge together to form continuous rings.
Electrons have a very small wavelength, and therefore the Ewald
sphere degenerates into a plane. The respective electron
diffraction pattern is, in fact, the cross section of the rings
by this plane in the reciprocal space (figure 1). If an
electron diffraction pattern is obtained in the plane normal to
the beam, it contained hkO rings alone (figure 2a) . If the LB
film is inclined to the electron beam, the section of
cent<.nuous rings by the plane in the reciprocal space gives
rise t? pairs of arcs lying on the directions parallel to the
axis about which the specimen is rotated. In addition, new arcs
appear due to reflection from the planes with 1#0 (figure 2b) .
The angular width of these arcs is determined by a small
angular scatter of the basal planes with respect to the
substrate. In the reciprocal space, the rings corresponding to
the’reflections with the constant h and k indices and different
1 indices (1=...-2,-1,0,+1,+2,... ) are located on the surfaces
of coaxial cylinders with the [001] axis (figure 1) . Thus the
arc-like reflections are located on ellipses with constant h
and k and different 1. Reflections having the same 1 indices
are arranged along the layers lines. The described patterns are
called oblique-texture electron diffraction patterns.

In practice, electron diffraction patterns obtained at an
angle of about 60 grad. to the beam contains the number of
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reflections sufficient for the structure determination.

3.2 STUDY OF THE STRUCTURE OF PbSt AND CdSt LB FILMS

Arrangement of reflections on electron diffraction patterns
of oblique texture type from LB films of PbSt and CdSt along
ellipses and layer lines is characteristic of polycrystalline
texture. Intensities of reflections (fig.2) don’t decrease
monotonously but form areas of strong layer lines with
subperiod c’=2:54 A which is connected with periodicity of
carbon atom arrangement in aliphatic chaines. The obtained
transmittion oblique-texture diffraction patterns provided the
determination of a pseudoorthorombic monoclinic unit cell with
the parameters a=4.96A, b=7.38A, c=96A. The extinctions on the
electron diffraction pattern indicated the space group P21/b.

The further structure analysis is conducted, as usual, by
analysing reflection intensities. The intensities of more than
200 crystallographically nonequivalent reflections were
determined on a microphotometer. The transition from
intensities to squeres of structure amplitudes was performed by

the kinemati- cal scattering law. Knowing the set of structure
amplitudes, we constructed the Patterson projection onto the xy
plane and three - dimensional cross-sections of Pstterson
function P(xyz) . It was found that the arrangement of chains in
the monolayer corresponds to the close packing analogous to
that in the paraffin structure. Lead atoms in adjacent
monolayer are shifted by a half translation along the b-axis.
The boundary between layers is characterized by the closest
packing of terminal groups of hydrocarbon chains, and for this
resson unit cell consists of two bilayers which are shifted
with respect to each other on the half of one of the basic
plane translations.

The model of structure was refined using three-dimensional
Fourier synthesis of electrostatic potential. Because of
unevennes cutting of structure amplitude rows there are
spurious peaks on Fourier maps, and their existence was
monitored by Fourier synthesis using theoretical structure
amplitudes for model structure with experimental cutting. The
s theme of molecule arrangement in unit cell is shown in figure
3.

Let us discuss now electron diffraction patterns of oblique
texture type from LB films of PbSt2 and CdSt2 (figure 2b,c).
Unlike classical crystalline texture, reflections
diffraction patterns from PbSt2 overlap starting from the 5-~#
ellipse, and then ellipses consist of solid lines. On the
diffraction pattern from CdSt2 (fig. 2c) such overlapping takes
place un the second ellipse. Intensities of reflections (fig.2)
with irlcreasing index 1 don’t decrease monotonously, but form
areas of strong layer lines which is connected with periodicity
of carbon atom arrange- ment in aliphatic chaines. Electron
diffraction patterns obtained at long exposition show that
reflections from PbSt2 are sharp up and that the third szrong
layer line from CdSt2 (besides all zbove mentioned
characteristic features) becomes solid one, the intensity being
quite equal to the intensity of background.

LB films consist of layers of parallel arranged molecules,
so we tried to analyse diffraction patterns from PbSt2 and
CdSt2 within the frame of the approach, developed by
B.K.Vainshtein (“Diffraction of X-rays by chain molecules. ”
Elsevier Publishing company, 1966, pp. 255-338) for complexes
of parallel arranged chain molecules . The disappearance
(diffusion) of reflections on ellipses on texture diffraction
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patterns from such specimens is due to the tangential
distortions, connected with inclination of molecules in a
layer; the stronger this inclination is, the lower indexes of
reflections affected by this effect are. (It should be noted
that inclinations of molecules were discovered earlier in LB
films of cadmium arachidate by infrared spectroscopy) . Our
estimations using electron diffraction patterns showed that
there are possible inclinations equal to 0.5 grad. for PbSt2
and 1-2 grad. for CdSt2.

According to Vainshtein the effect of diffusion of layer
lines (for example, of the third strong layer line on
diffraction pattern from CdSt2) can be explained by the
parallel shift of molecule mass centers in the directions of
their axes. Then for CdSt this value is of order of 0.2 A .

4. THE PRELIMINARY DATA ON CdS AND PbS FILMS

4.1. THE METHOD OF CdS AND PbS FABRICATION

The ability of deposition of the CdS and PbS layers onto the LB
film underlayers by the method of succesive chemical adsorption
of ions from aqueous solution was studied.

One of the methods of fabrication of thin films of
water-insoluble ionocovalent compounds is the chemical reaction
between the adsorbed cations and anions at a solid.llW1d
interface. ThuS , for CdS film fabrication, it is necessary to
dip a substrate into Cd(N03)2 (cation) and Na2S (anion)
containing solutions successively several times. It is suggested
that at the first stage of the process Cd(2+) ions are adsorbed
at the surface. Then, immersion into Na2S solution causes S(2-)
ions to be chemically bound to form CdS film. Redundant ions
are washed away with distilled water after each dipping. In
order to reach thermodynamic equilibriumbetween substrate and
electrolyte or water the substrate should be kept in the liquid
for the necessray time. AS a result of this process, an
epitaxial layer or texture is proposed to be formed.

The reaction of CdS formation was the following:
Cd(N03)2 + Na2S = CdS + 2NaN03

and for the case of PbS:
Pb(N03)2 + Na2S = PbS + 2NaN03

The reactions are carried out in the course of
The fo-:lowing

chemosorption.
electrolyte solution were used: 0.01 M Na2S

(pH1l.6:; 0.01 M Cd(N03)2 (pH2.8); 0.01 M Pb(N03)2 (pH2 .8);

The substrates were kept in electrolyte for about 40
Then they

seconds .
were washed carefully in distilled water for about

1.5 min.

The substrates used for CdS and PbS deposition were silicon
plates covered with 3 bilayers of cadmium stearate or lead
stearate Langmuir-Blodgett films respectively. The
covered

substrates
with polymeric LB films of polyimide, diacetylene and

acetomyristate cellulose were also tried. 50 cycles of chemical
adsorption were carried out.

The qualitative visual estimation of wetting properties have
shown that initially all samples were hydrophobic. Cadmium
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stearate and diacetylene films became hydrophilic after the
numerous dippings into electrolytes (f2SpeClally Na2S). The
reason of this phenomenon is not clear. Hydrophobic properties
of LB films of polyimide, cellulose ester and cadmium stearate
were not significantly influenced by dipping into electrolyte.

4.2 PRELIMINARY DATA ON THE STRUC~E OF Cds AND pbS LAYERS.

The structure of CdS and PbS layers deposition onto
Si-LB-substrates by the method of successive ionic layer
adsorption was studied by RHEED.

Diffraction patterns contained Debye-rings (fig. ),thus the
stricture was polycrystalline. The size of the separate
crystallite was estimated from the half-width of diffraction
maxima. It varied in the range of 100-500 A as the number of
the deposition cycles increased from 5 to 60.

Analysis of the scattered intensities in diffraction
patterns from CdS-layers showed that some reflections, namely:
200, 400 and 420, were absent or their intensity was weaker in
compair to the calculated values. This can be explained by the
orientation of CdS-crystallites by (111)-face parallelly to the
substrate and by the formation of texture with [111]-axis.

We suppose to obtain the additional detailed morphological
data for the checking of this assumption. The structure of
PbS-lavers was polycrystalline, and the size of crystallite
became-larger as the thickness increased.

4.3 CONCLUSIONS

These results showed the principle possibility for the
growing of CdS and PbS layers on the Si-LB substrates by the
successive ionic layer method. The structure of the layers was
polycrystalline. There are two ways to improve this situation:
1) optimization of the growth parameters in this method; 2) use
of the another method for the growth. Both these possible ways
are discussed.
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FIGURE CAPTIONS

Fig.1. X-ray diffraction curves for silicon’substrates: (a) -
untreated substrate, (b) - hydrophobised with
di.chlorodimethylsilane.

Fig.2. X-ray diffraction patterns of 20-cycle CdSt fabricated
on the smooth (a) and rough (b) Si-surface.

Fig.3. X-ray diffraction patterns of 20-cycle CdSt fabricated
by LB method with slow (a) and fast (b) speed of dipping.

Fig.4. X-ray diffraction patterns of 3-cycle CdSt (a) and
5-cycle CdSt (b) on Si-substrate.
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Fig.5. X-ray diffraction patterns of 10-cycle CdS t (a) and
fitting curve (b).

Fig.6. X-ray diffraction patterns of 20-cycle CdSt (a) and
fitting curve (b).

Fig.7. X-ray diffraction cumes for A: Cd-behenate (c22), B:
Cd-arachidate(20) and C: Cd-stearate (C18).

Fig.8. X-ray diffraction cu~es for Cd-behenate LB films
deposited at different pH values (salt content) : A: pH3.3 (O%);
B: pH4.7 (7%) and C:pH6.25 (80%).

Fig.9. Formation of the obliquid-texture electron diffraction
patterns (the case of an orthogonal lattice). P is the Ewald
sphere.

Fig.10. Electron diffraction patterns from lead stearate: (a) -
phi=O deg. (hkO-rings); (b) - phi=50 deg.; (c) - electron
diffraction patterns from cadmium stearate, phi.50 deg.

Fig. 11. Projections of the lead stearate structures on to the
XY- and YZ-planes.

Fig.12. RHEED-pattern from CdS-layer deposited onto CdSt2 LB
film.
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Chapter 5.5

Characterization of Ceramic Fihns Grown on
Langmuir - Blodgett Films on Silicon

Current report presents results of the Task 4 of
investigation under the Contract AE-3528. The work includes the
results on analysis of the literature evidences on possible
ways of oriented growth, the description of techniques used for
growing PbS and CdS films, and data on atomic structure and
thicknesses of the films obtained.

The processes of forming Langmuir-Blodgett (LB) films of Pb
and Cd fatty salts and the influence of growth conditions and
substrates quality on films structure were considered in the
reports on the previous stages. Preliminary experiments on the
deposition of polycrystalline ceramic films of PbS and CdS onto
hydrophobic surfaces of LB films of fatty acids salts of Ca and
Pb confirmed the efficiency of the techniques used. The Task 4
was aimed at the characterization of uniformity, structure,
orientation, and crystallite size of the ceramic thin films.
Special attention at the Stage presented was paid to the
technology of oriented crystalline films growth.

1. General features of oriented films growth

The oriented growth of one substance on the crystalline
substrate is referred to as epitaxy. The mutual orientation of
the substrate and the layer grown is usually caused by the
coincidence of some close packed crystallographic directions in
the substrate and in the layer. Epitaxial growth is available
not only for isostructural pairs of crystals but also for pairs
of crystals which differ in structure and/or in type of chemical
bonding [Landolt-Bornstein, 1972] , [Palatnik et al., 1972]. In
many cases, separate nuclei of new phase and aggregates of them
are forming at the initial stage of the crystal growth on the
substrate. Then those aggregates become larger and can coalesce
to produce a continuous layer. Preference of a specific
crystalline orientation with respect to the others can originate
both at the stage of the new phase nucleation and at the nuclei
growth. Epitaxial growth is essentially affected both by
thermodynamic and by kinetic factors. The influence of kinetic
factors increases as adhesion of the condensate onto the
substrate decreases. The adhesion degree can vary essentially
even for the same substance depending on the thickness of the
layer 3rown. The latter means that growth conditions for thin
and thick films can vary largely. Thus, when selecting optimal
conditions for epitaxial growth it is necessary to es~imate
importance of all factors mentioned above for a s?ecific
technique of films growth. There is a lot of various techniques
to obtain epitaxial layers: vacuum evaporation, Cqstalllzatlon
from’the gaseous phase, crystallization from solutions or melts.
we adopted the technique of growth from solutions SE room
temperature as this technique requires conditions similar to
those in processes occured in living beings.

2. Crystallization from solutions by means of chemical reaction.

Three main techniques of groth from solutions are known:
solution temperature variation (cooling or setting UP a
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temperature gradient)
- variation of the salution composition (evaporationof the

solvent or adding the condensate substance to the solution)
a chemical reaction in the solution (also electrochemical

processes)
The third method was choosen to grow thin films of lead Sulphide
and cadmium sulphide. Crystallization caused by a chemical
reaction is based on formation of solid products during the
chemical interaction of solved compounds. Chemical reactions in
solutions run at sufficientlyhigh rate. This leads to a high
level of supersaturation, and precipitation of small-sized
crystallite occurs. Therefore, control of the reaction rate
becomes of great importance in optimization of conditions of
epitaxial growth. The reaction rate can be retarded either by
means of controlling the rate of supply of reagents into the
reaction region or by using initial reagents of low volubility.
This retardation can be implemented through some special
techni~es such as using semipermeablemembranes to control ions
diffusion into the reaction region, slow adding reagents
solutions in a dropwise manner into the reaction region,
increasing ions diffusion path etc. Increasing ions diffusion
path can be achieved by lowering reagents concentration in the
solution, by spatial separation of reagents solutions into two
enclosed vessels or by increasing the solvent viscosity (for
example, with the use of gels). Beside the retardation of the
reaction rate it is necessary to take into account the
parameters which can influence on adhesion of the substance onto
the substrate.

3. PbS and CdS crystallizationtechniques.

Films of PbS and CdS can be grown by chemical deposition of
water-insoluble substances from solutions. The mechanism of slow
generating S2- ion is of importance in processes of thin metal
sulphides films growth. We examined two different ways to
produce the s2- ion for the chemical reaction. Usually this
reaction resulted in a formation of a system of a matrix formed
by LB technique and a metal sulphide layer. Several techniques
of deposition of this system onto the solid substrate were also
studied. They were the original Schaefer technique and its
modifications:

original Schaefer technique (horizontal lift) . The solid
substrate surface is brought into contact with the film at the
air side of the air-subphase interface and then the substrate is
lifted away from the interface;

- The hydrophobized substrate surface is contacted with the
film- at the air side and drowned down to the subphase. Then the
air-subphase interface is cleaned from the remainder of the film
and the substrate is dipped off the subphase. This technique
will be referred below as air-subphase-air lift;

The hydrophilic substrate surface is contacted with the
film at the subphase side and lifted away from the air-subuhase
interface. This technique
lift;

3.1 Sulphide

This approach uses

will be referre> below as subphas~-air

ions are provided by H2S

a chemical reaction between H2S in the
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atmosphere surrounding the subphase and the subphase containing
Pb2+ or Cd2+ ions. H2S was given by evolving from the aqueous
solution of Na2S:

Na2S + H20 = Na+ + OH- + HS- + S2- +H2S

The vessel with the Na2S solution was placed near the solution
containing metal ions that will be referred to as the subphase.
Released H2S molecules diffused to the air-subphase interface
where the reaction took place and CdS or PbS formed.

Reference

X.K. Zhao et al, J. Phys. Chem., v.96, No 24 (1992), pp.
9933 - 9939

3.1.1 Matrix is the LB film on the Si substrate.

The Si substrate with 5 monolayer of Pb stearate was
dipped into the vessel with the subphase solution. Another
vessel containing solution of Na sulphide was placed near the
first one. These two vessels were covered by a glass cap. A Pbs
layer of specific grey color at the solution-air interface
becomes visible after 30 minutes after the beginning of the
reaction. As time of the reaction increases the thickness of the
film also increases while the solution in the first vessel
remained transparent. The latter means that PbS did not
precipitate onto the matrix and the reaction seemed to take
place only at the solution-air interface. Corresponding REEED-
pattern from such PbS layer is shown in Fig. 1.

3.1.2 Matrix is the uncompressed monolayer of fatty acid on the

subphase surface

Pb(N03)2 solutions of concentrations 3 1OE-4 M or 3 1OE-5 M
and of pH 5.5 were used as a subphase. The subphase was poured
into a Petri dish and then the behenic acid layer was spread
over the surface of the subphase. Na2S solution was of 0.02 M
concentration. The vessels were arranged in the same manner as
above. A grey inhomogeneous film of PbS was formed after 20
minutes ~from the beginning of the reaction. The matrix-PbS
Syste.1 was then deposited onto a Si substrate . All of 3
techniques rescripted above were used. Optical microscope views
of the films obtained showed that the films were of
inhomogeneous polycrystalline structure . Poor quality of the
films,was the reason to modify conditions of films preparation.

3.1.3 Matrix is the fatty acid monolayer on the subphase surface
under controlled surface pressure

Pb(N03)2 solutions of 3 1OE-5 M concentrations and of pH
5.5 was used as a subphase. The subphase was poured into a
Langmuir trough and then the behenic acid layer was spread over
the surface of the subphase and compressed to surface pressure

90



of 28 dyne/cm. Na2S solution was of 0.02 M concentration and of
pH 11. The Petri dish containing about 20 ml of Na2S solution
was placed near the trough. Time of the reaction was 3 hours.
Deposition of the films obtained was perfozmed by the horizontal
lift technique onto a Si substrate. A specific feature of those
films was that their surfaces were “dry” i.e. they looked like
hydrophobic. Electron diffraction study showed that beside
polycrystalline regions partially ordered regions existed in
those films. Ordered regions were textured with the orientation
(111)parallel to the substrate (see Fig. 2).

3.1.4 Increasing the reaction time

To enlarge the thickness of the metal sulphide film the
reaction conditions of 3.1.3 were applied for 24 hours reaction
time. During the night period monitoring of the surface pressure
was not executed, Next day the shining dark grey film of PbS was
observed on the surface of the subphase.The film looked to be
inhomogeneous. It could not be deposited onto the substrateby
the horizontal lift technique but the use of two other
techniques made possible to obtain PbS films. Cds films were
obtained in a similar way. Cd(N03)2 solutions of 1 1OE-5 M
concentrations and of pH 6.2 was used as a subphase. 24 hours
after the beginning of the reaction a shining yellow CdS film
formed on the surface of the subphase. Electron diffraction data
are presented at Figures 3-4.

3.2 Sulphide ions are provided by thiourea reaction.

Hydrolytic decomposition of thiourea in an alkali solution
results in that S2- ions production:

NH2CSNH2 + 2 H20 = 2 NH3 + C02 + H2S (1)

Metal ions in an alkali solution e:<ist as solublz complex
compounds:

Cd(OH)2 + 4 NH3 = [Cd(NH3)4](OH)2

Pb(OH)2!+ 2 NaOH = Na2[Pb(OH)4]

H2S produced by the reaction (1) reacts with metal ions and
metal sulphide is produced.

References:

Inderjeet Kaur et al., J. Electrochem Sot., v.127, No 4, 1980,
pp. 943-948

John L. Davis, Marriner K. Norr, J. Appl. Phys., v.37, NO 4,
1966, pp. 1670-1674
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3.2.1 Matrix is the uncompressedmonolayer of fatty acid on the
subphase surface

The subphase was prepared by pouring into the Petri dish
the follOWlng components: 20 ml of 0.1 M Cd(N03)2 solution, 75
ml of 6 M NH40H solution, 40 ml of 1 M thiourea solution and 200
ml of water. A monolayer of behenic acid was spread over the
surface of the subphase. A yellow layer of CdS precipitate
formed after 30 minutes from the beginning of the reaction.
Deposition onto the substrate was performed by techniquesof
horizontal lift and of subphase-airlift. A similar experiment
on formation of PbS film was performed. The subphase consisted
of the following components: 1 ml of 0.175 M Pb(N03)2 solution,6
ml of 0.57 M NaOH solution, 2 ml of 1 M thiourea solution and
180 ml of water. Small separate crystallite formed on the
subphase surface, not a uniform film. Electron diffraction data
on samples obtained by this technique revealed no preferential
crystallographic orientation in the films. They were
polycrystalline.

3.2.2 Matrix is the LB film on the Si substrate.

The subphase was prepared by pouring into the Petri dish
the following components: 30 ml of 0.57 M NaOh solution, 10 ml
of 0.175 M Pb(N03)2 solution, 10 ml of 1 M thiourea solution and
85 ml of water. 5 monolayer Pb stearate film was placed into
the subphase immediately after pouring the subphase components
together. Electron diffraction data show that not PbS but
monoclinic sulphur contributes mainly (see Fig. 5) . Sulphur is a
by-product of the reaction used. Separate S particles were of
several microns in size and oriented by c-axis parallel to the
substrate (see Fig. 6) . We suppose that the formation of
monoclinic sulphur was due to insufficient purity of initial
reagents.

4. Structural characterization

4.1 Ellipsometry study (Courtesy by Dr. Tronin A.Yu.)

Ellipsometry can estimate the effective refraction index
and the iveraged thickness of thin films. This technique can not
pro’-ide detailed information about inner film structure.
However, it is helpful for prompt monitoring over a process of
growth. Only values of film thickness were of physical meaning
because interpretation of the refractive index value is quite
ambigyous due to complex structure of the films. Two samples
Wn.a--- studied by ellipsometry. The first sample (#23) was a film
of PbS on PbBeh2 matrix deposited onto Si during 15 hours. The
second sample (#5) was prepared by 3.3 technique with deposition
time = 3 h. For the sample #23 the thickness (PbS+PbBeh2) was
estimated to be about 270 Angstroms. Thickness of the sample #5
was 67 Angstroms. It should be mentioned that the accuracy of
the last figure is poor. Nevertheless, it is seen that
ellipsometry can provide realistic data on growth rate.
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4.2 Electron diffraction study

Results of electron diffraction analysis are presented by Figure
captions.

4.3 X-ray diffraction study

Unfortunately, samples obtained were of poor quality to
Study them by X-ray reflectometry because the films were not
continuous along the plane. Therefore, reflectivity data
treatment became ambiguous. Some attempts were made to obtain
diffraction peaks from the films in the direction normal to the
substrate but they were of no success. It should be noticed that
such peaks can be observed only at proper adjustment of the film
with respect to a primary X-ray beam. This requirement is caused
by weak interactionbetween X rays and the substance of the film
and small amount of the substance in the region of interaction.
Probably, use of 2 dimensional detector can simplify a procedure
of such an adjustment but at any case this problem is more hard
than that in a case of electron diffraction.

5. Peculiarities of metal sulphides deposition onto LB substrate

5.1 Films obtained by air-subphase-air lift were of the
best quality among all of them. The poorest results was for
horizontal lift. The latter is explained by strong attraction of
the film by the subphase that prevents any attachment of the
film to the substrate.

5.2 A ceramic film becomes thicker as increases the time of
its contact with H2S. But its homogeneity in plane as well as
out of plane is lost.

5.3 The monitoring of surface pressure of a monolayer on
the subphase essentially improves quality and reproducibility of
textures of the films obtained.

5.4 Comparison between PbS and CdS films revealed that PbS
orientation was better than that for CdS regardless of a
technique they were obtained through.

6. Proposals for further investigations.

.
6.1 It is known that in some cases of epitaxial film growth

heating of the film for some minutes results in the
reconstmction of initially amorphous layer to a crystal
structure. Heating temperature is much lower than melting
temperature.

6.2 Quality of films can be improved by more accurate
matching of parameters of the LB layer to those of the ceramics.
This can be achieved by

varying surface pressure of the matrix monolayer;
using LB films of other amphiphilic compounds such as
cellulose polymers, natural lipids etc.

more correct control of reaction rate;
low temperature annealing of the films.
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SUMMARY

A series of experiments was made on the growing of PbS and
CdS films from aqueous solutions on the surface of fatty acids
salts containing cations of Pb and Cd. TWO different techniques
were used to feed sulphur ion into the reaction region: 1) H2S
solving from the gaseous phase; 2) thiourea reaction in the
subphase. Varied in experiments were the growth time, the
technique of films deposition from the subphase onto the solid
substrate, thiourea solution concentration. Crystallographic
orientation and structure of films obtained was investigatedby
electron diffraction. The following basic results were obtained:

1. If feeding S2- ions from the gaseous phase into the
subphase the oriented PbS(CdS) particles were obsewed for the
films grown on LB matrixes compressed to surface pressure of 28
dyne/cm. For the case of PbS films three preferentialface
orientations parallel to LB matrix were occured: (111), (011),
(001)- Ih40 first of them give evidence of ordered epitaxial
growth while the (001) orientation is typical for spontaneous
PbS particles formation. Epitaxial particles are usually
disoriented with respect to each other. Estimation of
misorientation angles was made through the measurement of
dimension of reflexes of several indices. The value of this
angle was of order of +/- 10 degrees for (110) faces orientation
and somewhat less for (111) orientation. The least
disorientation of +/- 2.5 deg was obsened for the PbS film
grown on the PbBeh2 matrix under pressure 28 dyne/cm monitoring
during 3 hours. For the case of CdS films the only epitaxial
orientation of the (111) face parallel to the matrix was
observed. Separate particles (blocks) were disoriented by angles
of +/- (2.5 - 5) degrees to each other and twinned around the
[111] plane. This can be explained either by better ordering in
CdBeh2 matrix than in PbBeh2 matrix or by more suitable
parameters of the matrix-film interface in the case of CdS.
Particle misorientation can be caused by misorientation of LE
matrix domains, kinetic nature of deposition process as well as
supersaturation, reaction rate, diffusion parameters etc.
Influe9ce of those parameters on films quality is the matter of
further investigations.

2. Preliminary results were obtained for the case of
production of S2- ions by thiourea reaction. It was shown that
btiild-up of PbS (CdS) films on LB matrix is possible. However,
additional efforts are necessary to match properly the growth
conditions. At present, only polycrystalline layers were
obtained.

Principal investigator Lev A. Feigin
stuff:
Elena V. Rakova
Vera V. Klechkovskaya
Ludmila G. Yanusova
Nina D. Stiopina
Viktor V. Safronov
Ivan I. Samoilenko
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Figure captions (Task 4)

RHEED - reflection high energy electron diffraction; TED -
transmission electron diffraction

Fig. 1. RHEED pattern for PbS layer grown on the air-subphase
interface with no LB matrix. S2- ions were provided by H2S
solving. Debye rings are clearly seen indicating to
polycrystalline structure of the layer. Kikuchi lines are due to
scattering by supporting Si substrate.

Fig. 2. Morphology and structure of PbS layer grown on PbBeh2
matrix. S2- ions were provided by H2S solving. Pressure at the
beginning of the growth was 28 dyne/cm. The surface is rough,
the layer consists of PbS crystallite oriented preferentially
by (111) face parallel to the surface (shown by arrows) .
According to the RHEED pattern, the layer consists of
crystallite of (111), (011) and (001) orientations .
Misorientaion is +/- 5 deg for (111)-oriented crystallite and
+/- 10 deg for (011)-oriented crystallite.

Fig. 3. RHEED pattern for PbS film grown on PbBeh2 matrix under
28 dyne/cm pressure during 3 hours. S2- ions were provided by
H2S solving. Preferential orientation of crystallite is (111)
face parallel to the surface. Misorientation is about +/- 2.5
deg.

Fig. 4. TED pattern for CdS layer grown on CdBeh2 layer. S2- ions
were provided by H2S solving. Crystallite are oriented by (111)
face parallel to the surface and twinned around [111] axis.
Crystallite size is less than 50 Angstroms. Crystallite of
hexagonal modification (wurtzite) are present in the film.

Fig. 5. RHEED pattern for PbS film grown in Pb(N03)2 + NH.2CSNH2
solution of high concentration. Substrate-air lift was used to
deposit the film onto LB matrix. Observable are particles of
monoclinic sulphur and a small amount of PbS.

Fig. 6. Separate sulphure particles on the PbSt2 surface.
Magnification 4200.

Fig. 7. Morphology and structure of CdS layer grown on CdSt2
matrix. iS2- ions were provided by thiourea reaction in the
SOIUtiOilof low concentration. Air-subphase-air lift was used to
deposit the film onto the substrate. The CdS st?mcture is
polycrystalline.
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Chapter 6

Custom-Synthesized Oligopeptides for
Biomimtetic Mineralization Studies

M.H.E. Martin and J. Cesarano

Sandia National Laboratones

Custom-synthesized oligopeptides offer great convenience and flexibility in the

fabrication of Langmuir-Blodgett films for biomimtetic mineralization studies.

Merrifield Synthesis of Amphiphiles

It is known that proteins (natural polypeptides) and protein-based molecles are

omnipresent in the organic matrices of mineralized tissues - bone matrix, for example, is

composed entirely protein-based materials with 85-90% of the matrix made of a

polypeptide called type I collagen 1. Polypeptide homopolymers show a wide range of

solubilities depending on their amino acid compositions (see Table 1). For example,

poly(aspartic acid) is very water soluble, while poly(phenylalanine) is water insoluble.

Thus, it is clear that amphiphilic peptide-based molecules can be made via the

construction of oligopeptides with both hydrophilic and hydrophobic blocks. An example

of such an amphiphile is shown in Figure 1.

Aspartic Acid = Asp Glycine = GIY

Asp-Asp-Gly-Gly -Gly-Gly-Gly

\ k
hydrophilic

hydrophobic tail

head

Firure 1 AspzGly5, an example of an arnphiphilic oligopeptide.
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Table 1- Solubilities of Primary Amino Acid
Homopolymers~

(Decreasing Water Volubility)

Amino Acid Molecular Weight Volubility
Homopolymer Range (k) ( mghnl in H20 unless noted ) ‘
L . unless notedl m~o soIn. clr. clrless unl. noted)

Arginine” HC1
Aspartic Acid ● NaCl
Glutamic Acid ● NaCl
Lysine ● HC1
Asparagine
Glutamine
Proline

Histidine
Histidine ● HC1
Tyrosine

5-15
5-15
2-15
15-30

10-30

5-15
15-50
10-40

HzO Soluble
50
50
50
50
(volubility approx. from structure)
(volubility approx. from shucture)
50 (faint yellow color)

O.lN HC1 10mg/rrd
O.lN HC1 10mg/ml
IN NaOH 25mg/ml (0.lN WI

USnd)

Cysteine (volubility approx. from structur:)

\

Glycine
Methionine
Tryptophan
Vaiine
Isoleucine
Leucine
Alanine
Serine
Threonine
Phenylalanine

5-1o
5-15
5-15
5-1o

3-15
10-25
5-1o

5-15

HzO Insoluble
25mghnl in diCIAA
20mg/rnl diCIAA, 50 rnFIAA
25m#ml in DMF
rnFIAA 25mg/ml
(volubility approx. from structure)
10mg/rnl in triFIAA
5mg/rnl hot diCIAA
5mg./rnl hot diCIAA
(volubility approx. from structure)
5mg/rnl in hot diCIAA

The great advantage of working with peptides is that there are many different amino acids

available for incorporation into the amphiphile and the subsequent tailoring of the

structure of the Langmuir-Blodgett film. The actual synthesis of the oligopeptides has

been fully automated based on the solid-phase technique that was introduced by R.B.

Merrifield in 1963. Merrifield syntheses involve the sequential addition of tert-

butoxycarbonyl (t-BOC) protected amino acids to a peptide chain that is being gown on

a chloromethylated polystyrene substrate/support. A schematic of the Mernfield solid-

phase synthesis of peptides is shown in Figure 2.
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Basic Metifield Synthesis

Q/\
$H2
o
$=0

R1–$H
NH
hoc

CF~COOH
(TFA)

Polymer Substrate

O/\ I

$=0 dicyclohexylcarbodiimide

R1–CH
(Dee)

NH2

PolymerSubstmte

(BO~

o

/
= tert-butoxycarbonyl )

\

o
C=o

R1–~H

NH

+=0
R2–$H

NH
Boc

\

H
o
$=0

(Repeatprevious
two ste s desired

!
R1–$H

number o times, then
deprotectwithTFA) $IH

q=o*
R2–$H

Cle3ve w/ HF NH
8

C=o
Rn–~H

NH2

Figure 2 Basic Merriileld Solid-Phase Synthesis of Peptides.

I
1 For our applications, the end functionality of the final oligopeptides is very important.

! The options at the N-terminal end are amine or acetylamide, and the options at the C-
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terminal end are free acid or amide (see Figure 3). Because we want the two ends to have

different attitudes toward water, the aminelfree acid combination is most likely

prohibited. Mefileld synthesis of peptides are locally available with an approximate

turn around time of 1 weekz. The routine nature of the synthesis of an almost endless

variety of amphiphiles will provide excellent design sequence and iteration opportunities.

Mernfield Synthesis End Group Options

Polymer Substrate
I

$H2
?
q=o

R1–CH

Cleave WI HF

I$H Free Acid or Amidize

y=o and
Free Amine or AcetylizeR2-CH

Qg ly32
y=o

1

I

I
1

C=o

Possible Products:
(carboxylic acid or amide)-AA1-AA2----AA1 ). A&-(amineine or acetylzmide).

.

NOTE: An economical approach to making a series of similar amino acids
is to h~ve the AA] -AAm (ma) sequence in common.

Figure 3 End functionality options in Merrifield synthesis.

102



From past structure studies of synthetic peptide molecules we can estimate the sorts of

structures that we’d expect our fhs to adopt. Bulk samples of l=d~yl-glycyl-glycine

reportedly have a monoclinic structure (space group P21) with a=12.20& b=5.38~,

c=7.90~, and fl=102.1°3. Looking down the chain axes the molecules are arranged

approximately hexagonally ( cb = 1.47; ChHCP ●ideal= 1.73). ~terchtin hydrogen

bonding is an important consideration hereA~4,and it is basically this interaction that is

responsible for the structure’s deviation from cubic. k the c~e of a monolayer of tis

material we would expect an arrangement that was similar to the basal plane of the bulk

sample’s psuedo-hexagonal structure (see Figure 4). We would also predict that the chain

axes will be tilted about 12° from vertical with respect to the substrate due to interchain

hydrogen bonding.

. .

Figu~ 4 Above left: ‘basal plane’ view of psuedo-hexagonal arrangement of alanyl-

glycyl-glycine rnolccules. Above ;ght: view rotated 90° from ‘basal plane’. Bottom:

Stereoscopic view of Aia-Gly-Gly molecule on pseudo-hexagonal lattice. Note: The Ala-

Gly-Gly molecule is not shown in its energy minimized configuration.
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A major unproven hypothesis in biomineralization is that lattice matching between the

charged sites of the organic marnx and a crystallographic face of the desired inorganic

phase is a neccess~ condition for mineralization to occti. The amphiphilic

oligopeptide approach to fabricating synthetic mineralization templates offers flexibility

with respect to the spatial arrangement of the charged sites that will allow us to rigorously

test this hypothesis. For example, consider the free acid of acetylated Gly-Gly-Gly-Ala-

Gly (abbreviated Ac-Gly3-Ala-Gly-OH) - see Figure 5.

CH3

Ei.w!Q Structure of Ac-Gly3-Ala-Gly-OH. The free carboxylic acid
provides the charged site on the finished template.

There ale many means for adjusting the spacing of the charged site (carboxylic ?cid)

spacing, For example, substituting another glycine for the alanine (thus giving us Ac-

Gly5-OH) would allow the charged groups to pack closer; if we instead substitute valine

for the alanine (see Figure 6) the result would be a greater separation between charged

groups; if we substitute aspartic acid for the terminal glycine the result would be a new,

denser arrangement of charged sites (see Figure 7).

Fieure 6 Structure of Ac-Gly3-Val-Gly -OH.
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Fi mre 7 Structure of Ac-Gly4-Asp-OH.

If the target mineral were a sulfide (e.g. ZnS), a thiol group could be used as the charged

siteby incorporating cysteine into the amphiphile - see Figure 8.

Fj gure 8 Structure of Ac-Gly3-Ala-Cys-OH.

Cysteine-containing proteins called metallothioneins are metal-binding proteins that are

known to play a major role in the biometabolism of Zn, Cu, Cd, H:, Ag, Au, and Bi7.

Langmuir-Blodgett routes to the formation of sulfldes have been previously investigated -

it was found by Smotkin et al. that CdS can be formed by the H~S treatment of LB fdms

of cadmium arachidateg.

Modifications to the oligopeptide arnphiphile could be made for other reasons. For

enhanced characterization oppomnities the arnphiphile could be “tagged” with

halogenated amino acids (fluoro-, chloro-, and bromo-substituted are all commercially

available); isotonically (13C and 150) and radioisotopically labelled (rntium and 14C).
I amino acids are also available commercially. Investigators have used polymerizable

amphiphiles such as co+ricosenoic acid [(CH~)=CH-(CH2~o-COOH] for the modification

and stabilization of the L-B film structures for use in photolithography. The vinyl groups
I
i can be polymerized by electon bearng~ 10s11*1~~Is. or X-ray radiationld ~’ve only seen

ITIR and dissolution time studies done on polymerization of these films - no structural
,
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characterhtion]. Allylglycine (see Figure 9) is a commercially available amino acid that

could be incorporated into the amphiphile for subsequent polymerization.

Fi Pure 9 Structure of Ac-allylglycine-Gly4-OH.

Mernfield peptide synthesis route to arnphiphiles is clearly very fiexible,-and would not

only be useful in biorninerzdization studies but perhaps also in basic investigations of

two-dimensional crystals prepared by LB techniques.
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p. 152 in On Biomineralization, H.A. Lowenstarn and S. Weiner, Oxford Univ.

Press, Oxford, England, 1989.

Eileen Shooter and Bob Gates - Sigma Chemical private cornmunicarion.

UNM’S Protein Chemistry Laboratory is under the direction of Dr. Andrzej

Pastuszyn. They offer 0.5 rnillimole peptide syntheses at the cost of $100 plus

$50 per amino acid group. Their upper limit is approximately 20 amino acids,

and they offer a purity of approximately 9590. Subsequent purifications can also

be performed.
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Peptide Amphiphile
Motivation

Merrijield peptide synthesis offers great
degree of flexibility and simplic@ in
design and synthesis:

Available amino acids, End groups

●

●

●

●

Flexibility in character of hydrophilic
groups (positive or negatively charged,
single or double head)
●

$

Selection of hydrophobic tail sequence
may offer many different packing types

More comparable to proteins of
biological systems (CaC03 and
hydroxyapatite studies)

Greater range of working temperatures
for deposition due to higher melting
points of peptides.
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Primary Protein Amino Acids

,NH2

Alanine CH3–CH
\

C02H
\ NI+z

AsparFic acid R- CO- CH2- C$
(R= OH) C02H
Asporagine
(R, NH2)

\ NH.

Arginine

Cysteine

-) L

Glutamic acid - R- CO-( CH2),-@ Glycine

(R= OH)
Glutamine
(R= NH2)

Histidine ~

Leucine

Methionine
●

Proline

Threonine

Tyrosine

Also available

—.
‘C02 H

NHZ

1’
#N ,

CH2– Cfi

\N ‘COZH

H

CH ,NH2
a CH-CH2-CH

CH< ‘C02H

,NH~
CH3-S-(CH+;CH

‘COZH

ON C02 H
H

HO /NHz

>CH
– CH

CH3 “C02H

N H2

-o-
Ho / \ cH2-C:H

— C02H

Isoleucine

Lysine

HN ,NH1

>C-NH-(CHz)3-cH

HzN ‘ COZH

,NH2 ‘

HS-CH2-CH q:

‘C02H

,NH2

CH2

‘C02H

Phenylalanine

Serine

Tryptophan

CH3-CH2 ,NH2

‘CH-C:

CL3 C02H

Valine

NH2 ~
/

H2N-(CH2)4– C7

COZH

o-

/NH2
I I CH2-CH ,

— \
C02H

,NH2

Ho-cH2-c~

C02H NH
1

m
< I I cH2-4C02H

N
H

CH3 ,NH2
>CH –CH

CH3 ‘C02H

commercially are fluorinated primary amino
acids, isotonically labelled primary amino acids, and many
non-primary amino acids including those with
polymerizable groups such as allylglycine.

From Chemistry and Biochemistry of the Amino Acids,I
edited by G.c. Barrett, Chapman and Hall, London 1985!

I
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Primary Amino Acid
Basic Structure
(except Proline)

T
HZN’CIC O H—.

o

Examples of
Hydrophilic

Primary Amino Acids

Lysine● HC1 A@nin~ .H(J

Amino Acid Polvmer

Examples of
Hydrophobic

Primary Amino Acids

Q1; CH3 CHJ
\c~

Phenylalanine Leucine

Vdinc Alanine Glyinc

Asp~rtic Acid Glummic Acid

Example of

Protein-1ike Am~hiPhile:

.

Asp-Asp-Leu-Leu-Leu-Leu-Leu-Leu

~~
\

\
l-[ydrophilliu

hc;ld
hydrophobictail
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Ext)erimenta!

The discussed molecules were synthesized by the Peptide Chemistry Laboratory of ~

University of New Mexico University Hospital Cancer Center/University of New Mexico

Biochemistry Department using an Applied Biosystems Model 430A automated Merrifield

synthesizer. The molecules were all prepared using standard t-BOC chemistry in 0.5 mmol

quantities and were sequence verified on a Applied Biosystems 470A while still on the

polys~ene substrate/resin. The molecules were cleaved from the resin with HF. washed

withdiethyl ether and extracted with acetic ador trifluoroacetic acids, and then freeze-

dried. The puriry of the isolated material was then verified by high pressure liquid
\

chromatography (Hewlett Packard 1090 with a Vydac Cl 8 column) with a gradient mobile

phase (2%/minute from 0.1% TFA / 99.9% H20 to O.l%TFA / 4.9% H20 / 95%

acetoniuile). See F@re 1 for the primary structure and adopted nomenclature of the

molecules to be discussed.

The pressure-area isotherms were performed on a Nlma Technologies model 2011 L-B

Trough (radial barrier sweep) using subphases based upon ion exchanged water of very

high puntY (18 MQ-cm). Unless otherwise stated the barrier speed was 50 cm2/sec.

phe6-Asp was dissolved in a 0.78m@l concentration in DMF:benzene = 1:2 and
.

deposited on siktnated silicon wafer from an aqueous, [CdC12]=2.5E-4 M, pH=6.2

subphase. 10 bilayers were applied using the L-B deposition method at a constmt pressure

of 28 mN/m.
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Oli~ope@ides Am~hi@iles Synthesized
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G4D
acetyl-Gly4-Asp-free acid

MW = 403.5

0.5mmole = 201mg

L6D
acetyl-Le~-Asp-free acid

MW = 854.2

0.5mmole = 427mg
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~H2 ~H2 acetyl-(PheLeuk-Asp-free acid
3 (2=0 MW = 956.3

‘c?H3C CH3 9 ().5mmole = 478mg

H

The oligopeptide amphiphiles depicted above (along with F6D, presented on the
next page) where synthesized using a Merrifield technique. The compositions were
verified by protein sequencing, HPLC, and 1H NMR. G4D is water soluble and therefore
could not be used for Lan.gmuir film fabrication. L6D, F3L3D, and (FL)3D had enough
amphiphilic character to sit at the air/water interface but yielded weak monolayer with
low collapse pressures. However, the phenylalanine groups in F6D structure (shown
below) provided a great deal of hydrophobic character in the tail of the molecules and
yielded strong monolayer and LB films with very interesting behavior.
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F6D
acetylatedphenylaltine6 aspartic acid - free acid

H3C-L-FR.J-
~H2
PO
P acetyl-Ph%-Asp-fme acid

H
MW = 1058.3

0.5mmole = 529mg

End View

Calculated cross-sectional area
per molecule is approximately 105A*
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For the experiment below, F6D was dissolved into a 1:1 DMF/Butanol solvent at
a concentration of 0.69 mg/p.l. 260 @ of the solution was spread onto deionized water.
There was a waiting period of 30 minutes before compressing the barriers at an area rate
of 50 cm2/min.
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The figure above shows the typical monolayer behavior for F6D as it is
compressed while on a deionized water subphase. The films are strong with a collapse
pressure >50 mN/m. The pressure area isotherm actually looks similar to curves for fatty
acids however, there are two interesting features. First, the limiting compressed
molecular spacing is approximately 29~2 per molecule. This is very small considering
that if the molecules packed in a simple cubic arrangement with their major axis normal
to the air-water interface, the area per molecule would be no less than 105 A2 (see
previous page). Therefore, the molecules must be able to nestle into one another’s
cavities with the phenylalanine groups interlocking. This gives rise the high strength and
high collapse pressure. Further evidence for phenylalanine group interlocking is that
upon release of pressu~ on the fti (bamiers are opened) the structure is irreversible.
The molecular spacing per molecule remains small. This is contrary to monolayer of
fatty acids which typically are reversible and spring back to a liquid state when pressure
is nsmoved.



Below, F6D WaSdissolved into a 1:1 DMF/Butanol solvent at a concentration of 0.852
mg/pl. 250 @ of the solution was spread onto deionized water. There was a waiting period of
15 minutes before compressing the barriers at an area rate of 50 cm2/min.
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The figure above shows the compression decompression behavior for an F6D
monolayer. fie barriers where closed to an arbitiary area and then reopened to 1000 cm2.
After a 15 minute wait the barriers were compressed to a smaller area and once again reopened.
This procedure was completed for up to six decreasing areas however, for clarity, only three
sequences are shown. In every case the monolayer structures compresses imeversibly. The
behavior of the F6D molecules is analogous to micro-Velcro with the phenylalanine groups
interlocking more densely as more pressure is applied. However, as pressure is released, this
quasi-self assembled structur remains intact. Note that if you connect the peaks of each
compression curve, you get the original pressure area isotherm dipicted on the previos page.

Our thought was that this behavior may be useful more making template fdms which
have variable spacing between functional groups. However, this same behavior is responsible
for yielding very strong monolayer, unfortunately, the monolayer are so rigid that they are
difficult to use for making LB films. In any event, we were able to fabricate some films and use
them as templates for biomimetic growth.

The deposited LB films of Cd-F6D were of relatively poor quality because of their
stiffness, but preliminary small angle x-ray scattering experiments agreed with ellipsometry
measurements; a bilayer spacing of approximately 50~ which is quite comparable to twice the
minimized chain length plus a few angstroms for the bilayer cation. Results on using Cd-F6D
as a template for the growth of CdS films is reported in one of the following sections.
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Chapter 7

Fabrication of Ordered Langmuir Monolayers of
Acetyl-Phenylalanine&Aspartic Acid

Lev Fei@n, Institute of Crystallography, Russian Academy of Sciences

Introduction

Precipitation and growth of a highly-oriented inorganic phase on an organic

matrix at molecular level is usually refen-ed to as biomineralization. Biornineralization

in ceramic growth exhibits such advantages as the possibility of control of the fti

crystalline orientation in the act of forming, formation of coatings which contain nano-

scaled crystallite, suitability of a wide variety of materials to be used as a substrate,

non-expensive temperature and pressure conditions of biomineralization, low cost of

fabrication of films of complex composition.

Properties of thin-film structures depend considerably on the size, the shape and

the orientation of crystallite of the specif7csubstance included in the film. #also, it is

essential to meet conditions which optimize the crystallite origination at the interface

of the organic phase and the inorganic phase and the further growth of the inorganic

film. These reasons make it nessesary to investigate thoroughly the microstructure and

the morphology of the material of interest and the nature of molecular processes at the

film- sublayer interface.

A number of recent experimental works [1-3] dealt with the fabrication of

closely packed polycrystalline films of oxides, hydroxides, sulphates, carbonates on an

organic sublayer. An effort to simulate the biornineralization process was made in the

works [4-6].

A compressed Lan=wuir monolayer is widely used as the substrate for

crystallization of the inorganic phase from the liquid subphase in studies on

biomineralization process. A Lan=~luir monolayer can be easily characterized and, if

nesscsary, modifkd to required values of parameters. The possibility to compress a

Langmuir monolayer gives the opportunity investigation of the influence of the

ordering of the molecular arrangement in the organic substrate on inorganic crystallite

orientation. Another way to vary parameters of the monolayer is a modification of

functional groups in the amphiphilic compound forming the monolayer.

Previous investigations revealed that the majority of natural macromolecules

which contribute to inorganic crystallite =~owth,contain functional groups of anionic

(ypc such as sulphate, phosphate, carboxylic groups. For example, mollusc proteins

contain aspartic acid [7]. The functional groups are capable to associa[e ions of [he

subphase thus stimulating the nucleation of crystallitcs on the organic substrate.

The oriented growth is possible at the condition of a CIOSCdimensional matching

and a stcrcochcmical corrcspondcncc between the structure of a grown crystal face and

[hc positions of polar functional groups in the organic substrate. It was established that
varia[ion of the monolayer char:c influences markedly the structure and the

morphology of the crys[uls formed under the monolayer [8-9]. The state of a double
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electrical layer in the Langrnuir monolayer can promote the kinetics of growth. Mso,

such phenomena as solvatation, ionic adsorption, Van der Vaals interaction in the

Langmuir monolayer affect the growth signi.ilcantly.

By now investigations of the inorganic growth were performed for monolayer of

fatty acids, aliphatic mines, aliphatic alchohols, phospholipides and other materials

[9].

The adequate simulations of the nature biornineralization process is the growth of

inorganic compunds on a Langrnuir monolayer of synthetic polypeptides.

This work was aimed at 2 problems:

1) determination of optimal conditions for fabrication of a Lanegmuir monolayer of

acetyl-phenylalanine6-aspartic acid (F6D) on the aqueous subphase and study of its

structure

“ 2) determination of the optimal conditions for inorganic film growth on the F6D

monolayer.

F6D used in experiments was synthesized at Advanced Materials Laboratory in

Dr. J. Cesarano group by M. Hogan.

The structure of the Lane~uir monolayer, of the inorganic layer underneath was

investigated by electron diffraction, electron microscopy, and small-angle X-ray

scattering (details on experimental techniques see in Report 1, 1993). Primarily, the

influence of the subphase composition and the composition of the solvent for F6D on

the structure of the Lankgmuir monolayer was examined.

Experiment

A monolayer of F6D was fom~ed at the air-subphase interface by spreading F6D

solution in a mixed solvent. The F6D monolayer was exposed before compression for

time varied from 20 rn.in to 48 hours. Then the monolayer was compressed to the

surface pressure of 25-28 mNh which corresponds to the closest packing of

molecules in the monolayer. The procedure was performed at room temperature. The

monolayer was compressed at rate of 50 cntimin.

Samples for investigation were prepared by deposition of the Lan=grnuir

monolayer onto a silicon substxdte as well as onto a copper g-rid which was

preliminary covered with a thin amorphous cellulose layer. This layer is transparent

for an electron beam and does not produce any essential diffraction. A monolayer was

depo~tcd by Lan=~mir-Blodgett technique at lifting rate of 10 rudmin or by

horizontal lift (Schacfcr technique).

1. Choice of the solvent

Prcparalion of the true F6D solution is necessary for obtaining the F6D

monoiaycr covering the subphase. This problcm can be solved only by the appropriate
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choice of the solvent. The solvent composition is of little importance if the solvent can

easily evaporate or dissolve in the subphase. However, if solvent molecules can

integrate into the monolayer then the microsmucture of the Langmuir film is likely to

be changed.

Additives to the solvent can change the rate of F6D spreading over the subphase

surface and thereby homogeneity and microstructure of the final monolayer can be

changed. Moreover, additives can essentially influence the orientation of the

amphiphilic molecules at the air-subphase interface.

Our experiments revealed that N,N-dimetbylformarnide (DMF) and N-methyl-

2-pjmoiidinone (NIP) can be choosen as suimble solvents for F6D. But employment of

these solvents is limited. It is due to the fact that amphiphile solution is sufficiently

heavy and strongly interacts with water in the subphase and so a droplet of such

solvent can go down.

We chose benzene, l-butanol, and chloroform as additives to the solvent to

obtain more homogeneous distribution of the substance over the the surface of the

subphase in shorter time. It was noticed in [10] that these solvents are strong

dispersers of amphiphilic substances.

Thus, 3 types of mixed solvents for F6D were employed in this work:

1) DMF-benzene (volume relation 1:2)

2) NIP-benzene (1:2)

3) DMF-butanoI (1.5:1).

Concentration of F6D in solutions was 0.4 mghrd.

It should be noticed that F6D is dissolved better if the amphiphile is preliminary

added with the solvent (DMF or MY) and the solution is put in a refrigerator for some

hours. And only then the second solvent can be added. Organic solvents can be mixed

only to some extent and so application of excess of another solvent or evaporation of

the solvent in storage can result in turbidity of the solution or precipitation of the

amphiphilc.

2. Choice of the subphase composition

Additives which can influence the molecules arrangement in the Lan&gnuir

rnonolaycr may bc injected not only into the solvent at the early stage of formation of

the mopolaycr but also into the subphasc immediately. Additives of the aqueous

subphase such as acids, bases, fomlic acid interact with the hydrophilic pm of

amphiphilic molcculcs and so they can act as dispersers or as a kind of “fillers” of the

mcmolaycr. Appropriate arc additives which make the monolayer more ordered and

Ilcxiblc and which proviclc a compromise between molecular interaction in the

monolayer and that onc in the subphasc.

A molcculc of F6D conlains 2 carboxylic groups (Fig. 1) and so it was of in[crcs[

to cs[imale the influcncc of lhc carboxylic groups dissociation dcgcc on the ordcnn:
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of the monolayer. By other words, the influence of the subphase pH and of the nature

of cations on the structure of the monolayer was under investigation.

It was established that the ordering of the monolayer can be improved if

molecules of the monolayer are associated with a polymer solved in the subphase [11].

F6D in the subphase contains groups of anionic kind and so it was reasonable to

expect that the monolayer would become more ordered when associating it with a

polymeric additive of cationic kind - polyallylamine (PAA).

We studied F6D monolayer formed on the following subphase compositions:

1-2.5.104 M CdC12 solution, pH = 5.5-5.8

2-5.10-4 M MgC12 solution, pH = 6.7

3- pure water

4- water acidified with nitric acid to pH = 4.0

.5 -0.02 mg#l aqueous polyallylanine solution

3. Analysis of x-A isotherms

Quantitative information on axnphiphile molecule dimensions can be obtained

from a n-A isotherm which shows a dependence of the surface pressure n in the

monolayer on the area A per a molecule in the monolayer. In estimating the area per a

molecule in the monolayer, it is a common practice to use the following technique.

First the tangent to the linear part of the isotherm is drawn and then the tangent is

extrapolated to zerotb value of m The linear part is believed to correspond to the dense

layer. But Lan=~uir cosidered this procedure not to be grounded theoretically and he

reasoned that for such estimations it is sufficient to choose a point at the z-A isotherm

in the range of 15 - 30 mNh-n [ 12]. If a curve in the region of the condensed state is

practically vertical (case of’ falty acids, alchohols etc.) then the estimations by both

techniques are close. However, when the behaviour of amphiphilic substance on

various subphases is compared and the rc-A isotherms are of essential slope, it is

reasonable to use the second technique of choosing the point for comparative

estimation of the area A. For investigated F6D monolayer, estirnaion of the area was

perfomled at the value of pressure of 28 nlNim.

The stability of a fatty acid monolayer is controlled by the chain-chain

interaction. It is seen from Fig. 1 that a F6D molecule does not contain large purely

hydrophobic regions like hydrocarbon chains in fatty acid. Amidic bonds are proper

for the whole length of the F6D molecule and so those regions exhibit hydrophilic

bchaviour. Hydrogen bonds arise at those regions. Thus, two factors determine the

intcmction between IIIOICCUICSof F6D. Hydrogen bonds between chains of residues of

amino acids stabilizes significantly the F6D monolayer. But at contact with a subphase

or acidic reaction, ny[rogcn atoms in pcptidc groups can be protoncd and the Iattcr
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can result in mutual repulsion between F6D molecules. Moreover, the conformation of

F6D molecule can be changed.

3.1. Results obtained in Advanced Materials Laboratory

We used DMF-butanol (1:1) and DMF-benzene ( 1:2) as solvents for F6D. No

dependence of area per molecule in the dense layer on the time of exposure of the

monolayer on the subphase before its compression was obsemed in the range of

exposure time up to 3 hours. x-A isotherms were saved in files n2 nov 10, n 1 nov 10,

n 1 nov 1, n2 nov 11. Injection of Cd2+ ions into the subphase did not influence

noticably the area per molecule in the case of files n 1 nov 11 and n 1 nov 12.

The value of area per molecule (A) for the case of DMF-benzene solvent was

reproducible well (40 A2jmol). In the case of DMF-butanol solvent, the spread of

experimental data turned out si=wificantly more wide (33-41 A2/mol). Compressing

the layer repeatedly resulted in the considerable decrease of the area per molecule

(down to 25-35 A2hnol). At the same time, the n-A curve remained a straight line at

n >62 mNhn indicating that the collapse of the monolayer did not occured. Volume of

the substance applied onto the subphase was ( 10-12).1016 molecules per 1000 cm2.

3.2 Results obtained in the Institute of Crystallography

1. The dependence of area per molecule on the time of the monolayer exposure
? A2 for 2-3 hours exposure in the case Ofbefore its compression. A increases by --

solvents DMF-butanol (1.5:1) and MP-benzene (1:2). For prolonged exposures (-15

hours) A increases by -10 A2 at subphase compositions 1, 2 and 3. Applied volume of

F6D was (10-12). 1016 molecules per 1000 cm~ for DMF-butanol and (6-

10).1016 molecules per 1000 cn12 for N@-benzene (Fig. 2-5).

2. At exchanging of CdCl~ subphasc by MgC12 subphasc (solvent - DMF-

butanol), A varies a little: 57 and 5S A2 correspondtigly. It shoud be noticed that this

value is 17 A2 greater than those obtained in the AML with the same solvent (Fig. 5).

3. Case of NIP-benzene (1:2) solvent. A is 69 A2 for CdCl~ subphase and 68 A2

for the acidified aqueous subphase of pH=4.O (Fig. 5).

4. Case of DMF-chlorofom) ( 1.5:1) solvent. A for the suhphase of pure water is

45 A2., A for the subphasc of pH= 4.0 is 64 A2. One of possible causes of

cornpam[ively low value of A for this solvent can be the loss of the subsLancc at ils

applying onto the subphase. The solution is compwativcly heavy and so a part of it

can drop inlo the subphasc (Fig. 3).

5. Collapse of the F6D monolayer came at n-47 nlN/nl. In the case of water

subphasc of pH= 4.0, the collapse came al 44 nlN/m. The results above reveal that the

monolayer is dispersed belter in [hc case of NIP- bcnzcnc as the solvent and acidified

water of pH= 4.0 as the suhphasc.
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Hydrophilic parts of F6D can make hydrogen bonds with the subphase at

prolonged contact with the aqueous subpbase and so it is reasonable to expect that the

monolayer would be dispersed over the aqueous surface and that a F6D molecule

would contact with the water over greater area. This feature of the monolayer

spreading would be observed to higher extent iKI tie acidic environment when

protonation of nytrogen atoms is very probable and, further, repulsion between the

molecules and change of the conformation of the F6D molecule itself appear. But

repulsion between caxboxylic gTOUpSis smaller in strongly acidic subphase because

acidic environment suppresses dissociation of the acids in the subphase.

Thus, it was shown that packing of F6D molecules in a Lan=muir monolayer is

influenced by such factors as metal ions content in the subphase, value of the subphase

pH, time of F6D exposure before compression, solvent composition.
. .

K-A isotherms of (FL)3 and (F3L3)

Analysis of the data on p-A isotherms we obtained when working with synthetic

pep[ides acetyl-(phenylalanine-isopropylalanine)3-aspartic acid (FL)3 and acetyl-

phenylalanine3-isopropylalanine3-aspmtic acid(F3L3) at J. Cesarano’s group shows

that provided DMF-butanol was used as the solvent for those substances, a plateue was

observed on the n-A isotherms (files n 1 nov 5, r.i? nov 4, ft3 nov 3, n2 nov 3). This

plateu was not observed for the solvents MT-benzene (1:3) and DMF-chloroform (3:2)

(fries n 11 nov2, n9 nov 1, nl 1 nov 1 nina 5). Unfortuna&ely, the data obtained are not

reliable for quantitative analysis because the Wilhelmi balance operated inaccurately

during the measurements.

Lan=~mir anticipated clusters origination to be one of the causes for the plateuc

in the n-A isotherms of fatty acids to appear [12]. At compressing, the number of the

clusters increases while surface pressure remains the same. In the case under

consideration, clusters could be formed at incomplete spreading the amphiphile over

the subphase surface. So, the special attention should be paid to accurate detemlination

of the amphiphilc amount applied onto the subphase because it is important to hold the

compromimise bclween the forces which hold a molecule in the monolayer at the

intcrfacc and those which arc responsible for arranging molecules in the crystal.

Fig. 6 shows m-A isotherms of (FL)3 on the subphase of 2.510-4 M CdC12;

solvenl - mixtuirc 1 ml DM.F: (0.2!-0.5) ml CHC13: 2 ml benzene. Area pcr molecule is

120 A2 at 20 nlN/m. n-A isothcmls are well reproducible and reversible at pressure up

to 22 nlNh-n. The (FL)3 rnonolaycr is lCSS stable than [he F6D monolayer. Films

deposited onto Si substrdtcs by Shaefcr technique were quite inhomogencous as

rcvcalcd visually. Thus, further investigation is necessary for obtaining the perlcct

(FL)3 solution.
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4. Fabrication of LB films and their investigation by X-ray reflectivity.

X-ray reflectivity investigation WaS used to study the structure of the F6D

monolayer. At f~st, the properties of F6D rnonolayersdeposition onto a hydrophobic

Si substrate were studied. It turned out that tie tie monolayer of F6D on the subphase

was “rigid” (inflexible) and so it WaS transfe~ed badly. tie of the possible reasons of

the poor deposition is the insufficient hydrophobity of the “~” of the F6D molecule

(Fig. 1). If so, all the area of the bilayer deposited is ksufficiently hydrophobic and at

further dipping of the substrate kto tie subphase it CaII leave tie substrate. This

mechanism seems also to be responsible for cap~fig large amount of water at the

deposition. This water destabilizes the film deposited so fm. The transfer is better if

each deposition of a bilayer is followed by prolonged drying. Deposition of the F6D

monolayer was performed at n=28 mN/IXIfrom the 2-5.10-4 M CdC12 subphase and at

n= 24 mN/m from the acidic pH=4.O subphase.

It was noted above that the monoloyer compression should be performed in 2-3

hours after spreading the F6D solution over the subphase. The multi layer film on Si

substrate (Shaefer technique) was homogeneous in surface as seen visually.

Fig. 7 presents the reflectivity pattern by the F6D LB film of 12 layers (subphase

-2.5 .10-4 M CdC12; solvent - DMF-butanol, pH =5.5). No Bragg peak is observed.

~40 A.Under assumption that all of 12The total film thickness by Kiessig fringes is --

rnonolayers were transferred completely, the monolayer thickness in the film is about

20 A. However, this value is possibly underestimated due to incomplete transferring.

Absence of Bragg peaks is explained by the poor X-ray contrast between

constituents of the fl.m. We believe that this caused by the low variation of the electron

density along the F6D molecule.

The attempt to transfer the F6D monolayer from the subphase containing 0.02

mghnl polyallylamine was made to obtain more ordered LB film. The monolayer

turned out to be unstable. At constant n= 24 nNrn, the area occupied by the

monolayer decreased. So, fabrication of the LB film of this monolayer was not

succesful.

The attempt to build up a superlattice of altercating layers of F6D and

hcxadecylamine for more accurate determination of the bilayer spacing was

unsucccjful too. It is lilccly that il was caused by the unfortunate choice of the

subsl~dlc pH= 5.5. In acidic environmcn[, dissociation of carboxylic groups of F6D is

suppressed. Also, amine groups of hexadecykmine are protonized and so amine

n]olcculcs repulse in the monoliyer. More detailed study is needed 10 fabricate the

supcrlatlicc.
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5. Electron diffraction study of F6D LB films.

Electron diffraction was used to study F6D bilayer films transfemed onto the

grids which were deposited by the amorphous monomolecular layer of cellulose. Each

of the samples was examined at normal incidence of the electron beam onto the film

surface (~= O) as well as at tilting the samples with respect to the beam (Q= O). These

techniques provides information on molecules packing in the plane of the sample (at

normal incidence) and three-dimensional packing (at tilting) [13].

LB ftis of F6D fabricated through all procedures mentioned above were

studied.

In the cases of the pure aqeous subphase and the CdC12 subphase, the structure.,
of bilayer LB films was not affected by tie solvent composition. All the diffraction

patterns demonstrate blurred rings due to the amorphous phase in the bilayer and the

pronounced reflex of -4.73 A spacing which turns to the arc of -300 at tilting the

sample (Fig. 8 a, b).

In the case of the subphase acidified to pH= 4.0, the fraction of the amorphous

constituent is less. The patterns at nomlal incidence (Fig. 9a) show Debye rings which

are evident for two-dimensional ordering of F6D molecules in the plane of the

Lan=nluir layer. Transformation of the rings to the arcs at tilting the sample to the

beam (Fig. 9b) proves that the molecules are oriented preferentially in the

perpendicular direction. By the “normal” pattern shown at Fig. 9a, the spacings were

calculated (Table 1), the projections net was drawn and then the following parameters

of a planar cell were obtained: a= 11.3 A, b= 4.73 A, ~= 80°. Examination of the

“oblique” pattern (Fig. 9b) indicates that exist a periodicity of -5.6 A in the direction

perpendicular to the layer. Angular rnisorientation of the molecules with respect to the

nom~al to the Iaycr is -100.

In the case of the MgCl~ subphase, as is in the case above, observed is the

ordering of texture kind in the mutual amangement of F6D molecules (Fig. 10) though

the set of spacings differs from that of the previous case of the acidic subphase.

Besides, it is clearly demonstmted by the pattern obtained at tilting the sample (Fig.

10b) that the LB film contains the polycrystallinc and texture phases.

The spacings calculated from the diffraction pattelms are presented in Table 2.

The dif(racton pattcm corresponds to the rectangular cell of parameters a= 22.0 A, b=

9.46 A. For the direction perpendicular to the layer, detemlination of the spacing is

involved bccausc weak rcflcxcs of non-zeroth indices 1are superposed on the quite

slrong amorphous “halo”. By now, the polycrystallinc phase turned out not to be

identified bccausc of low nurnbcr of reflexes.
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6. Comparison between electron diffraction data and numerical modeling of

the close packing of 2 and more F6D molecules.. .. u

Electron diffraction data obtained do not provide the complete determination of

the structure. So, a kind of errors md trials technique was used for this purpose. At

first, the spatial configuration of tie F6D molecule had to be determined. The

reconstructed molecular conilguration was computed by Alli.nger’s FORCE Field

program.

It is known that chains of polypeptides contain the same skeleton which joins

radicals. Molecules of polypeptides can be of various conformations [14-15].

In the case of u-spiral, each of peptide group is associated with a fourth similar

=~oup count through hydrogen bond. The value of 14.9 A is peculiar for the external

a-spiral diameter of almost all polypeptides of the molecular weight less 300,000. a-

spiral conformation of F6D molecule is shown at Fig. 11.

Beside the a-spiral structure of the chain which is characterized by saturation of

hydrogen bonds inside the molecule, intermolecular hydrogen bonds may arise

between different regions of polypeptide chains. In this case, the chains must be

maximally extended and packed parallel to each other. Lateral groups (radicals) are

positioned perpendicularly to the bonds between two neibouring molecules in this

case. This structure was referred to as a ~-structure of polypeptides by Pauling.

Many of polypeptides are structured in the form of regular ~-structures in the

films. Sometimes they coexist with regions of disordered amorphous phase. Energy of

hydrogen bonds (6- 10 kCal/mol) is greater than energy of Van der Vaals interaction

( 1-2 kca~mol). So, polypeptides packing is mainly ruled by the principle of hydrogen

bonds satumtion and only after this saturation the principle of the closest packing

operates.

In the case of the ~-structure of F6D molecule, strong hydrogen bonds between

Lhcskeletons of molecules (oxygen of one of them and hydrogen of the neibouring) at

[heir parallel packing are of the peculiar spacing of -4.7 A that was observed over the

variety of the diffraction pattclms from the samples fabricated through different

procedures.

For the subphases of pure water and of CdCl~ solution, the structure was

described WC1lby the clusters of of the ~-struc[urc molecules arranged parallel and

as.soci’atcd by hydrogen O-H bonds with each other (Fig. 12). The clusters are included

in an amorphous phase.

At acidifying [hc suhphasc to pH= 4.0, a more perfect packing of molecules in

LhcLB Iaycr was observed. The CCI1of parameters of a= 11.3 A, b= 4.7 A and & W

were oblaincd by electron diffmction. The best found model of possible packing is

prcscntcd in Fig. 13. The characteristic spucing of 5.6 A in the nonntil to the layer
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corresponds to the distance between radicals in the model. Therefore, molecules are

preferentially oriented perpendicularly to the layer plane by their skeletons.

K the subphase is added with Mg ions, according to data on the cell parameters,

F6D molecules maintain tick ~-structure but the skeletons are positioned in the layer

(axis a - molecule length, axis b - double spacing between neighboring molecules

skeletons along hydrogen bonds).

It should be noted that the model above is one of possible but not the unique

one because structural data on the normal direction are not available so far.

7. CdS growth beneath the floating F6D monolayer.

Recently (see the previous report, 1994), we have smdied growth of a CdS film

on”the arachidic acid monolayer and conditions were found for oriented origination of

CdS crystallite on the ordered monolayer.

This work was concerned with preliminary experiment on growth of CdS

crystals on the F6D monolayer. Solution of F6D in DMF-benzene was applied onto

the 5.10-4 N1 CdC12 subphasc acidified ~iti HC1 to pH=5.5. Being exposed during 2

hours, the layer was compressed. The dish with 0.02 M Na2S solution was placed near

the Langmuir trough. H2S molecules released by hydrolysis spread by diffusion to the

subphase surface.

Being exposed with H~S, the F6D monolayer becomes unstable. The area

occupied by the monolayer at maintaining the constant surface pressure (n=28 mNhn

in the experiment) decreases. After its 3 hours exposure in H2S atmosphere, the

monolayer was transferred onto the Si substrate by the horizontal lift technique.

Electron diffraction study revealed that the F6D monolayer was covered with the

polycrystalline CdS film. Conditions on epitaxial growth of a non-organic film on the

F6D Iaycr arc the matter of further studies. Of interest are peculiarities of formation of

the ordered layer as well as the proper choice of the substance to be grown so that the

oricn[alional relations between the organic and the non-organic lattices were met

properly.

Conclusion

?hc data ohtaincd shows that a homogeneous Langmuir layer formed at

cmplo’ymcnt of mixtures DMF-benzene and MP-benzene as the solvents for F6D.

However, such layers were poorly deposited onto substrates by Langn~uir-Blodgett

tcchniquc. The best qwdily of the I.ransferrcd films was that of films formed on the

aci~iificd [o pH= 4.0 suhphsc. X-ray diffmction patterns by the films were no{

dchilcd what can hc duc to the intcmal structure of F6D molcculcs.

Elccuwn dill.raclion data rcvcalcd that the molcculcs ordering in the monoloycr

is n]ainly dclcnllincd hy lhc subphmc composition while the in flucncc of the solvent
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composition on the monolayer ordering was not observed. The most ordered were

films formed on the acidrled subphase and on the subphase contiing M: ions which

demonstrated two-dimensional ordering. The peculiar spacing for closely packed ~-

fon-n F6D molecules of 4.7 A value was observed for all samples investigatecL

It should be noted that requirements on the quality of the Lan=muir monolayer

depend on the purpose of its further employment and they are different for the case of

the nonolayer deposition onto a solid substrate and for the case of epitaxial growth of

an inorganic substance on the monolayer.

The experiment on CdS growth on F6D monolayer revealed that the CdS film

was really formed though it was polycrystalline, possibly, because of mismatching

between the lattices of CdS and of F6D.

The monolayer on the subphase of MgC12 solution turned to be the mostly

ordered and so it would be promising to study growth inorganic compounds

containing M:, Ca, Ba on a F6D monolayer.

Dissolving F6D and its spreading over the suphase surface might be improved

with the use of such s’~bstances as iso-butanol, pentanol, fomlic acid, dichloroacetic

acid as additives for the solvent. But this is the matter for further investigations.

Another factor strongly affecting the structure of the monolayer is temperature.

The structure of polypeptides is very sensitive on the temperature at which they

forrncd and so the structure the film of an inorganic compound on a polypeptide can

vary widely. The temperature factor is also the matter of further investigation.



Table 1

Electron diffraction pattern, Fig.9 ,a. ( subphase pH=4,0, 1 bilayer )

r- radius of ring, d-interplanar distance, h,k- Miller indexes

2r (mm) d (A) hk

18 4.73 10

22.5 3.78 03

36 2.36 20

45 1.89 06,23

55 1.55 30,25

62 1.37 33,26

72 1.18 40

Table 2

Electron diffraction pattern, Fig. 10 ,a. ( subphase with MgC12, 1 bilayer )

r- radius of ring. d-interplanar distance, h,k- Miller indexes

2r (mm) d (A) hk

15.5 5.48 04

H%+H



FIGURE LEGENDS

1. Chemical structure of F6D

2.z-Aisothem.Mof F6D:DMF-butanol solvent, cdcl~ subphase, the time of

the monolayer exposure before itscompression 20ti.(l),4 hours (2), 15hours (3).

3.n-Aisotiems of F6D:DW-chlorofom solvent, pure water subphase, the

time of the monolayer exposure before its compression 20 m.in.( 1), 3 hours (2). DMF-

chlorofonn solvent, water acid~led subphase pH=4-0, the time before compression 3.5

hours (3).

4. K-A isotherms F6D: MP-benzene solvent, water acidi.iled subphase pH=4.0,

the time of the monolayer exposure before its compression 20 min.(l), 48 hours (2).

5. E-A isotherms F6D: DMF-butanol solvent, the time of the monolayer

exposure before its compression 20 min., MgCl~ subphase (1) and CdC12 subphase (2)

. MT-benzene solvent, CdC12 subphase, the time before compression 20 min.(3), 15

hours (4).

6. P-A isoterms (FL)3: DMF-benzene-chlorofoml solvent, CdCl~ subphase, the

time of the monolayer exposure before its compression 40 min.( 1) and 15 hours (2)

7. X-ray small angle diffraction pattern from 6-bilayer LB F6D film.

8. Electron diffraction pattern from LB bilayer film F6D, subphase- pure water

or CdCl~ solution. The patterns obtained at ~=0° (a), at @=56° (b)

9. Electron diffraction pattern from a single LB bilayer film of F6D, wa[er

acidfled subphase pH=4.O. The patterns obtained at @= Oo (a), at ~ =54° (b)

10.Electron diffraction pattern from a single LB bilayer film of F6D, MgCl~

subphase. l%e patterns obtained at @=OO(a), at $=60° (b).

11.The spiral confomlation of F6D molecule

1llle possible contact of F6D molecules of ~-structure. There arc hydrogen

bonds bctwccn molecules.

13.The possible packing of molecules according to the unit of a=l 1.3A. b=

4.7A, ~ =W). Projection (plan view) along the backbone of molecule
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Chapter 8

Design and Synthesis of an Amphiphilic Porphyrin

John Shelnutt

Another very interesting molecule that may have utility for biomimetic nucleation
and growth is Ni-lipo-porphyrin. Although we never actually had the opportunity try to
complete biomimetic growth on LB films of this material we were able to design,
synthesize, and show that it is amphiphilic and capable of forming monolayer on an air -
water interface. The molecule was eventually used in mixed monolayer applications and
is discussed in “Designed Supramolecular Assemblies for Biosensors and Photoactive
Devices” (SAND 97-0258).

The lipoporphyrin,’nickel(II) 2,3,7,8,12,13,17,18- octa(acetic acid-methylester) -
5,10,15,20- tetra(phenyl eicosanate)porphyrin (NiLipoP), was computer-designed using
molecular mechanics calculations to predict structure. Synthesis methods are reDorted in
SAND 97-0258. The chemical representation
shown below.

CnHQIOOC\__cH300\:

and the en-ergy minimized structu~e am

COOCHJ

) Rc00c”H4’

Cr-gooc

CHpc

%#410~
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Chapter 9

Review of Seashell Structure and Precipitation of Calcium Carbonate

As part of this project a contract was granted to Prof. Gillian Bond at New
Mexico Tech. As part of that contract, Ronald Baker and Suzanne Paradis completed
Master’s Theses on the study of calcium carbonate formation within seashells and also
studied biomimet.ic methods of growing calcium carbonate.

Baker, R M; Biomimetic Structure and Processing, Master’s thesis at New
Mexico Institute of Mining and Technology, 1993.

Paradis, S; “Precipitation of Calcium Carbonate: Factors Affecting the
Polymorph, Morphology, and Rate”, Master’s thesis at New Mexico Institute
of Mining and Technology, 1995.

Their work lead to a greater understanding of the biomirnetic process and showed
us the importance of controlling the local chemistry in the direct vicinity of the
templating organic molecules. It was determined that the local chemistry (which may be
very different than the bulk solution chemistry) primarily determines the phase of the
precipitate. The organic template only serves to orient the crystals. This lead to the idea
of trapping enzymes within the templating monolayer to control the chemistry at the
nucleation sites and to the further development of using electrochemistry for biomimetic
growth (Modeling and Characterization of Molecular Structures in Self-Assembled and
Langmuir-Blodgett Films for Controlled Fabrication, SAND 97-2395).

The next three pages have six micrographs from the thesis of Suzanne Paradis and
show examples of how the phase or phases of calcium carbonate that precipitate is
controlled by the chemical environment of the solution. Also, the presence of organic
molecules can promote nucleation and growth on their surfaces and determine the
orientation of the crystals formed. Some more insight is given with regard to these
concepts in the contained article entitled “Review and Examination of Naturally
Occurring and Biomimetically Prepared Ceramic Thin Films.”
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SEM micrograph of a typical crystal found in the control solution. Calcite crystal, 
rhombohedra1 in shape. Figure 56 from Suzanne Paradis, Master's thesis at New Mexico 
Institute of Mining and Technology, 1995. 

SEM of a vaterite floret crystal found in the control solution. Figure 57 from Suzanne 
Paradis, Master's thesis at New Mexico Institute of Mining and Technology, 1995. 
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SEM of crystals from artificial sea water with Mg. Broom-like crystals. Figure 31 from 
Suzanne Paradis, Master's thesis at New Mexico Institute of Mining and Technology, 
1995. 

SEM micrograph of crystals from artificial sea water with Mg in the presence of a 
monolayer of stearic acid. Acicular and rhombohedral crystals. Figure 38 from 
Suzanne Paradis, Master's thesis at New Mexico Institute of Mining and Technology, 
1995. 
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SEM micrograph for CaC03 solution and a stearic acid monolayer. Oriented crystals are 
seen, the dominant form being the triangular one. Figure 44 from Suzanne Paradis, 
Master's thesis at New Mexico Institute of Mining and Technology, 1995. 

SEM micrograph for CaC03 solution with carbonic anhydrase enzyme. General view of 
the dense crust showing only calcite crystals. Figurc 67 from Suzanne Paradis, Master's 
thesis at New Mexico Institute of Mining and Technology, 1995. 
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Chapter 9.1

Review and Examination of Naturally Occurring and
Biomimetically Prepared Ceramic Thin Films

Gillian M. Bond and Suzanne Paradis; pep-ent of Materials ~d Met+hn-gical Engineering,
New Mexico Tech, Socorro, New Memco: Joseph Cesarano ~; Cerarmc Processing Science
Departmen4 Sandia National Laboratories, Albuquerque, New Mexico

AhwKt
Biomineralized structures such as mollusc shells are composite materials with sophisticated

microarchitectures. Control of the size, shape and orientation of the crystals during
biomineralization is generally attributed to the organic material that becomes incorporated into the
composite material. It is often assumed that this same organic material determines the phase of the
mineral that forms (calcite versus aragonite in mollusc shells). It is proposed here, however, based
on both experimental data and a review of the literature, that control of the - that forms is
actually due to control of the local chemistry in the region where biomineralization is occurring.

Addition of the enzyme carbonic anhydrase to supersaturated solutions of CaC03 and to
artificial seawater has been shown to influence both the rate at which calcium carbonate is
precipitated and the phase precipitated. These efforts are discussed in terms of the enzyme’s
influence on bicarbonate ion concentrations, calciumlbicarbonate ratios, and pH.

Introduction

Biomineralized structural materials are complex composites, made up of very ordinary
substances, that demonstrate superior mechanical properties, such as a combination of good
stiffness, strength and toughness. Man-made ceramics, for example, are notoriously brittle,
whereas biological ceramics, such &steeth and marine shells, are not. The microstructure of
biological materials provide multiple mechanisms to forestall catastrophic failure, including crack
deflection, crack branching, and energy absorption by lath or fiber pullout.

The complex composite architectures observed in these biomineralized structures are made
possible by the ability of the natural systems to direct the nucleation and growth of the mineral
crystals, and this control is generally attributed to the organic material that is also present in the
final biomineralized composite. Such control of the crystallization process is of considerable
potential interest for materials applications, for several reasons. In particular, the nucleation and
growth of biominerals are controlled in such a way that nucleation is induced in certain locations
and prevented elsewhere; the phase of the mineral deposited is determined; and the size, shape and
orientation of the crystals is determined. A similar degree of control over crystallization processes
would have potential applications in many areas of materials processing, including the growth of
oriented thin films [1,2].

Mollusc shells, which are composed mainly of calcium carbonate, are a good example of
the types of influence that organic material is believed to exert on biomineralization processes.
The proteiqs or glycoproteins generally associated with biomineralization contain a large fraction of
acidic or polar amino acids, forming polyanions. It has been determined that these polyanions will
nucleate calcification when they are fixed on a rigid substrate, but will inhibit it when they “wein
solution [3-7]. There are several aspects to the mechanism as it is currently understood. It is
believed [4] that the freed polyanions assist nucleation by providing a negatively charged surface
that interacts electrostatically with cations (here calcium); in addition, their distribution on the
substrate may provide a stereochemical “template” for the formation of an adsorbed layer of
cations, thus controlling both the phase and orientation of the nuclei as well as their location. It is
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also believed that the polyan.ions in solution can help deterrn~e the crystal shape by selective
adsorption onto certain faces [4,6,7]; the macromolecules “mcogmze” certain stereochemical motifs
on these crystal faces, adsorb onto them, and thereby inhibit further growth on those faces.
Extensive efforts have been made to elucidate the mechanisms and importance of molecular
recognition involved in both crystal nucleation and adsorption onto crystal faces [8-12].

There are, in fac~ many factors that may be important in the biological control of
mineralization [13]. These include [14] the types of functional groups in the surface of the
organic material, and their density, distribution and mobility, as well as the nature of the substrate
to which they are attached. The role of the organic material may primarily be to lower the
activation energy for the desired nucleation, by simple catalysis involving complementarily in
electrostatic binding at the inorgamc-orgamc interface [15]. Alternatively, the organic material
may stabilize a specif3c conformation of the nucleus by structural or stereochemical recognition
[15].

Various approaches to biomimicry in ceramic processing are being tried by different
research groups, and there have been some notable successes. For example, considerable
progress has been made towards the development of an improved processing route for very-high-
density ma+netic recording media [1,2], the production of ultraiine ceramic particles [16,17], and
the producuon of improved ceramic green bodies (as precursors to ceramic thin ftis) [18,19].
The growth of oriented thin f~ms onto substrates such as silicon, however, is an area still awaiting
a breakthrough.

One possible route to the growth of these thin films involves the use of suitably tailored
Langmuir-Blodgett films to mimic the role of the organic material in biomineralization.
Langmuir-Blodgett films are also being used extensively by Mann, Heywood and co-workers, as a
means to explore molecular recognition at organic-inorganic interfaces, and its influence on the
phase, morphology, and orientation of inorganic crystals deposited at the interface [20-27].
While adequate for that purpose, crystal deposition has so far, however, been too slow for
adaptation to commercially useful sys~ms.

The aim of the present study is two-fold: i) to review and elucidate further the factors that
affect the phase deposited during biomineralization of mollusc shells, and analogous processes;
and ii) to check the feasibility of a biomimetic method to accelerate mineralization rates.

Backszround

a) Precipitation of Calcium Carbonate from Solution

Calcium carbonate, the major constituent of mollusc shells, can crystallize as calcite,
aragonite or vaterite. Calcite is the thermodynamically stable form at standard temperature and
pressure, while vaterite is the least stable of the two metastable polymorphs. Mollusc shells are
usually composed of aragonite, less commonly calcite, and sometimes both. Therefore, the
question arises of how the phase is selected. It should first be pointed out that the chemistry of the
seawater has a significant influence. Seawater contains -5 times as much magnesium as calcium.
It has been known since 1909 [28] that the presence of magnesium ions favors the precipitation of
arag.onite ov&r calcite. Bischoff [29-31] has demonstrated that magnesium ions strongly inhibit
calclte nucleation. This may be because adsorbed magnesium makes the critical radius for
nucleation larger, or because the strongly hydrated magnesium ions adsorbed at active calcite
growth sites block further deposition due to the large energy required for their dehydration.
Bischoff also observed that the formation of calcite is favored by low pH (that is high bicarbonate
concentration), high calcium concentration, high ionic strength, low sulfate concentration, and
purticuktrly, of course, low magnesium concentration. The effect of sulfate has also been
described by Busenberg and Plummer [32].
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Simkiss [33] grew calcium carbonate from various “artitlcial seawaters” in the presence of
excess bicarbonate ions. In the presence of magnesium, aragonite was deposited, while, in the
absence of maqesium, the deposits were either calcite or calcite mixed with vaterite, de ending on

fthe cations present. Lippmann [34] reported that vaterite is favored if the (HC03-):(Ca +) ratio is
high. Rushdi et al. [35] performed a detailed study of calcium-carbonate crystallization from
solutions containing various (Mg2+):(Ca2+) ratios, and vtious amounts of sodium carbonate to
accelerate the crystallization. For (Mg2+):(Ca2+) ratios greater than 4:1, only aragonite is
formed. For ratios between 1:1 and 4:1, a mixture of aragonite and magnesian calcite (calcite
containing some magnesium in the lattice) is formed; the proportion of calcite increases as the
nucleation time decreases, due to additions of the appropriate amounts of sodium carbonate.
High magnesium concentrations not only favor aragonite formation, but also slow the precipitation
of any calcium carbonate. In the absence of an accelerator, Rushdi et aL [35] estimated that it
would take -38,000 * 8,000 years to nucleate calcium carbonate from Mlcial seawater containing
the same level of magnesium as natural seawater.

. .
Therefore, since the presence of Mg++ promotes the stabilization of the aragonite phase,

seawater has a relatively high concentration of Mg*, and the pH of seawater is generally 8-9, the
following questions are raised: Why are not W mollusc shells aragonite? When calcite forms in
mollusc shells, is it because the organism modifies the local chemistry, or because the organic
component of the shell directly controls the nucleation and growth of the calcium carbonate phase
(or both)?

b) Precipitation in the Presence of Organics

Mann, Heywood and co-workers have studied tryst.dlization under Langmuir monolayer
in order to elucidate the possible effects of the organic material on the phase, morphology and
texture of the crystals deposited [20-27]. Our present concern is with their observations on the
phase of calcium carbonate deposited. They first used stearic-acid monolayer, which present an
array of negatively charged carboxylate groups to the solution below. At low calcium
concentration (4.5 mM) this resulted in predominantly vaterite formation. At high calcium
concentration (9 mM) calcite was formed. The phase was independent of the degree of
compression of the monolayer. When octadecylamine monolayer were used, which present
positively charged amine groups to the solution below, only vaterite was formed. Since vaterite
formation is favored under conditions of high (HC03-):(Ca2+) ratio, this latter effect can be
attributed to accumulation of carbonate under the positively charged amine films. In both cases,
the organic monolayer seems to induce a prefential orientation of the crystals that form. When a
neutral monolayer is present there, the effects on the phases formed and orientation are reduced.
Heywood and Mann only observed aragonite nucleation under their monolayer when they added
magnesium to the solution. Indirectly this work seems to indicate that charged organic layers may
control orientation of precipitating crystals but that the local chemistry determines the phase of the
calcium carbonate. Our work presented below further substantiates this premise.

Recently Falini et al. [36] examined the effect of polyelectrolytes on deposition of calcium
carbonate from solutions containing different (M:2+): (Ca2+) ratios. The pol yelectrol ytes were
selected to provide different types of charged groups (sulfate or carboxylate) and different ordering
of those groups. For sulfate groups, two carrageenans were used, while poly-L-aspartate (Pasp),
poly-L-glutamate (Pglu) and polyacrylate (Pacr) were chosen to provide carboxylate groups. At
relatively low (Mg2+):(Ca2+) ratios, the carrageenans cause more aragonite to be formed while
Pasp, Pglu, and (to a much lesser extent) Pacr cause vatente to be formed. As the magnesium
content increases, there gradually ceases to be any difference in the polymorph formed, with or
without carrageena.ns, Pglu or Pacr. In the presence of Pasp, however, 100% calcite is formed at
a (Mg2+):(Ca2+) ratio of 2.5. Even at (Mg2+):(Ca2+) ratios as high as 10 (much higher than
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seawater) the precipitate still contains about 30% calcite. The influence of Pasp to promote the
precipitation of calcite even from solutions with high concentrations of Mg2+ appears to be unique.
This finding is particularly interesting since aspartic acid is the most abundant amino acid in the
organic component of mollusc shells, and Addadi et al. [4] have observed that 13-sheet Pasp
adsorbed onto sulfonated polystyrene surfaces can influence the orientation of calcite growth.
Without understanding the mechanism, Falini et al. [36] also conclude that the B-sheet structure of
Pasp is responsible for the crystallization of calcite in the presence of magnesium.

In summary, there is substantial evidence that the local chemistry (magnesium levels,
bicarbonate: calcium ratios, ionic strength, pH, etc.) can influence what polymorph of calcium
carbonate will crystallize. The formation of vaterite under Langmuir monolayer, as seen by

Mann, Heywood and co-workers [20-26], can be explained in terms of high (HC03-):(Ca2+)
ratios due to the physical nature of the experiment. Vaterite was only observed to form under
stearic-acid monolayer when the calcium concentration was low. Crystallization in these
experiments was from supersaturated calcium-carbonate solution, and occurred as C02 was lost
from the liquid surface (or through the monolayer). Thus the carbonate species should be
particularly concentrated near the surface of the liquid; this is also the region where the stearic-acid
carboxylate groups will have bound calcium ions, but presumably in lower density when the
overall calcium concentration is low. The findings of Falini et al. [36] are more difficult to
interpret, particularly since it is not clear whether the structure of the Pasp molecules directly
affects the structure of the carbonate phase that precipitates, or if the Pasp molecules specifically
modify the local chemistry near the surface of the growing crystals.

c) Accelerated Precipitation in the Presence of an Organic Enzyme

With regard to the second objective of this work, namely to check the feasibility of a
biomimetic method to accelerate mineralization rates, it is important to gain knowledge from nature
where biomineralization is in fact sometimes quite rapid. While biomineralization is frequently
thought of as slow, the thin portions of the murex shell can be deposited as rapidly as 5 mm per
day. These regions of rapid growth occur between the development of slower growing thick
ridges on the sheIl called verises [37]. Avian eggshell deposition is also relatively fast. It is
believed that the eggshell forms by binding of calcium ions to the organic matrix material, followed
by reaction of those calcium ions with carbonate ions produced with the aid of the enzyme carbonic
anhydrase in the oviduct [38-41]. The feasibility of accelerated mineralization in the presence of
the enzyme and the effects (if any) on phase development and/or morphology are therefore of
interest. Preliminary results are discussed below.

Method and Materials

(i) Preparation of solutions

Calcium carbonate was precipitated from two different types of solutions: supersaturated
calcium-bicarbonate solutions (by analogy to the work, for example, of Mann and Heywood, and
Falini et al.) and artificial seawater (by analogy to mollusc-shell mineralization, and the work, for
example, of Rushdi et al.).

8

C 02 gas was bubbled through an aqueous suspension of CaC03, to produce
supersaturated bicarbonate solutions according to the reaction

CaC03(s) + C02(g) + H20(1) +- Ca2+(aq) + 2HC03-(aq).
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The solution was then filtered (0.22 p.mfilter paper) to remove excess (undissolved) calcite
crystals. The final pH was 6.0-6.3.

Hlcial seawater was prepared by dissolution, per kg of final solution in deionized water,
of 23.926 g NaCl, 0.677g KCL 4.008 g Na2S04, 11.37g of a 1 M CaC12 solution, and 56.2 g of
a 1 M MgC12 solution. It was then bubbled with air for 4 hours to equilibrate it with the

atmosphere. This is a slightly simplified version of the artitlcial seawater described by Kester et
al. [42]. It gives an ionic strength of 0.6928 and a pH of -8.0. Addition of Na2C03 accelerator
raised the pH to -10.0. In some experiments, the artificial seawater was bubbled, not with air,
but for 3 hours with C02; this resulted in a pH of -4.0 (no accelerator added).

When Na2C03 accelerator was used, it was from a O.lM stock solution. The final
concentration was 46.63 g (of stock solution) per kg of the final solution.

(ii) C~srallization at stearic-acid monolayer

Stearic-acid monolayer were formed in a Nima trough (1.8 1 capacity) by addition of a
stearic acidihexane mixture to the surface of either a supersaturated calcium-bicarbonate solution or
artificial seawater (bubbled with air) with Na2C03 accelerator. Films were compressed into the
liquid phase for the supersaturated solution, and into the solid phase for the artificial seawater.
Crystals were collected after 12 hours, on glass slides dipped through the monolayer-subphase
interface, and analyzed by x-ray diffraction.

(iii) Oystallizarion in beakers

Crystallization experiments were performed with: 1) artificial seawater (a) alone, (b) with
Na2C03 accelerator, (c) with enzyme (carbonic anhydrase) added, and (d) bubbled with C02
instead of air and with enzyme (carbonic anhvdrase) added, as well as 2) supersaturated calcium-
bicarbonate solutions (a) ~lonej (b) with N~2C03- accelerator, and
anhydrase) added.

All crystals that formed were analyzed by X-ray diffraction.

~

(c) with enzyme (carbonic

In art effort to gain insight into the different roles of organized organic layers and local
solution chemistry in the precipitation and orientation of different phases of CaC03, experiments
were completed both in bulk solutions and under Langmuir monolayer of stearic acid.

In bulk solutions, as expected, calcium carbonate precipitated slowly from supersaturated
CaC03 solutions alone, as a result of gradual degassing of C02. As C02 escapes from the air/

water interfdce, the local concentration of C032- increases. When the kinetics of precipitation are

faster than the diffusion of C032- into the bulk solution then CaC03 forms at the air/ water
interface. As expected, the phase precipitated was calcite (Figure 1) and precipitation occurred
primarily at the air/ water interface and at heterogeneous nucleation sites on the container surfaces.
A method to enhance precipitation is to add sodium carbonate to supersaturated solutions of
CaC03. This results in more rapid crystallization of calcite, with precipitation occurring at the

surfaces but also throughout the bulk of the solution since the concentration of C032- was high
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everywhere. ExpetienK we~~oconduc@d ktilcid sawaErwtich hada(Mg2+):(Ca2+)
ratio of 5. Artitlcial seawater alone did not precipitate calcium carbonate. This is as expected,
(since Rushdi et al. [35] predicted that it would take several thousand years for aragonite to
precipitate spontaneously from tilcial seawater). As with supersaturated CaC03 solutions,
when sodium carbonate was added to artificial seawater this led to some crystallization in the bulk
of the solution. However, the product was entirely aragonite due to the high (?vlg2+):(Ca2+) ratio
(Figure 2).

To examine the effect of organized organic layers on the growth of calcium carb&ate, both
the supersaturated solution of CaC03 and the artificial seawater (with sodium-carbonate accelerator
added) were used as subphases in the Langmuir trough, with a monolayer of stearic acid. For the
supersaturated solution, this resulted in crystallization at the ~onolayer only, producing a highly
textured calcite deposit (Figures 3 and 4). This is in keeping with the findings of Mann and
Heywood[23-26] at higher calcium concentrations. Similarly, some crystallization also occurred
from the artificial seawatev however, the product was aragonite. This is to be expected because
of the large amount of magnesium present, and parallels the observations of Heywood and Mann
[27] when they added magnesium chloride to their subphase.

The enzyme carbonic anhydrase ‘was introduced to determine if it would accelerate the
crystallization of calcium carbonate and/or affect the polymorph. Carbonic anhydrase is a zinc
enzyme found in red blood cells, gastric mucosa, and various other animal tissues. It has a
molecular weight of about 30,000 Dalton and catalyses the reversible hyration of carbon dioxide
(the substrate) to bicarbonate in aqueous solutions. Cm-bonic anhydrase is one of the fastest
enzymes known [43]. When carbonic anhydrase was sprinkled over the surface of a
supersaturated solution of CaC03, it resulted in rapid crystallization of a surface layer comprising
calcite along with some vatente (Figure 5). Since supersaturated solutions of CaC03 are also
saturated with C02, there is a large resevoir of C02 for production of bicarbonate ions in the
presence of carbonic anhydrase. In a solution that already contained a high level of bicarbonate
from dissolution of CaC03, this would be expected to produce a high (HCO-3):(Ca2+) ratio, and
hence it is not surprising that some vaterite was formed.

Addition of carbonic anhydrase to artificial seawater that had been bubbled with
compressed air containing only trace C02 produced no precipitation after 12 hours. This is not
surprising since this artiilcia,l seawater contained essentially no carbon dioxide to become hydrated.
Carbonic arihydrase was also added to art.iilcial seawater that had been bubbled with C02, (but
contained no sodium carbonate). In the absence of the enzyme, this solution produced no
precipitation. When a very small amount of enzyme was added (7.3 m,g to 1875 ml),
precipitation was still not evident. When a larger amount of enzyme was added (30 mg or more to
1000 ml), bulk crystallization was soon evident. X-ray diffraction revealed calcite mixed with
some aragonite (Figure 6). This result was unexpected but consistent with the findings of Fallini
et al. [36] when the protein Pasp is present. We believe that the carbonic anhydrase is adsorbed
onto precipitating nuclei and can affect the local chemistry at the surface of the growing crystal.
When carbonic anhydrase hydrolyzes carbon dioxide it produces a locally high bicarbonate
concentration while simultaneously reducing the pH. In bulk solutions, Bischoff [29-31]
observed that both high bicarbonate concentrations and low pH tend to favor calcite formation. If
the kinetics of precipitation at the surface of the growing crystals is faster than the diffusion of ions
into the bulk solution, then it is believable that carbonic anhydrase could control the local chemsitry
and promote the crystallization of calcite even in artificial seawater. It should be noted that
vaterite was not detected by x-ray diffraction for these experiments in artificial seawater. This
may be due to the fact that the artiilcial seawater has a high [Mg2+] and a lower pH than
supersaturated solutions of CaC03. Also, since the artificial seawater contains a high calcium



concentration but minimal bicarbonate concentration, the enzyme may not be able to produce a high
enough (HC03-):(Ca2+) ratio to favor vaterite formation. In the supersaturated solutions of

CaC03 there is a large concentration of (HC03-) present even prior to addition of the carbonioc

anhydrase, and it is reasonable to expect that larger (HC03-):(Ca2+) ratios could be produced
locally with carbonioc anhydrase present.

Cone lusions

The purpose of this review and experiments was to gain an understanding of the effects that
organic molecules can have on the biomimetic growth of calcium-carbonate crystals. It is
commonly assumed throughout the literature that, because organimd organic molecules control the
size, shape and orientation of precipitating crystals, they also control the phase that forms. This
gives an attractive but simplistic view of how organisms control the growth of calcium carbonate.
That is, an organism provides an organized proteinaceous layer that provides total control over the
crystallization process. The review and experiments discussed in this paper sugges~ however, a
more complicated reality in which the phase is controlled by the local chemistry at the surface of the
growing crystal, keeping in mind that tie 10cal chemis~ may be aff~~d by specflc adsorption of
ions and large organic molecules; the organized organic layers serve to orient the crystals and
perhaps determine their shape and size.

For the experiments reviewed in the literature and for the experiments performed for this
paper, the formation of all three polymorphs of calcium carbonate could be explained in terms of
the local chemistry, without the need to invoke any kind of templating for an ordered organic layer
to produce a particular phase. Thus it is suggested that marine organisms such as molluscs may
control the phase of calcium carbonate they deposit by controlling the local chemistry in the area
where crystallization occurs by use of enzymes and proteins. It should be noted, however, that the
control of crystal orientation is a very different matter. There is substantial evidence that charged
organic layers can induce nucleation and growth of crystals with a preferred orientation. The
question of whether the organic layer needs to be ordered (with two-dimensional crystallinity) to
promote an epitaxial relationship with the inorganic crystal is still not understood.

The enzyme, carbonic anhydrase, produced considerable acceleration of the crystallization,
not only from supersaturated solution of CaC03, but also from artificial seawater (in which
magnesium and sulfate ions tend to retard the crystallization). We now propose to incorporate it
into Langmuir monolayer, and hope thus to be able to produce accelerated oriented crystallization.
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Figure 1: Precipitate from CaC03 supersaturated solution: XRD pattern (KB peaks are
present).

Figure 2: Precipitate from ASW + accelerator Na2C03: XRD pattern (KB peaks are present).

Figure 3: Precipitate from CaC03 supersaturated solution+ stearic acid: XRD pattern (K6
peaks are present). *

Figure 4: Precipitate from CaC03 supersaturated solution + stearic acid: scanning electron
micrograph of crystals produced.

Figure 5: Precipitate from CaC03 supersaturated solution+ carbonic anhydrase: XRD pattern
(KB peaks are present).

Figure 6: Precipitate from ASW (bubbled with C02) + carbonic anhydrase: XRD pattern (KB
peaks are present).
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