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In order to modify their magnetic behavior and prepare Prussian blue analog materials 

suitable for future application, the transition metal composition and dimensionality of lattices 

were controlled, using nanoparticle and thin film synthetic procedures, as well as, transition 

metal ion doping.  The cobalt iron Prussian blue analog, AjCok[Fe(CN)6]l
.nH2O, is known to 

exhibit photoinduced and thermal charge transfer induced spin transitions (CTIST).    The sign 

and magnitude of photoinduced change in magnetization in microcrystalline samples of the 

ternary transition metal Prussian blue analog NaaNi1-xCox[Fe(CN)6]b
.nH2O were controlled by 

tuning the transition metal composition and introducing competing superexchange energies.  

Additionally, inclusion of NiII ions into the lattice initiates dilution of the spin-crossover 

material, reducing the magnitude and hysteresis of the thermal CTIST.  The mechanism of the 

CTIST is the same as that present in the parent cobalt iron Prussian blue analog, denoted by the 

generation of new moments for compositions with x > 0.  These results are qualitatively 

explained by simple mean field models. 

Prussian blue analog thin films were generated using a sequential adsorption method, 

tuning their transition metal composition and thickness by exchanging aqueous metal reactants 
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and number of deposition cycles.  The Prussian blue analog thin films displayed unique magnetic 

behavior, namely directional anisotropy, not observed in bulk powders.  The magnitude of 

magnetic anisotropy was controlled by film thickness and transition metal composition.  Scaling 

with the spin values of incorporated metal ions, the behavior can be qualitatively explained by 

considering the contributions of g value and single ion anisotropies.   

CTIST active Co-Fe PBA nanoparticles were synthesized using oil-water microemulsion 

procedures to restrict particulate growth.  By tuning the concentration of interstitial cations and 

particle size, we demonstrated the ability to tune the temperature at which the thermal CTIST 

event takes place and the width of thermal hysteresis of the transition.   

Supramolecular assembly of metal-organic networks was investigated by reacting 

Langmuir monolayers of 4,4’,4’’-tricarboxytriphenylmethyl octadecyl ether with transition metal 

ion subphases.  The precipitation and coordination topology of these networks was shown to be 

dependent upon the symmetry of the amphiphile, coordination geometry and charge of the 

subphase ions, and subphase acidity. 
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CHAPTER 1 
INTRODUCTION TO PRUSSIAN BLUE ANALOGS 

Prussian Blue and Prussian Blue Analogs 

Prussian blue is a molecular based compound, with the formula FeIII
4[FeII(CN)6]3 • 14H2O, 

comprised of a face-centered cubic (FCC) lattice of divalent and trivalent iron  ions bound 

together by linear cyanide bridging ligands, Figure 1-1.  Long used as a colorful blue pigment, 

this coordinate covalent compound garnered considerable interest in the scientific community 

when it was found to exhibit magnetic ordering at low temperatures in 1928.1  In was not until 

1968 that the magnetic behavior of Prussian blue was determined to be long range ferromagnetic 

ordering at low temperatures (< 5.6 K).2  The crystal structure was subsequently solved through 

x-ray crystallography and further supported with neutron scattering experiments ten years later.3,4  

Further studies on this compound have led to the identification of an extensive list of interesting 

properties like electrochromism,5,6 heavy metal filtration,7 peroxide sensing,8,9 hydrogen 

storage,10 and catalytic ability.11 

FeII

FeII

CN
-

FeII

FeII

CN
-

 

Figure 1-1.  Idealized unit cell of Prussian blue, FeIII
4[FeII(CN)6]3 • 14H2O.  Prussian blue is 

comprised of a FCC lattice of FeII and FeIII ions bridged by cyanide ligands.  Notice 
that the formal charge of the idealized unit cell possesses a charge of 4-. 
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Prussian blue analogs (PBAs) are a class of materials that are isostructural to Prussian blue.  

These compounds, with the general formula AjM΄k[M(CN)6]l • nH2O (where A is an alkali metal 

ion and M,M΄ are transition metal ions), are achieved by replacing one or both of the iron ion 

sites of Prussian blue with another transition metal ion, Figure 1-2.  In order to achieve unit cell 

charge balance and precipitate extended coordinate covalent networks, Prussian blue and 

Prussian blue analogs incorporate cyanometallate vacancies and interstitial cations to decrease 

negative charge and increase positive charge within the compound.   

MIII

M´II

CN
-

cyanometallate vacancy alkali cation

MIII

M´II

CN
-

cyanometallate vacancy alkali cation
 

Figure 1-2.  Representative unit cell of a Prussian blue analog, AjM΄k[M(CN)6]l • nH2O (where 
A is an alkali metal ion and M,M΄ are transition metal ions); these networks are 
isostructural to Prussian blue.  Interstitial alkali cations and cyanometallate vacancies 
are incorporated to obtain charge balance in the network.  Incomplete coordination 
spheres, caused by cyanometallate vacancies, are filled with coordinating water 
molecules. 

The extensive list of aqueous soluble transition metal and alkali metal salts increases the ease 

with which the elemental composition, and therefore the properties, of these materials can be 

tuned.  Recent findings have shown these compounds to exhibit high temperature magnetic 
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ordering,12-16 photoinduced magnetism,17-35 thermal charge transfer induced spin 

transition(CTIST),28,30,36 and magnetic anisotropy,37-41 making them the focus of numerous 

research groups investigating molecular magnetism.  With binary PBAs having been extensively 

studied, ternary transition metal Prussian blue analogs, with the general molecular formula 

AαM˝(1-x)M΄x[M(CN)6]β • nH2O, have started to draw attention due to additional properties 

observed in these compounds, like magnetic pole inversions42,43 and  dilution of spin-crossover 

behavior.44 

Photoinduced and Thermal CTIST in Cobalt Iron PBAs 

Though several cyanometallates and coordination compounds exhibit thermally induced 

spin-crossover and photoinduced magnetism, one of the most extensively studied systems is the 

CTIST active cobalt iron Prussian blue analog (AjCoII
k[FeIII(CN)6]l • nH2O).  Photo-induced 

magnetism was first reported in cobalt iron (Co-Fe) Prussian blue analogs by Hashimoto and co-

workers in 199617, and these compounds have subsequently been extensively investigated by 

several groups.18-35,37-41  The magnetic behavior of these compounds has been found to be 

dependent upon alkali cation concentration, transition metal ion ratio, network dimensionality, 

and external stimuli. 

As previously mentioned, Prussian blue analogs incorporate alkali cations and/or 

cyanometallate vacancies into their lattices to achieve charge balance upon network formation.  

The manner in which this charge balance is achieved has a predominant effect on the ligand field 

of the cobalt ions in the structure, and therefore the magnetic properties.  If charge balance is 

achieved solely by inclusion of positive alkali cations, the resultant rigid lattice will have no 

cyanometallate vacancies and four interstitial cations per unit cell; each cobalt atom’s 

coordination sphere is now comprised of six nitrogen atoms yielding a strong ligand field.  In 

this case, this system exists as CoIII
LS-FeII

LS transition metal pairs, each metal having an electron 
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configuration of d6 (t2g
6) and spin value, S = 0.20  On the other hand, if charge balance is 

achieved by the incorporation of cyanometallate vacancies, the resultant lattice will have one and 

a half cyanometallate vacancies and zero interstitial cations per unit cell.  Each cobalt atom’s 

coordination sphere is now comprised of four nitrogen and two oxygen atoms, arising from 

coordinating water molecules, yielding a weak ligand field; now, this system exists as 

CoII
HS-FeIII

HS transition metal pairs.  The electron configurations of the cobalt and iron metal 

centers are now d7 (t2g
5eg

2) and d5 (t2g
5) with spin states of S = 3/2 and 1/2 respectively.  These 

metal centers are antiferromagnetically coupled, yielding an overall paramagnetic (S = 1) state.20  

This population of the anti-bonding eg orbitals also leads to an expansion in the analogs’ high 

spin lattice structure, as compared to that of the low spin state lattice.  The representative Co-Fe 

Prussian blue analog unit cells, accompanied by their respective electron configurations and the 

over all spin states of their respective cobalt and iron ions, are shown in Figures 1-3 and 1-4, 

below. 

FeII
LS

CoIII
LS

CN
-

alkali cation

FeII
LS

CoIII
LS

CN
-

alkali cation
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CoIII
LS FeII

LS

eg
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t2g
6 (S = 0) t2g

6 (S = 0)
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CoIII
LS FeII

LS

ΔoΔoΔo

CoIII
LS FeII

LS

eg

t2g

t2g
6 (S = 0) t2g

6 (S = 0)
 

Figure 1-3.  Representative unit cell of the low spin, low temperature phase Co-Fe PBA, 
A4CoIII

4[FeII(CN)6]4 • nH2O, where A is an alkali cation.  Charge balance is achieved 
in the lattice by inclusion of four interstitial cations.  The electron occupancy of the 
CoIII

LS and FeII
LS ions leads to an overall spin value of zero for the Prussian blue 

analog material. 
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cyanometallate vacancy
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CoII
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Figure 1-4.  Representative unit cell of the high spin, high temperature phase Co-Fe PBA, 
CoIII

4[FeII(CN)6]2.66 • nH2O.  Charge balance is achieved by inclusion of 
cyanometallate vacancies.  Antiferromagnetically coupled CoII

HS and FeIII
LS ions lead 

to an overall spin value of S = 1. 

When the lattice of the Co-Fe Prussian blue analog incorporates both interstitial cations 

and cyanometallate vacancies to achieve charge balance, as shown in Figure 1-2, the cobalt ions 

can possess a coordination sphere consisting of approximately five nitrogen and one oxygen 

atom and experience an intermediate ligand field.  Due to the material’s intermediate octahedral 

splitting (Δo), the thermal energy at room temperature allows for an electron transfer from the 

FeII sites to the CoIII ions and the population of the CoIII eg orbitals, increasing the magnetization 

of the compound.  The resultant high spin (HS) electronic configuration and magnetic behavior 

would resemble that of the lattice with no interstitial cations.  Upon cooling this compound to 

temperatures of ~50 K, the population of the eg orbitals is no longer favorable and the reverse 

electron transfer occurs, decreasing the magnetization.  At this point, the low spin (LS) electronic 

configuration and magnetic behavior mimics that of the lattice with no cyanometallate vacancies.  

This change in the electronic configuration, and therefore magnetism, of the compound is known 

as charge transfer induced spin transition (CTIST).20,22,30  While heating to induce this thermal 
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process, the low temperature, low spin, diamagnetic CoIII
LS-FeII

LS pairs undergo a charge transfer 

from the FeII ions to the CoIII ions to form the excited state of CoII
LS-FeIII

LS.  This system then 

undergoes a spin transition, relaxing into the paramagnetic, long-lived metastable state of CoII
HS-

FeIII
LS.  The nature of this CTIST behavior, temperature and rate of spin transition and width of 

hysteresis, has been shown to be heavily dependent upon the type of alkali cation and its 

concentration in the lattice.  The thermal CTIST is further explained with a potential energy well 

diagram, along with a sample spin transition curve in Figure 1-5. 

LS

HS

rM´-N & T

∆G
HS

LS

1.0

0.5

0.0

T
T1/2down

T1/2up

γHS /
χT

A B

LS

HS

rM´-N & T

∆G
HS

LS

LS

HS

rM´-N & T

∆G
HS

LS

LS

HS

rM´-N & T

∆G
HS

LS

1.0

0.5

0.0

T
T1/2down

T1/2up

γHS /
χT

A B

 

Figure 1-5.  Thermal CTIST in Co-Fe PBAs.  A) Potential energy diagrams of the Co-Fe PBA at 
high and low temperatures.  At low temperatures, the Gibbs free energy of the low 
spin phase is lower, making it the ground state and forcing electron occupancy of the 
t2g orbitals.  At higher temperatures, the Gibbs free energy of the high spin phase is 
lower, facilitating a charge transfer induced spin transition, marked by the electron 
occupancy of the eg orbitals.  B) Representative spin transition curve of thermal 
CTIST.  Hysteresis, a sign of lattice cooperativity, is marked by a difference in T1/2up 
and T1/2down, the temperatures at which half of the spin crossover material has 
transitioned in the heating (up arrow) and cooling (down arrow) cycles.20 

The CTIST effect found in the Co-Fe Prussian blue analog can also be induced by photo-

irradiation.  At temperatures below 20 K, diamagnetic CoIII
LS-FeII

LS pairs can be photo-excited, 

using 600 nm light,  into a long-lived metastable state of ferrimagnetic CoII
HS-FeIII

LS; this process 
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can be reversed by either irradiation with 450 nm light or thermal cycling above 100 K.  This 

photomagnetic behavior is depicted in Figure 1-6.17,18 
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Figure 1-6.  Photoinduced CTIST in Co-Fe PBAs.  A) Potential energy diagrams of the 
photoinduced CTIST present in the Co-Fe PBA.  At low temperatures, the ground 
state, diamagnetic CoIII

LS-FeII
LS species can be photoexcited into the high energy 

CoII
LS-FeIII

LS pairs, through a charge transfer from the iron to the cobalt ions.  This 
species then relaxes through a spin transition into the ferrimagnetic, long-lived 
metastable state CoII

HS-FeIII
LS.  B) Representative magnetization (χ) vs. temperature 

plots of the photoinduced CTIST of Co-Fe Prussian blue analog.  Upon 
photoexcitation, an increase in magnetization is observed from the dark (black) to 
light (yellow) state.20 

Prussian Blue Analog Thin Film and Nanoparticle Fabrication 

Recent developments in thin film and nanoparticle fabrication have been extended to this 

class of materials in an attempt to both tune their magnetic behavior and further the progression 

toward future application.  Prussian blue analogs’ microcrystalline structure and their inability to 

wet most surfaces make the fabrication of homogenous thin films rather difficult.  Extensive 

research into the preparation of such structures has led to the development of a multitude of 

synthetic techniques for the precipitation of Prussian blue and PBA thin films, such as 

electrochemical deposition,45-49 spin-casting and dip-coating of colloidal dispersions, 45,50 
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adsorption onto Langmuir monolayers,51-55 Langmuir-Blodgett film templating,56 and sequential 

absorption techniques.40,41,57-60 

Though they allow for the deposition of PBA thin films, many of these techniques possess 

drawbacks, which will hinder the subsequent analysis and future application of these materials.  

While electrochemical deposition allows for the controlled fabrication of uniform thin films, this 

technique requires absorption to take place on a smooth, conducting surface; this places strict 

limitations on analytical techniques and the possible substrates used with the technique.  

Spin-casting and dip-coating possess the benefits of being able to easily tune thin film 

composition and utilize a wide range of applicable substrates for thin-film deposition, but these 

techniques lack the ability to finely control film thickness or form films with homogenous 

morphology.  Adsorption of Prussian blue analog particles onto Langmuir monolayers and the 

use of Langmuir-Blodgett template films allow for the use of a multitude of solid supports, fine 

control of film thickness, and the manipulation of transition metal composition, but often 

produce films containing considerable amounts of organic material and large separations 

between Prussian blue analog material.  The sequential absorption technique has been shown to 

construct films of uniform coverage, have the ability to easily control the composition and 

thickness of these films, and the use of multiple deposition substrates, Figure 1-7.  This method 

of cyanometallate thin film fabrication has been adapted to tune their ion transport ability61, 

magnetic anisotropy, and photomagnetism.37-41Another technique currently employed by many 

researchers to manipulate the microscopic scale and properties of a variety of materials (metallic, 

semiconductor, coordinate covalent, etc.) is nanoparticle fabrication.  Though Prussian blue and 

several of its analogs naturally form colloidal suspensions of nanoparticles from aqueous 

aggregation require added synthetic solution, precipitation reactions, fine control of particulate  
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Figure 1-7.  Schematic depicting the sequential absorption of cyanometallate networks onto the 

polymer substrate Melinex.  Linear increases in film thickness are observed with 
multiple deposition cycles. 

size and the prevention of particle procedures.62-69  Recent advancements in the synthesis of 

monodisperse, size-controlled nanoparticles have utilized several techniques for nanoparticle 

preparation and isolation includingencapsulating polymers, microemulsions of non-miscible 

solvents and surfactants, and reaction solutions of high reactant concentration and ionic strength.   

Encapsulating polymers, such as polyvinylpyrrolidone (PVP), control equilibrium particle 

size by encapsulating the precipitated particle and restricting further growth64,65, while 

microemulsions of non-miscible solvent mixtures (i.e. cyclohexane/water) and amphiphillic 

surfactants (i.e. sodium dioctyl sulfosuccinate, Igepal CO 520, and octadecylamine) restrict the 

quantity of available reactants and the size of the micro-reactor droplets within the reaction 

system.66,67  These approaches also utilize their coordinating polymers and surfactants to both 
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stabilize the nanoparticles and prevent particulate aggregation.  The research reported herein will 

utilize a microemulsion nanoparticle synthesis depicted in Figure 1-8. 

Na3Fe(CN)6(aq) & NaCl (aq)

CoCl2 (aq) & NaCl (aq)

Combine Solutions

Stir Mixture 3 hrs 
Cyclohexane

&
Igepal CO 520

Na3Fe(CN)6(aq) & NaCl (aq)

CoCl2 (aq) & NaCl (aq)

Combine Solutions

Stir Mixture 3 hrs 
Cyclohexane

&
Igepal CO 520

 

Figure 1-8.  Nanoparticle synthesis of Prussian blue analogs using the microemulsion technique.  
The microemulsions are formed by treating cyclohexane solutions of the surfactant 
Igepal CO 520 with aqueous precursor solutions.  After nanoparticle precipitation, 
often marked by a solution color change, nanocrystalline products are isolated by 
solvent induced flocculation.   

Magnetic Anisotropy in Prussian Blue Analog Thin Films 

The abundance of thin film synthetic techniques and wide array of electrochemical, 

sensory, and magnetic phenomena exhibited by cyanometallates has drawn considerable 

attention to Prussian blue analog thin films in the past few decades.  Due to possible application 

in the development of magneto-optical storage media thin film materials, which exhibit strong, 

directional magnetic anisotropy, are of particular interest to those investigating molecular 

magnetism.70,71  While the magnetism and magnetic anisotropy of thin films of transition metals, 

alloys, and metal complexes have been extensively investigated, the presence of magnetic 

anisotropy in Prussian blue analog thin films and its origins have not been studied to same 

extent.37-41   
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While investigating two-dimensional networks and nano-scale thin films of the 

self-assembled Prussian blue analogs, our lab was the first to discover anisotropy in the low 

temperature magnetization and photoinduced magnetism of these materials.37,72  When thin films 

of the Ni-Fe Prussian blue analog were oriented parallel to an applied magnetic field, an 

increased magnetism, as compared to that when the film oriented perpendicular to the applied 

field, was observed, Figure 1-9.  Similar behavior was observed in other PBA thin films. 

 

Figure 1-9.  Temperature dependence of the magnetization of the Ni-Fe PBA after field cooling 
in 20 G with the sample aligned parallel (filled circles) and perpendicular (open 
ciclres), to the magnetic field.  The beak in the field cooled magnetization data at 
Tc = 8 is indicative of the magnetic anisotropy.  The measuring field was 20 G.72,73   

Photomagnetic anisotropy was later observed in thin films of the cobalt iron Prussian blue 

analogs.56  When these films are oriented parallel to the applied magnetic field, an increase in 

photomagnetism is detected, while there is a decrease in magnetization upon photoexcitation 

when the film is oriented perpendicular to the applied field, Figure 1-10.  Subsequent studies of 

Co-Fe PBA thin films lead to the discovery of a photomagnetic thickness dependence and films 

with an opposite sign of photomagnetic anisotropy.38,40  The magnetic anisotropy observed in 
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these studies have been attributed to structural anisotropy directed from the interface between the 

substrate and precipitated thin films and an easy magnetic axis within the samples. 

 

Figure 1-10.  The time dependence of the photoinduced magnetization of a film of 
RbjCok[Fe(CN)6]l·nH2O, prepared using sequential adsorption onto a 
two-dimensional, cyanometallate template layer, when the external field is parallel 
and perpendicular to the plane of the film.56,73   

In order to further understand the origins of the anisotropy found in the photoinduced and 

temperature dependent magnetization of Prussian blue analog thin films, our investigations of 

sequentially absorbed thin films is being expanded to include other divalent transition metal ions 

(NiII, CuII, and ZnII) and hexacyanometallates (Cr(CN)6
3-).  Without a clear understanding of this 

phenomenon, the utilization of a variety of transition metal ions with different spin values will 

elucidate other contributing factors to thin film anisotropy, such as single ion and g value 

anisotropy. 

Scope of Research 

In the following research investigations, we report the intelligent design of Prussian blue 

analog systems, tuning their photomagnetic, thermal CTIST, and magnetically anisotropic 
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behavior by controlling the materials’ dimensions and transition metal composition.  In Chapter 

2, we report the first photoinduced decrease in magnetization in these materials resulting from 

the creation of new transition metal ion spins, by utilizing competing magnetic superexchange 

energies in ternary Prussian blue analog lattices,.  In Chapter 3, we also demonstrate the ability 

to tune the magnitude of magnetic anisotropy in PBA thin films by controlling film thickness and 

transition metal composition, and we present new ideas about the origins of this previously seen 

phenomenon.  Finally in Chapter 4, by controlling the size and composition of CTIST active Co-

Fe PBA nanoparticles, we demonstrate the ability to tune the temperature at which the thermal 

CTIST event takes place and the width of thermal hysteresis in the transition. 
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CHAPTER 2 
PHOTOMAGNETISM AND THERMAL CTIST IN TERNARY TRANSITION METAL 

PRUSSIAN BLUE ANALOGS 

Introduction 

Bimetallic Prussian blue analogs (PBAs), a class of molecular based compounds, with the 

general molecular formula AjM΄k[M(CN)6]l•nH2O (where A is an alkali metal ion and M΄, M are 

transition metal ions), have garnered considerable attention in the field of molecular magnetism 

due to the ease with which their composition can be tuned and the diverse range of magnetic 

properties they exhibit like room temperature magnetic ordering12-16, photoinduced 

magnetism,17-35 thermal CTIST,28,30,36 and magnetic anisotropy.37-41  Photo-induced magnetism 

was first reported in the cobalt-iron Prussian blue analog, K0.2Co1.4[Fe(CN)6]·6.9H2O, by 

Hashimoto and co-workers17 and has since been extensively investigated by several groups.17-35  

At low temperatures, diamagnetic CoIII
LS-FeII

LS (S = 0) pairs can be photo-excited into a long-

lived, metastable state of ferrimagnetic CoII
HS-FeIII

LS (S = 1) pairs by way of a charge transfer 

induced spin transition (CTIST), increasing the magnetization of the compound. 

While investigating the photoinduced magnetism in cobalt iron Prussian blue analog 

(AjCok[Fe(CN)6]l·nH2O) thin films, our lab discovered that these films exhibit anisotropic photo-

induced magnetism, a behavior not seen in the bulk powder materials.37  When the films are 

oriented parallel to an external applied magnetic field (He) during photoirradiation, the 

magnetism increases, while a decrease in magnetism is observed when the films are oriented 

perpendicular to He during photo-excitation.  Though the photomagnetic anisotropy is not found 

in microcrystalline samples, the mechanism of the CTIST phenomenon was found to be the same 

as that found of the bulk materials.  To increase the temperature at which the photomagnetism 

could be observed, we then extended our studies of thin film magnetism to multilayered 
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heterostructures.  Sandwiching a layer of the photomagnetic RbjCok[Fe(CN)6]l·nH2O between 

two layers of the high Tc, ferromagnetically ordering RbjNik[Cr(CN)6]l·nH2O led to new 

behavior, not seen in either of the pure materials.74,75  The magnetic ordering temperature of the 

heterostructured thin film increased to 70 K, and photoirradiation causes a decrease in 

magnetization for all film orientations, Figures 2-1 and 2-2.  These observations are in sharp 

contrast to the low temperature magnetic ordering, <18 K, and photomagnetic anisotropy found 

in the pure cobalt iron Prussian blue analog thin films.   
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Figure 2-1.  Field cooled (FC) magnetic susceptibility vs. temperature data, for heterostructured 

sandwich film (NiCr/CoFe/NiCr) described above, in He = 100 G are shown for the 
parallel (blue) and perpendicular (red) orientations of the film with respect to the 
applied field.  The increase in magnetization near 70 K indicates the onset of 
magnetic ordering within the film. 

This novel photoeffect is attributed to heterogeneously distributed transition metal ions at the 

interfaces between the two parent compounds, leading to competitive ferromagnetic and 

antiferromagnetic superexchange mechanisms in the material, Figure 2-3 and 2-4.  High 

resolution TEM micrographs of microtomed cross sections of ~200 nm and ~800 nm 
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heterostructured thin films can been seen in Appendix A. 

-1 0 1 2
12.65

12.70

12.75

12.80

 
(1

0-
6

 e
m

u/
cm

2
)

Time (Hours)

A

-1 0 1 2
4.14

4.16

4.18

4.20

 
(1

0
-6

 e
m

u/
cm

2 )

Time (hours)

B

 

Figure 2-2.  Change in magnetism (ΔM) vs. time of irradiation for the A) parallel and B) 
perpendicular orientations of the heterostructured sandwich film (NiCr/CoFe/NiCr) in 
an external applied field of 100 G.  A decrease in magnetism is observed for both 
orientations. 

 

Figure 2-3.  Cross-sectional schematic of the heterostructured sandwich film (NiCr/CoFe/NiCr).  
The expanded representative lattice on the right indicates thorough mixing of the 
transition metal ions at the interface of the pure CoFe and NiCr layers.  Interfacial 
mixing is denoted by the brown lattice, while the pure analogs, NiCr and CoFe, are 
displayed in purple and grey.  Magnetic exchange energies of the possible transition 
metal pairs at the interface are JNiCr ~ 5.6 cm-1, JCoCr ~ 1.4 cm-1, JNiFe ~ 3.9 cm-1, and 
JCoFe ~ -1.7 cm-1. 

To test this hypothesis, trimetallic Prussian blue analogs, in which ions of the pure parent 

Co-Fe PBA system can be exchanged for another ion, introducing a ferromagnetic component, 

were considered.  Interest in these ternary transition metal PBAs, AM''(1-x)M'x[M(CN)6]·nH2O 

(where M'' and M' occupy equivalent lattice sites) arises from the additional properties not 
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observed in the binary systems, like photoinduced magnetic pole inversion42,43 and 

spin-crossover dilution.44  To investigate the origin of the photoinduced decrease in  
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Figure 2-4.  Relative fraction of RbjCok[Fe(CN)6]l·nH2O (black) as a function of thin film depth 
in A) ~180 nm and B) ~800 nm heterostructured sandwich films.  The relative analog 
concentrations, obtained from EDS line scans, have been normalized to a total 
transition metal concentration of one. 

magnetization seen in the heterostructured thin films, ternary Prussian blue analogs, with the 

general molecular formula NaNi1-xCox[Fe(CN)6]·nH2O, were first synthesized.  The structure 

of the Prussian blue analog is comprised of a cubic iron sublattice, which is interpenetrated by a 

separate cubic sublattice with a statistical mixture of cobalt and nickel ions.  Sodium is utilized 

as the interstitial cation to produce a wide thermal hysteresis, and nickel ions within the lattice 

give rise to ferromagnetic superexchange pathways between NiII and FeIII.30,76 

This ternary transition metal Prussian blue analog displays either a photoinduced increase 

or decrease in magnetism depending upon the materials’ relative cobalt fraction, 

x = [Co]/([Co] + [Ni]), the applied magnetic field, and the temperature.  Though the second 

example of a photoinduced decrease in magnetization in Prussian blue analogs, this is the first 

reported compound where the sign of the photoinduced change in magnetization can be 

controlled by chemical composition.  A dependence upon the extent of CoII and NiII ion mixing 
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was observed for the ordering temperature, coercive field, the amount of photoactive material, 

and the magnitude and hysteresis width of the thermal CTIST.  These results can be qualitatively 

understood with simple molecular field theories. 

Experimental Section 

Materials 

Na3Fe(CN)6(aq) was synthesized by oxidizing Na4Fe(CN)6(aq) with Cl2(g) and used in situ.30  

Deionized water, used in synthetic procedures, was obtained from a Barnstead NANOpure 

system with a resistivity of at least 17.8 MΩ.  All other reagents were purchased from Sigma-

Aldrich or Fisher-Acros and used without further purification. 

Synthesis 

Ternary transition metal Prussian blue analogs with an approximate molecular formula 

NaNi1-xCox[Fe(CN)6]·nH2O were precipitated out of water by treating 20 mM aqueous 

solutions of Na3Fe(CN)6(aq) with equivolume solutions comprised of a mixture of NiCl2 and 

CoCl2 (20 mM in transition metal ion concentration) and NaCl (2 M).  The concentration of CoII 

(x) in the precipitated Prussian blue analogs was controlled by varying the volume ratio of 

CoII
(aq) and NiII

(aq) in the aqueous reaction solutions from 0 to 1 (xsynthesis = 0.0, 0.2, 0.4, 0.6, 0.8, 

and 1.0), while keeping the reaction mixtures’ total transition metal ion concentration 20 mM.  

The reaction mixtures were stirred for three hours in the open atmosphere, and the precipitated 

powders were then isolated by centrifugation.  The precipitated Prussian blue analogs were 

rinsed three times with water and dried under a stream of nitrogen gas, yielding solids of 

NaNi1-xCox[Fe(CN)6]·nH2O. 

Na1.3 Ni4.0[Fe(CN)6]3.0 · 20.0 H2O (xsynthesis = 0, x = 0.00) 

Anal. Calcd for C18H40N18O20Na1.3Co0.0Ni4.0Fe3.0: C, 17.15; H, 3.20; N, 20.00; Co, 0.00; 

Ni, 18.62; Fe, 13.29.  Found: C, 17.16; H, 2.87; N, 19.33; Co, 0.00; Ni, 18.62; Fe, 13.29.   
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Na1.7Co0.8Ni3.2[Fe(CN)6]3.0 · 17.7 H2O (xsynthesis = 0.2, x = 0.22) 

Anal. Calcd for C18.0H35.4N18.0O17.7Na1.7Co0.9Ni3.1Fe3.0: C, 17.59; H, 2.90; N, 20.52; Co, 

4.32; Ni, 14.81; Fe, 13.64.  Found: C, 17.75; H, 2.84; N, 19.91; Co, 4.05; Ni, 14.93; Fe, 13.76. 

Na1.7Co1.8Ni2.2[Fe(CN)6]3.1 · 19.7 H2O (xsynthesis = 0.4, x = 0.45) 

Anal. Calcd for C18.6H39.4N18.6O19.7Na1.7Co1.8Ni2.2Fe3.1: C, 17.37; H, 3.03; N, 20.26; Co, 

8.25; Ni, 10.04; Fe, 13.46.  Found: C, 17.23; H, 2.95; N, 19.55; Co, 8.32; Ni, 10.15; Fe, 13.37. 

Na1.8Co2.6Ni1.4[Fe(CN)6]3.0 · 18.5 H2O (xsynthesis = 0.6, x = 0.66) 

Anal. Calcd for C18.0H37.0N18.0O18.5Na1.8Co2.6Ni1.4Fe3.0: C, 17.71; H, 2.96; N, 20.66; Co, 

12.15; Ni, 6.51; Fe, 13.28.  Found: C, 17.37; H, 2.88; N, 19.62; Co, 12.42; Ni, 6.52; Fe, 13.48. 

Na1.8Co3.5Ni0.5[Fe(CN)6]2.9 · 15.3 H2O (xsynthesis = 0.8, x = 0.87) 

Anal. Calcd for C17.4H30.6N17.4O15.3Na1.8Co3.5Ni0.5Fe2.9: C, 17.90; H, 2.64; N, 20.89; Co, 

17.67; Ni, 2.51; Fe, 13.88.  Found: C, 17.90; H, 2.69; N, 20.25; Co, 17.57; Ni, 2.61; Fe, 13.87. 

Na1.9Co4.0[Fe(CN)6]3.0 · 17.4 H2O (xsynthesis = 1.0, x = 1.00) 

Anal. Calcd for C18.0H34.8N18.0O17.4Na1.9Co4.0Ni0.0Fe3.0: C, 17.60; H, 2.86; N, 20.53; Co, 

19.19; Fe, 13.64.  Found: C, 17.67; H, 2.54; N, 20.07; Co, 19.08; Fe, 13.70. 

Instrumentation and Characterization 

Chemical and structural characterization 

Fourier transform infrared (FT-IR) spectra, taken of samples prepared as KBr pellets or 

mounted between NaCl plates, were recorded using a Thermo Scientific Nicolet 6700 

spectrometer.  A Joel 2010F spectrometer was used to perform energy dispersive x-ray 

spectroscopy (EDS) and transmission electron microscopy (TEM) to determine transition metal 

composition and particle size, by analyzing 50 particle counts with ImageJ imaging software.77  

Samples were deposited as methanol dispersions onto 400 mesh copper grids with holey carbon 

support films, purchased from Ted Pella Inc.  Carbon, hydrogen, and nitrogen (CHN) 
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percentages were found with combustion analysis performed by the University of Florida 

Spectroscopic Services laboratory.   

A Philips APD 3720 powder diffractometer with a Cu Kα source was used to perform room 

temperature x-ray diffraction (XRD) experiments, in order to investigate the compounds crystal 

structures and characteristic lattice constants.78  Powder samples were mounted on glass slides 

and pressed onto double-sided cellophane tape.  Room temperature powder XRD diffractograms 

were utilized to model the products structure by a Rietveld refinement using EXPGUI79 interface 

for GSAS80.  A single-phase model with Fm 3m space group symmetry was used to approximate 

the structure of the Prussian blue analogs.  The cobalt and nickel atoms were forced to occupy 

equivalent sites in the network.  Atomic occupancies were determined by the previously 

described chemical formulas, allowing the oxygen atoms to vary.  The same site symmetries as 

are present in Prussian blue were used, replacing iron vacancies by six legating oxygen atoms 

from water molecules.3  Placement of the oxygen atoms of interstitial water molecules at the 32f 

Wyckoff and 192l positions was passable.31 

Magnetic measurements 

Magnetic measurements were performed by the University of Florida, Department of 

Physics using a Quantum Design MPMS XL superconducting quantum interference device 

(SQUID) magnetometer.81  A room temperature halogen light source (1-2 mW) with a bundle of 

ten optical fibers, ~270 μm O.D. (Ocean Optics Model 200) was used to introduce light into the 

sample chamber of the SQUID for photomagnetic measurements.  Powder samples were 

mounted on pieces of cellophane tape, rapped around a plastic straw, to increase the optical 

cross-section.  High temperature data (T > 100K) were taken using gelcaps as sample holders.  

Backgrounds were subtracted from the magnetic data by using the measured mass susceptibility 



 

43 

of similar sample holders.  Prior to recording magnetic data, the SQUID was demagnetized and 

subsequently allowed to relax for at least two hours.  The same demagnetization protocol, during 

which the magnetic field is oscillated to zero by successive ramps starting at 20kG, was used for 

all low field measurements in 10 G.   

Results Section 

Chemical and Physical Characterization 

Prussian blue analogs with the general formula NaαCoxNi1-x[Fe(CN)6]β·4.5H2O were 

precipitated from aqueous media with xsynthesis values of 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0, where 

xsynthesis is defined as the relative cobalt fraction, [CoII
(aq)]/([CoII

(aq)] + [NiII
(aq)]), present during 

the synthetic procedure.  The chemical formulas were determined considering the results of EDS, 

FT-IR, and CHN analyses.  The Co, Ni, and Fe ratios were taken directly from the EDS results, 

because these elements displayed signals, which had a high signal to noise ration and were 

reproducible.  The elemental percentages of C, H, and N in the compounds were taken from 

combustion analyses.  Using the results of combustion analyses, the elemental percentage of 

oxygen in the precipitated solids was calculated by assuming all hydrogen and oxygen atoms in 

the compounds are in H2O molecules.   

The amount of NiII and CoII present in the precipitated solid closely mimics the ratios used 

in the synthetic procedures, with a slight tendency for the compounds to favorably incorporate 

more CoII into their lattices, as is seen in Figure 2-5 and Table 2-1, below.  The gradual change 

in composition of the precipitated solids is also accompanied by a change in color from purple to 

yellow, as the concentration of NiII increased in the Prussian blue analogs; this observation can 

be seen in Figure 2-6.   
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Figure 2-5.  Measured atomic composition of nickel (○), cobalt (●), and iron (▲) for compounds 

of the general molecular formula NaNi1-xCox[Fe(CN)6]·nH2O as a function of 
xsynthesis.   

 

Figure 2-6.  Color variation of NaNi1-xCox[Fe(CN)6]·nH2O as a function of x. 

The relative ratios of FeII and FeIII in the isolated compounds were determined by fitting 

and integrating the peaks assigned to the cyanide stretches in the FT-IR spectra of each species, 

assuming all extinction coefficients to be equivalent.  The FT-IR spectrum of the pure cobalt 

hexacyanoferrate (x = 1.0) displays cyanide stretching peaks, which have been assigned to the 

CoII
HS-FeIII

LS, CoIII
LS-FeII

LS, CoII
HS-FeII

LS, and the linkage isomerized CoII-FeIII phases, at 2160, 

2117, 2098, and 2060 cm-1, respectively.30,82  The spectrum belonging to the pure nickel 
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hexacyanoferrate (x = 0.0) displays two cyanide stretching peaks, assigned to the cyanide 

bridged NiII-FeIII and NiII-FeII metal pairs, at 2164 and 2123 cm-1.83   
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Figure 2-7.  FT-IR spectra (black) and respective fitting parameters for synthesized 

NaNi1-xCox[Fe(CN)6]·nH2O compounds as a function of x.  All fits (green) were 
performed using four Lorentzian lines (red).  ω is defined as the peak stretching 
energy, W is defined as the peak half-maximum width, and A is defined as the area 
under the curve. 
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As the concentration of NiII in the lattice is increased at the expense of CoII ions, the 

intensities of the three peaks near 2120, 2090, and 2060 cm-1 decrease, while that of the peak 

near 2160 cm-1 remains relatively unchanged and a peak near 2125 cm-1 emerges.   

These changes in the intensities of the peaks indicate both the reduction in the number of 

cobalt-iron pairs and the subsequent formation of nickel-iron pairs with the gradual inclusion of 

NiII ions into the structure.  All FT-IR spectra and their tabulated results are shown in Figure 2-7.  

Finally, the amount of sodium ions in the chemical formulas was assigned according to charge 

balance of the network in conjunction with CHN and EDS analyses, with the known constraints 

of detecting light atoms with the latter technique.84  The resultant expanded chemical formulas 

are listed in Table 2-1. 

Table 2-1.  Molecular formulas for synthesized NaNi1-xCox[Fe(CN)6]·nH2O compounds 
xsynthesis x Chemical Formula 

0.0 0.0 Na1.3NiII
4.0[FeIII(CN)6]2.7[FeII(CN)6]0.3 · 20.0 H2O 

0.2 0.22 Na1.7CoII
0.8NiII

3.2[FeIII(CN)6]2.5FeII(CN)6]0.5 · 17.7 H2O 

0.4 0.45 Na1.7CoII
1.8NiII

2.2[FeIII(CN)6]2.5FeII(CN)6]0.6 · 19.7 H2O 

0.6 0.66 Na1.8CoII
2.6NiII

1.4[FeIII(CN)6]2.2FeII(CN)6]0.8 · 18.5 H2O 

0.8 0.87 Na1.8CoII
3.5NiII

0.5[FeIII(CN)6]1.8FeII(CN)6]1.1 · 15.3 H2O 

1.0 1.00 Na1.9CoII
4.0[FeIII(CN)6]2.2FeII(CN)6]0.8 · 17.4 H2O 

 
Table 2-2.  Unit cell parameters and particulate size of NaNi1-xCox[Fe(CN)6]·nH2O compounds 

as a function of x 

x Unit cell length (Å) Edge length (nm) 

0.0 10.2396(2) 15.59 ± 3.40 

0.22 10.2491(7) 26.50 ± 5.25 

0.45 10.2558(3) 28.71 ± 6.92 

0.66 10.2680(2) 38.74 ± 7.65 

0.87 10.2893(7) 117.21 ± 22.68 

1.0 10.3072(6) 237.79 ± 40.12 
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x = 0.00 x = 0.22 x = 0.45

x = 1.00x = 0.87x = 0.66
 

x = 0.00 x = 0.22 x = 0.45

x = 1.00x = 0.87x = 0.66

 

Figure 2-8.  TEM micrographs for NaNi1-xCox[Fe(CN)6]·nH2O compounds for different values 
of x.  All scale bars shown are 100 nm. 

The structure of the compounds was then investigated with TEM and powder XRD.  For 

identical synthesis protocols, excepting the ratio of CoII
(aq) to NiII

(aq), the average size of the 

particles evolves continuously, becoming larger as more CoII ions are introduced into the lattice, 

Table 2-2 and Figure 2-8.   

The TEM images of the trimetallic Prussian blue analogs also indicate that the defined 

edges and cubic shape of the particles are lost as the amount of atomic mixing of the divalent 

transition metal site in the lattice is increased, Figure 2-8.  Similarly, the unit cell constants 

evolve continuously when the relative concentration of CoII ions in the lattice is changed from x 

= 0.00 to x = 1.00, Table 2-2 and Figure 2-9.  This continuous evolution of particle size and the 

absence of the secondary precipitates of the parent compounds, coupled with evolution of the 
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lattice constants while keeping the same single-phase space group, indicate a homogeneous 

mixing of the NiII and CoII ions within the lattice. 
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Figure 2-9.  Room temperature XRD reflection of NaNi1-xCox[Fe(CN)6]·nH2O compounds, 

showing a continuous evolution of unit cell parameters with x.  Backgrounds have 
been subtracted and the intensities have been normalized. 

To verify that the evolution of both the precipitate’s color and magnetic behavior is a 

consequence of intimate atomic mixing of CoII and NiII ions in the divalent metal sites, and not a 

result of macroscopic mixing of the cobalt iron and nickel iron Prussian blue analogs, a post 

synthesis, homogenous mixture of the parent PBA compounds, with transition metal composition 

equivalent to the xsynthesis = 0.6 compound, was synthesized as a control.  Though the powder 

sample appears brown in color, with a hue similar to the corresponding ternary Prussian blue 

analog, TEM micrographs reveal that the sample is comprised of a bimodal dispersion of 

particles, with average particle edge lengths closely matching those of the two parent 
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compounds, Figure 2-10.  The additive nature of this samples magnetic behavior will be 

demonstrated in the following sections. 

 
100 nm 

a) 

b)

100 nm 100 nm 

B
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Figure 2-10.  TEM image of a post-synthesis, manually mixed NaNi1-xCox[Fe(CN)6]·nH2O 
compound with x = 0.6.  TEM micrographs of the manually mixed sample indicates 
the presence of A) CoFe and B) NiFe PBAs, with equivalent edge lengths of the 
previously reported x = 0.0 and 1.0 samples.  The scale bars shown is 100 nm. 

Finally, control over particle size for a given x value was shown possible by varying the 

concentration and the amount of time that the particles are in solution prior isolation.  Increasing 

the transition metal ion concentrations of the reaction solutions from 2 mM to 40 mM and 

decreasing the reaction time from 3 hours to 30 minutes lead to a decrease in average particle 

edge length of the x = 1 compound from 238 nm to 73 nm.  Allowing x = 0.0 precipitated solids 

to remain in their reaction solutions for 3 days after the initial reaction period enable to further 

Oswald ripening to form particles with a larger average edge length (30 nm).  As will be shown 

later, no appreciable differences were seen in the low temperature magnetization of these 

compounds, as compared to the x = 0.0 and 1.0 reported above.85,86 
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Low Temperature Magnetization 

The temperature and time dependences of the dc magnetic susceptibilities, (T)and = 

M/H, of the six ternary transition metal Prussian blue analogs are shown in Figure 2-11.  The 

temperature dependences of the dc magnetic susceptibilities were recorded for samples in a field 

of 10 G between 2 K and 30 K, while the time dependences of the compounds’ photomagnetism 

were recorded at 2 K in a field of 10 G.  A clear bifurcation of the field-cooled (FC) and 

zero-field-cooled (ZFC) curves at a lower temperature than the Prussian blue analogs’ magnetic 

ordering temperature (Tc), with a peak in the ZFC vs. T plots, is observed for all samples, 

indicating the spin-glass nature of the materials.  A gradual scaling of the magnetic ordering 

temperature was also seen, the Tc increasing as the concentration of NiII ions in the lattice is 

increased, Table 2-3.  An increase in the magnetic ordering temperature was also observed after 

photoillumination, for those compounds containing CoII ions, indicating an increase in the 

magnetic coherence within the samples.  All compounds, which have cobalt ions incorporated 

into the lattice, display a change in their magnetization when exposed to white light.  Though 

present in all the mixed samples, the most striking effect is observed in the x = 0.66 sample.  At 

5 K and in 10 G, the compound displays an obvious decrease in magnetization when 

photoexcited.  This same photoinduced decrease in magnetism was also seen in the x = 0.45 

sample, although to a lesser extent.  These experimental results observed in the SQUID 

magnetometry data agree qualitatively with simple mean field calculations, Figure 2-11 and 

2-12.   
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Figure 2-11.  Photoinduced CTIST in NaNi1-xCox[Fe(CN)6]·nH2O compounds.  A) Molar 
magnetic susceptibility as a function of time of sample irradiation.  Experiments were 
preformed at 5 K and 10 G.  B) Molar magnetic susceptibility as a function of 
temperature in the dark FC (■), ZFC (▲) and photoexcited states (♦), measured with 
He 10 G.  All magnetic measurements are represented per mole of sample; x 
corresponds to molecular formulas listed in Table 2-1. 
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Figure 2-12.  Mean-field calculations of molar magnetic susceptibilities as a function of 
temperature at 10 G in the dark (solid line) and light states (dashed line).  All 
magnetic calculations are represented per mole of sample; x corresponds to molecular 
formulas listed in Table 2-1.81 



 

53 

-4

-2

0

2

4

6

x = 0.00

(b)

 

 

-6

-4

-2

0

2

4

6

x = 0.22

 

 

-4

-2

0

2

4

6

 

x = 0.45

 

 

M
 (

e
m

u 
G

 / 
m

o
l)

-4

-2

0

2

4

x = 0.66

 

 

-4

-2

0

2

4

6

x = 0.87

  

 

-20 0 20 40 60 80

-2

-1

0

1

2

3

x = 1.00

 

 

H (kG)

 

Figure 2-13.  Magnetization as a function of applied magnetic field in both the dark (■), and light 
states (♦), measured at 2 K.  High field magnetization always increases after 
photoirradiation, even for those samples showing a photodecrease at low fields. 
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Field dependent magnetization studies were then performed on the series of compounds at 

2 K and in applied magnetic fields up to 70 kG, and this data is represented in Figure 2-13 and 

Table 2-3.  All samples show an increase in magnetization at high, applied magnetic fields; those 

materials exhibiting photomagnetism also showed an increase in magnetization from the dark to 

the light state.  A dependence upon photoirradiation and x was also seen in the magnitude of the 

compounds’ coercive fields, increasing after illumination and decreasing as the degree of 

divalent transition metal mixing was increased.   

Table 2-3.  Magnetic ordering temperatures (Tc) and coercive fields (Hc) as a function of x for 
NaNi1-xCox[Fe(CN)6]·nH2O compounds 

x Magnetic Ordering Temperature (Tc) 
(K) 

Coercive Fields (Hc) 
        Light (G)                      Dark (G)        

0.00 27            3470                             3470            
0.22 23            1980                             1985            
0.45 20            1374                             1368            
0.66 17              930                               910            
0.87 13            1380                             1060            
1.00 17            3036                             2671            

 

To confirm that the observed behavior is due to an intimate mixing of the CoII and NiII ions 

with the lattice, a post-synthesis, manually mixed sample of separately precipitated nickel 

hexacyanoferrate (x = 0) and cobalt hexacyanoferrate (x = 1) powders was prepared, and its 

magnetic behavior was subsequently investigated.  Though the chemical composition of this 

sample is the same as that of the x = 0.66 material, a magnetic increase is observed upon 

photoirradiation, as opposed to the previously described photodecrease.  The FC (T) plots 

clearly show the magnetic orderings of both binary species, x = 0.00 and 1.00, as well as the 

previously noted photoincrease in magnetization, Figure 2-14.  High and low field magnetization 

increases, as well as increased coercive fields, are observed after photoirradiation. 
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Figure 2-14.  Magnetic behaviour of post synthesis mixed NaNi1-xCox[Fe(CN)6]·nH2O, 
x = 0.66.  A) Molar magnetic susceptibility as a function of time of sample 
irradiation.  Experiments were preformed at 5 K and 10 G.  B) Molar magnetic 
susceptibility as a function of temperature in the dark FC (●) and photoexcited states 
(●), measured with He 10 G.  C) Magnetization as a function of applied magnetic 
field in both the dark (■), and light states (■), measured at 2 K. 

To verify that the materials’ evolution in low temperature magnetism is independent of 

particle size, larger nickel hexacyanoferrate particles, with an equivalent chemical formula, were 

grown (~30 nm).  The FC (T) plot indicates magnetic ordering at 27 K, the same Tc seen in the 

smaller 12 nm particles, Figure 2-15. 
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Figure 2-15.  Molar magnetic susceptibility as a function of temperature for A) 12 nm and B) 30 
nm particles of Na1.3Ni4.0[Fe(CN)6]3.0 · 20.0 H2O in the dark FC (■) state measured 
with He 10 G. 
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High Temperature Magnetization 

The thermal CTIST effect was then studied in the NaNi1-xCox[Fe(CN)6]·nH2O 

compounds by recording the temperature dependences of the dc magnetic susceptibility 

temperature product (T) in 5 kG and in the temperature range of 100 K to 300 K for various 

values of x.  A thermal sweep rate of < 0.5 K/min was utilized to insure equilibrium was 

maintained throughout the spin-crossover event.  The results of these studies are displayed in 

Figure 2-16, below.  For comparison, combined Bethe-Peierls-Weiss spin-crossover and Weiss 

mean field magnetization calculations for these compounds are also presented. 

All NaNi1-xCox[Fe(CN)6]·nH2O samples with x > 0 demonstrate a thermally induced 

CTIST, which appears to be able to be cycled with temperature.  This behavior is indicated by 

the sudden decrease of the magnetic susceptibility upon cooling the materials below ~170 K and 

the subsequent increase in magnetization after warming.  These CTIST events also exhibit 

thermal hysteresis, which is characteristic of the cooperativity of the transition.  The width of this 

thermal hysteresis and the magnitude of the CTIST event, and therefore the amount of material 

that undergoes the CTIST, increase as the concentration of Co in the lattice increases, Table 2-4.   

Table 2-4.  Width of thermal hysteresis and % of CTIST active material in 
NaNi1-xCox[Fe(CN)6]·nH2O as a function of x 

x Thermal Hysteresis 
(T1/2up- T1/2down) (K) 

CTIST active material 
(%) 

0.00 no effect 0 
0.22 2 3 
0.45 13 3 
0.66 21 3 
0.87 13  13 
1.00 38  69 

Finally, a decrease in the ferromagnetic slope in T, characteristic of the NajNik[Fe(CN)6]l·nH2O 

(x = 0.00) compound, can be seen as more Co is introduced into the lattice.  These experimental 

observations closely mimic the predicted behavior of the mean field calculations, Figure 2-16. 
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Figure 2-16.  Temperature dependent magnetization studies as a function of CoII concentration, 
x, for NaNi1-xCox[Fe(CN)6]·nH2O.  A) T vs T as measured in a SQUID 
magnetometer with an applied field of 5 kG.  B) The results of mean field 
calculations as shown for T vs T.  The magnetic signals are expressed per mole of 
compound, using the chemical formulas reported above.81 
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To validate the claim that the evolution in the thermal hysteresis and fraction of CTIST 

active material is dependent upon the composition of the ternary Prussian blue analog, and not 

the equilibrium size of the particles, a smaller cobalt hexacyanoferrate (x = 1.00) particulate 

sample was precipitated (73 nm) and its magnetic behavior was investigated between 100 and 

300 K, Figure 2-17.  Similar to the prior reported x = 1.00 complex, the temperature dependent 

magnetization plots of T vs. T demonstrate wide thermal hysteresis of 24.1 K, with 77 % of the 

expected amount of material transitioning during the CTIST event. 
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Figure 2-17.  Temperature dependent magnetization studies, with an applied filed of 5 kG, for 

73 nm particles of NaNi1-xCox[Fe(CN)6]·nH2O, with x = 1.00.   

Discussion Section 

Low Temperature Magnetization 

Photoinduced decrease in magnetization 

The observation of a photoinduced decrease in magnetization in heterostructured, 

sandwich films of the photoactive, ferrimagnetic RbjCok[Fe(CN)6]l·nH2O deposited between two 
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layers of ferromagnetic RbjNik[Cr(CN)6]l·nH2O and the extensive mixing of the Prussian blue 

analogs, found in these films, led us to believe that these photoeffects are a result of the interplay 

between ferromagnetic and antiferromagnetic exchange, Figure 2-2, 2-3, and 2-4. 

To test this conjecture, a series of ternary transition metal Prussian blue analogs were 

synthesized (NaNi1-xCox[Fe(CN)6]·nH2O, with x ranging from 0.00 to 1.00) and their magnetic 

behavior compared to that predicted by numerical calculations and observed in the 

heterostructured thin films. 

The results of mean field calculations predict a decrease in magnetization upon 

photoirradiation for the NaNi1-xCox[Fe(CN)6]·nH2O samples, which have enough NiII ions in 

the lattice ferromagnetically coupled to iron ions.  Though seen in both of the x = 0.45 and 0.66 

samples, this behavior is most clearly seen in the latter of the two.  This sample has an adequate 

amount of ferromagnetically coupled Ni-Fe pairs to drive the Fe sublattice parallel to the applied 

field, while possessing enough photoactive Co-Fe pairs to exhibit an appreciable CTIST effect.  

In a low field (10 G), the major spins of photoexcited, ferrimagnetic Co-Fe pairs align 

antiparallel to the applied field because of antiferromagnetic superexchange between the Co and 

Fe ions within the lattice.  Since the iron sublattice has previously aligned parallel to the applied 

field due to the presence of ferromagneticly coupled Ni ions, a photodecrease in magnetization is 

observed, Figure 2-11.  In the low applied field of 10 G, a decrease in the measured susceptibility 

is observed below approximately 12 K, while an increase is observed above this temperature, 

indicating a temperature dependence of this phenomenon.  This is due to the thermal population 

of system excited states, where the Co spins align parallel to those of the Fe and Ni ions and 

hence the applied field, a result of thermal energy overcoming the exchange energies.  Also, if a 

sufficient external magnetic field is applied to the sample, a photoincrease in magnetization is 



 

60 

observed, due to the reduction in energy of the system by aligning the Co-Fe pairs with the 

applied field, as apposed to with the superexchange, Figures 2-13 and 2-18. 

This increase in magnetization at high fields is observed in all the measured samples, 

regardless of x, and proves that the increase in magnetization is due to additional spins being 

generated during photoirradiation.  These results indicate that the mechanism for this 

photoinduced magnetization is the same CTIST seen in the pure NajCok[Fe(CN)6]l·nH2O 

(x = 1.00) material.  The photoeffect seen in these compounds is reproducible and can be 

reversed with thermal cycling above 150 K.  The strong correlation between the experimental 

results observed in the ternary Prussian blue analogs and the predictions established from the 

mean field calculations, as well as the similarities in magnetic behavior seen in the 

heterostructured thin films and x = 0.66 compound, support the claim that the photoinduced 

decreases in magnetization is due to the interplay between ferromagnetic and antiferromagnetic 

superexchange interactions within the lattice. 

 

Figure 2-18.  Field dependent, photomagentism of NaNi1-xCox[Fe(CN)6]·nH2O, x = 0.66.  The 
sample was measured at T = 5 K at low field (H = 10 G) and high field (H = 1 kG). 
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It is also important to note that there is a time dependence of the photoinduced magnetic 

effect in these materials.  When the samples were remeasured after one month, the photodecrease 

was found to be stronger by a few percent.  This change in the photomagnetic properties may be 

a result increased atomic mixing within the samples, arising from solid state diffusion of 

interstitial cations within the lattice. 

Evolution of magnetic properties 

The NaNi1-xCox[Fe(CN)6]·nH2O compounds reported above exhibit spin glass magnetic 

behavior, as evidenced by a bifurcation of the FC and ZFC magnetization curves, Figure 2-11.  

When the samples are cooled without the presence of an external applied field, ferrimagnetic 

domains within the solids are oriented randomly.  After cooling below the samples’ ordering 

temperature, an increase in magnetization is observed due to short range magnetic interactions.  

Further cooling the sample below its freezing temperature, Tf , decreases the magnetization, and 

the material resembles an antiferromagnet.  If a sufficient, external field is then applied to the 

sample, the randomly oriented domains align, and the compounds magnetization will increase, as 

a result of long range, magnetic correlations.  Upon warming the sample, the once aligned 

magnetic domains begin to randomize, and the magnetization of the sample decreases.  With the 

addition of sufficient thermal energy, the FC magnetic data will resemble that of the ZFC.  There 

is an inherit complexity to the magnetic behavior in these compounds as a result of the spin 

glass-like nature present in both parent compounds.25,87-91  Because of this, the lack of monotonic 

scaling found among the magnetic properties is not surprising.  This reflected in the evolution of 

the Curie-Weiss temperature, the coercive field, and the peak in the zero-field-cooled 

susceptibility, Figure 2-19.  A gradual scaling in the magnetic properties of the two binary 

Prussian blue analogs is observed with minima present near x ~ 0.8. 
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Figure 2-19.  Dependence of the Curie-Weiss temperature, C-W, coercive field, HC, and 

maximum in the ZFC susceptibility, Tpeak, before (■) and after (♦) photoexciation for 
NaNi1-xCox[Fe(CN)6]·nH2O, as a function of x.  Coercive fields were obtained at 
T = 2 K after sweeping to 70 kG.  The Curie-Weiss temperatures were determined by 
fitting data, from 10 K above the ordering temperature to 50 K, with the functional 
form  ~ 1/(T-C-W). 

These results can be compared with previous investigations of ternary transition metal 

Prussian blue analogs.92-97  Similar non-monotonic scaling of magnetic behavior is observed in a 

series of NixMn1-x[Cr(CN)6]·nH2O ternary Prussian blue, where an increase in the coercive field 

and decrease in the magnetic ordering temperature is observed on the background of a linear 

evolution between the values of the parent compounds as a function of x.92,93  In contrast to these 

two systems, monotonic scaling of the transition temperatures and magnetic behavior as a 

function of x was observed in several ternary Prussian blue analogs, Cu[CoxFe1-x(CN)6], 

Ni[CoxFe1-x(CN)6], Fe[CoxFe1-x(CN)6], Ni[CrxFe1-x(CN)6] and Fe[CrxFe1-x(CN)6].
94-97 
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This non-monotonic scaling of the magnetic properties appears to be related to the 

presence of competing ferromagnetic and antiferromagnetic exchange energies, the extent of 

transition metal mixing the divalent sites, and divalent versus trivalent transition metal 

substitution.  These factors can lead to slight structural changes, an increase in network disorder, 

and therefore, a loss of structural and magnetic cooperativity.   

High Temperature Magnetization 

The width of the hysteresis of the thermal CTIST, defined as T1/2up-T1/2down, decreases 

when NiII ions are included into the pure cobalt hexacyanoferrate material.  This dilution of the 

spin crossover event is strongly associated with a decrease in the number of thermal CTIST 

active nearest neighbors, zSCO, present with the lattice, Figure 2-20.  zSCO is determined by 

considering the number of cyanometallate vacancies, the relative amount of FeII and FeIII in the 

lattice, and x, using the previously reported molecular formulas, Table 2-1. 

While the dilution of CTIST active species is the dominant contributor to the decrease in 

thermal hysteresis, changes in the local environments of the active species are also present and 

play an active role.  The dilution of spin-crossover species has previously been investigated in 

[FexZn1-x(2-pic)3]Cl2·EtOH, where the reduction in the thermal hysteresis was attributed to the 

elastic interactions innate to these magneto-structural transitions.98,99  In recent studies of the 

CTIST behavior in PBAs, the CTIST diluted Rb0.70Cu0.22Mn0.78[Fe(CN)6]0.86·2.05H2O was 

compared to its parent compound Rb0.81Mn[Fe(CN)6]0.95·1.24H2O.100  In this case, no appreciable 

change in the width of the hysteresis loop was observed. 

As previously mentioned, the number of CTIST active nearest neighbors, and hence the 

amount of CTIST active material, quickly reduce upon the introduction of NiII ions within the 

PBA lattice, Figure 2-20.  More specifically, the fraction of spin transitioning material, as 
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compared to the amount expected from the chemical formula, decreases from 69% to 13% to 3% 

when looking at the x = 1.00, 0.87, and 0.66 samples respectively. 
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Figure 2-20.  Dependence of thermal hysteresis, number of spin-crossover active nearest 
neighbors, zSCO, percentage of CTIST active material, and unit cell lattice parameters 
as a function of x.  Thermal hysteresis (T1/2up-T1/2down) is defined as the difference in 
the temperature, at which half of the spin-crossover active material has transitioned to 
the HS state during the warming cycle and the temperature at which half of the spin-
crossover active material has transitioned to the LS state during the cooling cycle. 

The percentages of CTIST active material were established from the chemical formula of the 

compounds, the room temperature FT-IR, and the change in magnetic susceptibility from the 
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thermal CTIST.  We believe this decrease in the CTIST active material to be related to the 

stabilization of CoHS-FeLS pairs arising from the inclusion of NiII ions into the lattice and 

subsequent variations of the compounds’ unit cells, Figure 2-20 and Table 2-2.  The CoLSFeLS 

phase with sodium counter ions has a lattice constant of 9.9721 Å, while the CoHSFeLS phase has 

a lattice constant of 10.3033 Å.31  This latter case is similar to the x = 1.00 (10.3072 Å).  On the 

other hand, the Ni-Fe Prussian blue analog (x = 0.0) has a lattice constant of 10.2396 Å, which is 

comparable to previously reported value of 10.229 Å.76  The lattice constants of the reported 

NaNi1-xCox[Fe(CN)6]·nH2O appear to scale monotonically as a function of x, Figure 2-20.  

This is consistent with unit cell changes seen in other ternary metal Prussian blue analogs.92-97  

As a result of Ni-Fe pair formation, it is no longer energetically favorable for the Co-Fe metals 

pairs in NaNi1-xCox[Fe(CN)6]·nH2O to exist in the LS state, due to the added strain that would 

be placed on the lattice.  Since a portion of the Co-Fe pairs are now forced into the HS state, the 

amount of PBA material which can transition in the LS state, and therefore undergo CTIST, is 

reduced.   

The FT-IR spectra of the compounds also provide evidence supporting the stabilization of 

the lattice with the inclusion of NiII ions.  As the amount of NiII ions in the divalent sites of the 

networks is increased, the stretching frequency of cyanide stretching peak near 2160 cm-1 

increases from 2160 cm-1 in the pure cobalt hexacyanoferrate to 2163 cm-1 in the case of the pure 

nickel hexcaynoferrate.  Modeling the cyanide bridged metal centers after two masses connected 

by a spring, this change in the peak stretching frequency indicates a stabilization of the bond and 

an increased rigidity of the lattice, when nickel is included into the network.   

A similar reduction of CTIST active material was observed by Cafun et al. in an 

investigation of the dilution of cobalt hexacyanoferrate.  In the study, the CTIST dilution was 
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achieved by placing ZnII ions in the divalent metal site of the lattice or by placing 

hexacyanocobaltate in the cyanometallate site.  Similarly, a significant sensitivity of the CTIST 

effect was observed, with a larger than expected reduction in the magnitude of the behavior.44 

Conclusions 

In our current study, we demonstrated the tuneable synthesis of a series of trimetallic 

Prussian blue analogs with the general molecular formula NaNi1-xCox[Fe(CN)6]·nH2O.  The 

NaNi1-xCox[Fe(CN)6]·nH2O system is the first example of a compound in which competing 

superexchange energies dictate the sign of the photoinduced CTIST magnetization.  These 

compounds exhibit either a photoincrease or photoinduced decrease in magnetization for certain 

values of x, temperature, and applied magnetic field.  The ease with which the molecular 

composition of these ternary transition metal Prussian blue analogs can be tuned allows for the 

intelligent control of both the magnitude and sign of the photoeffect through stoichiometry 

modification.  In addition, dilution of the spin crossover active species of the ternary Prussian 

blue analog decreases the width of the thermal hysteresis of the CTIST.  The experimental results 

and the origins of the magnetic behaviour are qualitatively explained using mean field 

calculations.   
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CHAPTER 3 
MAGNETIC ANISOTROPY IN PRUSSIAN BLUE ANALOG THIN-FILMS 

Introduction 

Research of thin films of coordination compounds continues to provide materials with 

novel magnetic properties.37-41,56,59,72,101-108  One such series of coordination compounds, which 

has drawn considerable attention, are Prussian blue analogs, AjM΄k[M(CN)6]l·nH2O, where A is 

an alkali ion and M΄ and M are transition metal ions.  One Prussian blue analog with immense 

potential in the development of magneto-optical storage media is the photomagnetic cobalt iron 

PBA, K0.2Co1.4[Fe(CN)6]·6.9H2O.  The photomagnetism of this compound was first described by 

Hashimoto and co-workers.17  The cobalt iron Prussian blue analogs have since been extensively 

studied in order to modify the magnitude of this transition and temperature at which the 

photoinduced CTIST phenomenon takes place.  In order to achieve these goals, investigations 

have focused on the manipulation of molecular composition and the synthesis of nanoscale 

materials using nanoparticle and thin film fabrication techniques.17-41,56,59,72,107,108   

While investigating nano-scale thin films of the cobalt iron Prussian blue analogs 

(AjCok[Fe(CN)6]l·nH2O), our lab was the first to discover anisotropy in the low temperature 

magnetization of these materials.37  When the thin films were oriented parallel to an applied 

field, an increased temperature dependent magnetism is observed, as compared to that when the 

film oriented perpendicular to the applied field.  Similar magnetic anisotropy has also been 

observed in nanometer-scaled AjNik[Cr(CN)6]l·nH2O and heterostructured Prussian blue analog 

thin films.56,74,75,101,102  While studying the photoinduced magnetism in cobalt iron Prussian blue 

analog thin films, our lab also discovered that these films exhibit anisotropic photo-induced 

magnetism, a behavior not seen in the bulk powder materials.37,56  When the films are oriented 

parallel to an external applied magnetic field (He) during photoirradiation, the magnetism 
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increases, while a decrease in magnetism is observed when the films are oriented perpendicular 

to He during photo-excitation.  The magnetic anisotropy observed in these studies has been 

attributed to structural anisotropy directed from the interface between the substrate and 

precipitated thin films producing an easy magnetic axis within the samples. 

Our investigations of magnetic anisotropy in Prussian blue analog thin films is now being 

expanded to include a variety of divalent transition metal ions (CoII, NiII, CuII, and ZnII) and 

hexacyanometallates (Fe(CN)6
3- and Cr(CN)6

3-).  The fabrication of binary PBA thin films with 

tunable thickness and molecular composition was demonstrated using sequential adsorption and 

spin casting methods.  All of the Prussian blue analog thin films displayed magnetic anisotropy, 

which could be tuned with the exchange of transition metal ions within the lattice of the PBA 

thin films.  The thickness dependence of the magnetic anisotropy was investigated in the 

RbjNik[Cr(CN)6]l·nH2O thin films; minimal thickness dependence upon magnetic anisotropy was 

identified, decreasing slightly with increased thin film thickness.  This magnetic anisotropy in 

the PBA thin films is explained by single-ion anisotropy and a magnetic easy axis within the 

material.  These may be caused by Jahn-Teller lattice distortions induced by magnetic ordering at 

low temperatures and lattice strains initiated by the structure-directing interface between the 

Melinex and the PBAs.   

Experimental Section 

Materials 

K3Cr(CN)6 was synthesized by treating aqueous solutions of potassium cyanide with 

CrCl3·3H2O and was used after recrystallization from methanol.109  Deionized water, used in 

synthetic procedures, was obtained from a Barnstead NANOpure system with a resistivity of at 

least 17.8 MΩ.  Melinex, a polyethylene terephthalate polymer 535/380 gauge, was obtained 

from DuPont Teijin films and was used as the solid support for all of the thin films reported 
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herein.  Prior to use, Melinex substrates were washed with methanol and water to clean the 

surface and dried under a stream of nitrogen gas.  All other reagents were purchased from 

Sigma-Aldrich or Fisher-Acros and used without further purification.   

Film Preparation 

Rb0.61Co4.0[Cr(CN)6]2.87·nH2O fast thin film (1a-f) 

A Melinex solid support was immersed 5 times in 10 mM Co(NO3)2·6H2O(aq) and rinsed 

twice with DI water.  Next, the Melinex substrate was then dipped 5 times in 10 mM 

K3[Cr(CN)6](aq) and 12.5 mM RbNO3(aq) and then rinsed with DI water.  This deposition cycle 

was repeated 5, 10, 20, 30, 60, and 200 times in order to manufacture thin films of varying 

thickness.  After Prussian blue analog deposition, the films were rinsed with DI water and 

methanol and dried under a stream of nitrogen.73 

Rb0.88Ni4.0[Cr(CN)6]3.00·nH2O fast thin film (2a-g) 

A Melinex solid support was immersed 5 times in 10 mM Ni(NO3)2·6H2O(aq) and rinsed 

twice with DI water.  Next, the Melinex substrate was then dipped 5 times in 10 mM 

K3[Cr(CN)6](aq) and 12.5 mM RbNO3(aq) and then rinsed with DI water.  This deposition cycle 

was repeated 5, 10, 20, 30, 60, 200, and 400 times in order to manufacture thin films of varying 

thickness.  After Prussian blue analog deposition, the films were rinsed with DI water and 

methanol and dried under a stream of nitrogen. 

RbjNik[Cr(CN)6]l·nH2O powder spin-cast thin film (2h) 

A solution of 10 mM K3[Cr(CN)6](aq) and 12.5 mM RbNO3(aq) was treated with 10 mM 

Ni(NO3)2·6H2O(aq) precipitating a microcrystalline powder product.  The solid precipitate was 

isolated by centrifugation, was rinsed three times with DI water, and once with methanol.  The 

isolated precipitate was then dried under a stream of nitrogen, yielding a light blue powder.  The 

Prussian blue analog precipitate was then dispersed in ether at a concentration of 2.5 mg/mL.73 
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Rb0.70Cu4.0[Cr(CN)6]2.90·nH2O fast thin film (3a-f) 

A Melinex solid support was immersed 5 times in 10 mM Cu(NO3)2·6H2O(aq) and rinsed 

twice with DI water.  Next, the Melinex substrate was then dipped 5 times in 10 mM 

K3[Cr(CN)6](aq) and 12.5 mM RbNO3(aq) and then rinsed with DI water.  This deposition cycle 

was repeated 5, 10, 20, 30, 60, and 200 times in order to manufacture thin films of varying 

thickness.  After Prussian blue analog deposition, the films were rinsed with DI water and 

methanol and dried under a stream of nitrogen. 

Rb0.27Zn4.0[Cr(CN)6]2.77·nH2O fast thin film (4a-f) 

A Melinex solid support was immersed 5 times in 10 mM Zn(NO3)2·6H2O(aq) and rinsed 

twice with DI water.  Next, the Melinex substrate was then dipped 5 times in 10 mM 

K3[Cr(CN)6](aq) and 12.5 mM RbNO3(aq) and then rinsed with DI water.  This deposition cycle 

was repeated 5, 10, 20, 30, 60, and 200 times in order to manufacture thin films of varying 

thickness.  After Prussian blue analog deposition, the films were rinsed with DI water and 

methanol and dried under a stream of nitrogen. 

Rb0.74Co4.0[Fe(CN)6]2.84·nH2O fast thin film (5a-f) 

A Melinex solid support was immersed 5 times in 5 mM Co(NO3)2·6H2O(aq) and rinsed 

twice with DI water.  Next, the Melinex substrate was then dipped 5 times in 20 mM 

K3[Fe(CN)6](aq) and 12.5 mM RbNO3(aq) and then rinsed with DI water.  This deposition cycle 

was repeated 5, 10, 20, 30, 60, and 200 times in order to manufacture thin films of varying 

thickness.  After Prussian blue analog deposition, the films were rinsed with DI water and 

methanol and dried under a stream of nitrogen.73 

Rb0.96Ni4.0[Fe(CN)6]2.79·nH2O fast thin film (6a-f) 

A Melinex solid support was immersed 5 times in 10 mM Ni(NO3)2·6H2O(aq) and rinsed 

twice with DI water.  Next, the Melinex substrate was then dipped 5 times in 20 mM 
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K3[Fe(CN)6](aq) and 12.5 mM RbNO3(aq) and then rinsed with DI water.  This deposition cycle 

was repeated 5, 10, 20, 30, 60, and 200 times in order to manufacture thin films of varying 

thickness.  After Prussian blue analog deposition, the films were rinsed with DI water and 

methanol and dried under a stream of nitrogen. 

Rb0.54Cu4.0[Fe(CN)6]2.72·nH2O fast thin film (7a-f) 

A Melinex solid support was immersed 5 times in 10 mM Cu(NO3)2·6H2O(aq) and rinsed 

twice with DI water.  Next, the Melinex substrate was then dipped 5 times in 20 mM 

K3[Fe(CN)6](aq) and 12.5 mM RbNO3(aq) and then rinsed with DI water.  This deposition cycle 

was repeated 5, 10, 20, 30, 60, and 200 times in order to manufacture thin films of varying 

thickness.  After Prussian blue analog deposition, the films were rinsed with DI water and 

methanol and dried under a stream of nitrogen. 

Rb0.54Zn4.0[Fe(CN)6]2.83·nH2O fast thin film (8a-f) 

A Melinex solid support was immersed 5 times in 10 mM Zn(NO3)2·6H2O(aq) and rinsed 

twice with DI water.  Next, the Melinex substrate was then dipped 5 times in 20 mM 

K3[Fe(CN)6](aq) and 12.5 mM RbNO3(aq) and then rinsed with DI water.  This deposition cycle 

was repeated 5, 10, 20, 30, 60, and 200 times in order to manufacture thin films of varying 

thickness.  After Prussian blue analog deposition, the films were rinsed with DI water and 

methanol and dried under a stream of nitrogen. 

Instrumentation 

FT-IR spectra of the Prussian blue analog thin films were recorded using a Thermo 

Scientific Nicolet 6700 spectrometer.  Tapping mode AFM experiments were performed on 

nitrogen-dried samples using a Multimode AFM with a Nanoscope IIIa controller (Digital 

Instruments, Santabarbara, CA) and commercially available silicon cantilever probes 

(Nanosensors, Phoenix, AZ).  Scanning electron microscopy (SEM) images and energy-
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dispersive x-ray spectroscopy (EDS) spectra were obtained using a Hitachi S-4000 FE-SEM.  

Magnetic measurements were made using a Quantum design MPMS XL superconducting 

quantum interference device (SQUID) magnetometer. A bundle of 10 optical fibers, 270 μm OD 

(Ocean Optics Model 200), was used to introduce a room temperature halogen light source of 

1-2 mW power into the SQUID magnetometer. 

Analysis Preparation and Procedures 

Melinex substrates, used for transmission FT-IR experiments, were first cleaned with 

methanol and water and later coated by a 200 cycle sequential deposition of the Prussian blue 

analogs to be analyzed.  FT-IR spectra, of these samples, were obtained with a 32 transient scan 

at a resolution of 1 cm-1, with the Melinex supports were oriented at a 45° degree angle to the 

incident beam, to maximize signal to noise.  Backgrounds spectra of the solid supports were 

subtracted out of each thin film spectrum.   

Solid supports were cut into squares with sizes of 1 cm2 and mounted to magnetic disks 

with double sided tape for AFM analysis.  Thickness, roughness, and surface coverage and 

morphology data were obtained by averaging the measurements of 5 different scans covering 

areas of 0.01 mm2.  Thickness was determined by inducing a phase boundary in the Prussian blue 

analog thin films, preventing PBA deposition with a clear acrylic, and measuring the difference 

in height between the solid support and the surface of the film.  The root mean square of film 

height deviation was used to represent the roughness of the films.  Melinex supports, used for 

sequential absorption of 200 cycle thin films, were cut into squares with sizes of 1 cm2, mounted 

onto a metal puck, and coated with a thin film of carbon for SEM measurements.   

For SQUID measurements, films were cut into ~10.5 mm2 squares and stacked in order to 

increase the signal to noise for the measurements.  Backgrounds for the solid supports were 

subtracted by assuming all of the weight of a film was from Melinex and subsequently 
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subtracting that contribution to the magnetization by using previously measured Melinex mass 

susceptibility.81 

Results Section 

Thin Film Generation and Characterization 

Prussian blue analog thin film precipitation 

The Prussian blue analog thin films, with the general molecular formula of 

RbjM΄k[M(CN)6]l·nH2O, were synthesized by the spin casting of precipitated powders onto 

Melinex sheets and the sequential absorption of divalent transition metal cations (Co2+, Ni2+, 

Cu2+, and Zn2+), interstitial Rb+ cations, and tri-anionic cyanometallates Cr(CN)6
3- and Fe(CN)6

3- 

from aqueous solutions.  The sequential adsorption procedure was adapted from previously 

reported techniques by several research groups, Figures 1-7.  Continuous PBA films of tunable 

thickness were deposited by varying the number of deposition cycles during thin film fabrication.  

Though Melinex was the primary substrate used in this investigation, this method can also be 

applied to other substrates.   

With a nitrogen-containing, adhesion-promoting coating, Melinex directs the sequential 

absorption of PBAs by first binding divalent transition metal ions from aqueous solutions to the 

surface of the polymer support.  Subsequent emersion into aqueous, cyanometallate solutions 

enables the formation of M-CN-M΄ bonds and initiates the precipitation of extended coordinate 

covalent networks.  The sequential deposition method lends itself to fine control of thin film 

thickness, which can be linearly increased by repeating deposition cycles.  Previously used by 

our group to study the photomagnetic behavior of cobalt iron and heterostructured Prussian blue 

analog thin films, we are now extending this method to the fabrication of an extensive list of 

other binary transition metal PBAs.   
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PBA thin film structural characterization 

The evolution of thin film thickness, roughness, and surface topology as a function of 

deposition cycles was investigated with atomic force microscopy.  The thickness and roughness 

of the PBA thin films increase with additional deposition cycles, Figure 3-1 and Table 3-1.   
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Figure 3-1.  Prussian blue analog thin film thickness as a function of deposition cycles using a 

sequential absorption method.  M  = Co (square), Ni (triangle), and Cu (star).  
Uncertainty bars represent the standard deviation in the measurement of thin film 
thickness. 

Table 3-1.  AFM measured Prussian blue analog thin film thickness and roughness data.  RMS is 
defined as the average of the height deviations taken from the mean thickness plain.  
Errors in film thickness are from the standard deviations of thickness measurements. 

PBA 
 

Number of cycles 
 

Average film thickness 
(nm) 

RMS roughness 
(nm) 

Unit cells per 
deposition cycle 

CoCr 10            53   ±   6            25              5.5 
 20          118   ± 10            76  
 30          179   ± 14          180  
 60          330   ± 28            97  
NiCr 10            55   ±   9            33              4.8 
 20          107   ±   8            14  
 30          150   ±   8            60  
 60          295   ± 11            79  
CuCr 10            27   ±   4            30              2.8 
 20            49   ±   4            24  
 30            83   ± 10            33  
 60          165   ± 12            92  
CoFe 10            67   ±   3            14              5.1 
 20          132   ±   6            85  
 30          191   ±   5            48  



 

75 

Table 3-1.  Continued 
 60          325   ± 25          223  
NiFe 10            30   ±   3            29              3.4 
 20            58   ±   5            33  
 30          106   ±   3            69  
 60          196   ±   8            65  
CuFe 10            29   ±   1            14              2.4 
 20            52   ±   2            18  
 30            81   ±   3            40  
 60          150   ±   6            39  

Though the thickness of each Prussian blue analog follows this general trend in thickness 

evolution, the rate at which the thickness of the thin films increase is highly dependent upon the 

divalent transition metal ion, decreasing with atomic number, Table 3-1 and Figures 3-2 and 3-3.  

It is important to note that similar thin film roughness is observed for each PBA at similar film 

thickness.  This evolution in precipitation rate closely mimics the Irving-William stability series, 

an observation resultant of transition metal ion charge density, lability, and Jahn-Teller 

distortion.  In no other systems was this more evident than in the ZnCr and ZnFe PBA thin films, 

as will be seen in later AFM images, Figure 3-4.  Though uniform substrate coverage is achieved 

for the majority of the PBA thin films, only the formation of isolated crystallites is observed in 

the ZnCr and ZnFe thin films.  This deposition behavior prevents the measurement of MCr and 

MFe (M = Co, Ni, and Cu) film thickness until 10 deposition cycles have been completed.  Film 

thickness for all ZnCr and ZnFe Prussian blue analog thin films could not be measured.   

 1500 nm 
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CoCr NiCr CuCr 1500 nm 

750 nm 

0 nm 

CoCr NiCr CuCr 

 
Figure 3-2.  AFM images of 30 cycle RbjMk[Cr(CN)6]l·nH2O thin films synthesized using the 

sequential deposition method.  Uniform coverage and similar surface morphology is 
observed for CoCr and NiCr.  Decreased film thickness (179, 150, and 83 nm) is 
observed after changing the divalent transition metal site from Co to Ni to Cu. 
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Figure 3-3.  AFM images of 30 cycle RbjMk[Fe(CN)6]l·nH2O thin films synthesized using the 
sequential deposition method.  Uniform surface coverage and similar surface 
morphology is observed for each film.  Decreased film thickness (191, 106, and 81 
nm) is observed after changing the divalent transition metal site from Co to Ni to Cu. 
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Figure 3-4.  AFM image of a 30 cycle Rb0.54Zn4.0[Fe(CN)6]2.83·nH2O thin film synthesized using 
the sequential deposition method.  More deposition cycles did not result in uniform 
substrate coverage, only increased size of isolated PBA particulates. 

The degree of substrate coverage and surface morphology of the Prussian blue analog thin 

films was then analyzed with atomic force microscopy and further supported using scanning 

electron microscopy.  Upon the completion of five deposition cycles, uniform substrate coverage 

with small particulates is achieved for all PBA thin films, except those utilizing Zn as the 

divalent transition metal ion, Figure 3-4.  After ten deposition cycles, smooth uniform thin films 

are observed for the MCr and MFe (M = Co, Ni, and Cu) PBA thin films, as evidenced by the 

AFM images of CoCr and CoFe Prussian blue analog thin films, Figures 3-5 and 3-6.  The 

smooth nature of these films evolves into a rougher surface coverage with added cycles.  This 

rough surface morphology is retained in the Prussian blue analog thin films while developing 
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even thicker films, Figures 3-5 and 3-6.  As seen in the prior AFM image of a 30 cycle ZnFe thin 

film, repeated deposition cycles do not induce the formation of a uniform film, but only increase 

the size of isolated particulates.   

SEM images of 200 cycle Prussian blue analog thin films, used for EDS analysis, confirm 

the observations made about surface morphology with the prior AFM investigations, Figures 3-7 

through 3-10.   
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Figure 3-5.  AFM images of 53, 118, 179, and 330 nm Rb0.61Co4.0[Cr(CN)6]2.87·nH2O thin films 
synthesized using the sequential deposition method.  Surface coverage is achieved 
after 5 cycles.  Surface morphology is maintained throughout film preparation with 
roughness increasing with increased film thickness. 
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Figure 3-6.  AFM images of 67, 132, 191, and 325 nm Rb0.74Co4.0[Fe(CN)6]2.84·nH2O thin films 
synthesized using the sequential deposition method.  Surface coverage is achieved 
after 5 cycles.  Surface morphology is maintained throughout film preparation with 
roughness increasing with increased film thickness. 

 CoCr NiCr CuCr ZnCr CoCr NiCr CuCr ZnCr 

 

Figure 3-7.  SEM images of 200 cycle RbjMk[Cr(CN)6]l·nH2O thin films.  Uniform substrate 
coverage and rough surface morphology is indicated for the prior three films, while 
large isolated crystals are seen in the ZnCr analog.  The magnification is 2000x and 
scale bars are 10 μm. 
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 ZnCr CuCrNiCr CoCr ZnCr CuCrNiCrCoCr 

 

Figure 3-8.  SEM images of 200 cycle RbjMk[Cr(CN)6]l·nH2O thin films.  The magnification is 
10,000x and scale bars are 1 μm. 

 NiFe CuFe ZnFe CoFe NiFe CuFe ZnFe CoFe 

 

Figure 3-9.  SEM images of 200 cycle RbjMk[Fe(CN)6]l·nH2O thin films.  Uniform substrate 
coverage and rough surface morphology is indicated for the prior three films, while 
large isolated crystals are seen in the ZnFe analog.  The magnification is 2000x and 
scale bars are 10 μm. 

 NiFe CuFe ZnFe CoFe NiFe CuFe ZnFe CoFe 

 

Figure 3-10.  SEM images of 200 cycle RbjMk[Fe(CN)6]l·nH2O thin films.  The magnification is 
10,000x and scale bars are 1 μm. 

Low magnification SEM images of RbjMk[Cr(CN)6]l·nH2O and RbjMk[Fe(CN)6]l·nH2O (M = Co, 

Ni, and Cu) revealed the continuous nature of the thin films and indicate the presence of large, 

bulk-like powder precipitates on the surface.  Upon increasing the magnification five-fold, new 

observations came to light.  While they previously appeared quite rough, one can now see that 

the films appear to be uniform and smooth, when looking past the large crystallites lying on the 

surface.  One can also see what appear to be individual cubic particles embedded into the thin 

film.  The presence of cubic structures within the films, the continued growth of discrete islands 

in the Zn containing films, and the rough, powder like appearance of the films surface indicate 
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that the sequential deposition method allows for the dissolving and recrystallization of already 

precipitated Prussian blue analog films and the inclusion of previously precipitated solids from 

the aqueous solutions.  While this may cause the inclusion of defects into the PBA lattice, it may 

also allow for structural annealing of the thin films and enable structural coherence to permeate 

through the film to a greater extent than in related powders.   

To investigate the magnetic anisotropy of Prussian blue analog thin films fabricated by 

other synthetic methods, spin cast films of RbjNik[Cr(CN)6]l·nH2O microcrystalline powders 

upon Melinex substrates were made.  Though uniform coverage of the solid support was 

achieved, the morphology observed in the sequential deposition thin films was not retained, and 

the surface displays a substantial degree of roughness (58.6 nm), Figure 3-11.  The thickness of 

the film could not be accurately measured due to the lack of a deposition boundary and large 

degree of roughness. 
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0 nm

500 nm

0 nm

500 nm

0 nm
 

Figure 3-11.  AFM image of a spin cast thin film of RbjNik[Cr(CN)6]l·nH2O microcrystalline, 
bulk powders.  Surface coverage is achieved with a RMS roughness of 58.6 nm. 

PBA thin film chemical characterization 

The chemical formulas of the thin films were determined considering the results of EDS 

and FT-IR analyses.  The alkali and transition metal ratios were taken directly from the EDS 

results, because these elements had a high signal to noise ratio and were reproducible.  The 
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relative ratios of FeII and FeIII in the precipitated thin films were determined by fitting and 

subsequently integrating the peaks assigned to the cyanide stretches in the FT-IR spectra of each 

species, assuming all extinction coefficients to be equivalent.  Alkali and transition metal 

composition, characteristic cyanide peak stretching frequencies, and the resultant thin film 

molecular formulas are summarized in the tables Table 3-2.  Strong agreement between cyanide 

peak stretching frequencies in the FT-IR spectra of the thin films and those of the representative 

bulk powders confirms that the targeted materials were deposited upon the solid 

supports.30,82,106,110-113  The transmission FT-IR spectra and a summary of fitting parameters of 

the PBA thin films are supplied in Appendix B, Figures A-1 and A-2.   

Table 3-2.  Molecular composition and characteristic CN stretches for Prussian blue analog 
RbjM´k[M(CN)6]l·nH2O thin films synthesized with the sequential adsorption method  

PBA 
 

Chemical composition  
  % Rb       % Cr        % Fe       % Co       % Ni       % Cu      % Zn   

CN stretches 
(cm-1)  

CoCr Rb0.61Co4.0[Cr(CN)6]2.87·nH2O 
   7.94       36.35                       55.72      

2171, 2137 

NiCr Rb0.88Ni4.0[Cr(CN)6]3.00·nH2O 
 10.94       36.54                                       52.54       

2175, 2135 

CuCr Rb0.70Cu4.0[Cr(CN)6]2.90·nH2O 
   8.21       38.71                                                      53.32       

2187, 2125 

ZnCr Rb0.27Zn4.0[Cr(CN)6]2.77·nH2O 
   3.66       37.98                                                                      58.37     

2191, 2140 

CoFe Rb0.74Co4.0[FeIII(CN)6]2.62[FeII(CN)6]0.22·nH2O 
   9.81                        37.39      52.81      

2163, 2118, 2074 

NiFe Rb0.96Ni4.0[FeIII(CN)6]2.22[FeII(CN)6]0.57·nH2O 
 11.81                        34.33                      53.86       

2167, 2116 

CuFe Rb0.54Cu4.0[FeIII(CN)6]2.37[FeII(CN)6]0.35·nH2O 
   6.60                        33.61                                     59.8       

2174, 2138, 2102 

ZnFe Rb0.54Zn4.0[FeIII(CN)6]2.78[FeII(CN)6]0.05·nH2O 
   7.62                        36.00                                                     56.37     

2169, 2099 

 

Thin Film Magnetic Characterization 

Low-temperature magnetization 

The temperature dependences of the dc magnetic susceptibilities, M, of the Prussian blue 

analog RbjM´k[M(CN)6]l·nH2O thin films were investigated as a function of transition metal 
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composition and film thickness and are shown in Figures 3-12, 3-13, and 3-14.  The temperature 

dependences of the dc magnetic susceptibilities were recorded for samples (200 cycles) oriented 

parallel and perpendicular to an applied field of 100 G between 2 K and 150 K.  While oriented 

parallel to the applied field, these thin films exhibit magnetic behavior similar to the known bulk 

powders.  Ferromagnetic and ferrimagnetic ordering is observed in the Prussian blue analog thin 

films, marked by an abrupt increase in the dc magnetic susceptibilities at low temperatures.  A 

gradual evolution of the magnetic ordering temperature, Tc, is observed with a change in 

transition metal composition, increasing with higher spin states and increased J values.  These 

experimental values of Tc agree with those previously reported for the bulk powders.82,110,114-116  

A clear bifurcation of the field-cooled (FC) and zero-field-cooled (ZFC) curves, below the 

Prussian blue analogs magnetic ordering temperatures, with a peak in the ZFC vs. T plots, is 

observed for all samples, indicating the spin-glass nature of the materials.   

To investigate the thickness dependence of the thin film magnetic behavior (anisotropy, 

ordering temperature, spin glass nature) of the Prussian blue analogs, sequentially adsorbed and 

spin cast thins films of Rb0.88Ni4.0[Cr(CN)6]3.00·nH2O with thickness ranging from 55 nm to 

2.2 µm were fabricated on Melinex solid supports, and their dc magnetic susceptibilities were 

monitored as a function of temperature.  These data were then compared to that of the 

representative bulk powders.  All films exhibited a magnetic ordering temperature between 70 

and 80 K and glassy behavior upon the onset of ferromagnetic ordering, which is consistent with 

the representative bulk powder.  Surprisingly, the 55 nm thick sequentially adsorbed and spin 

cast films have their freezing temperatures Tf below 20 K, similar to the bulk powder, while the 

bifurcation in the FC and ZFC magnetic succeptibility data is above 20 K for the thicker films.  

This indicates that the thicker films are exhibiting less glassy behavior.   
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Figure 3-12.  FC (closed squares) and ZFC (open squares) magnetic susceptibility vs. 
temperature data, for RbjMk[Cr(CN)6]l·nH2O thin films, in He = 100 G for the parallel 
(blue) and perpendicular (red) film orientations with respect to the applied field. 
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Figure 3-13.  FC (closed squares) and ZFC (open squares) magnetic susceptibility vs. 
temperature data, for RbjMk[Fe(CN)6]l·nH2O thin films, in He = 100 G for the parallel 
(blue) and perpendicular (red) film orientations with respect to the applied field. 
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Figure 3-14.  FC (closed squares) and ZFC (open squares) magnetic susceptibility vs. 

temperature data, for RbjNik[Cr(CN)6]l·nH2O compounds, in He = 100 G for the 
parallel (blue) and perpendicular (red) film orientations with respect to the applied 
field. 
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Thin film anisotropy: transition metal ion dependence 

The dependence of magnetic susceptibility upon sample orientation was then investigated 

for the Prussian blue analog RbjM´k[M(CN)6]l·nH2O thin films as a function of transition metal 

composition and film thickness and is shown in Figures 3-15, 3-16, and 3-17.  The temperature 

dependences of the dc magnetic susceptibilities were first recorded for samples (200 cycles) 

oriented parallel and perpendicular to an applied field of 100 G between 2 K and 150 K.  The 

magnetizations of the thin films were normalized to a value of one in order to simplify further 

magnetic analysis and sample comparisons.   

For all samples, except the CuFe PBA, magnetic anisotropy is observed at low 

temperatures.  When the Prussian blue analog thin films were oriented parallel to the applied 

magnetic field, the onset of magnetic order is more rapid, and the magnitude of sample 

magnetization is greater, as opposed to the perpendicular orientation.  Though the 

Rb0.54Cu4.0[Fe(CN)6]2.72·nH2O thin film displays a small amount of magnetic anisotropy, the 

magnetization is greater in the perpendicular orientation.  This is the opposite effect as seen in 

the other PBA thin films.  Though the phenomenon appears to be present in all the PBA thin 

films, exchanging the divalent transition metal ion or hexacyanometallate in the Prussian blue 

analog lattice enables the magnitude of the magnetic anisotropy to be controlled at low 

temperatures.  For example, by exchanging the NiII with CuII in the RbjM´k[Cr(CN)6]l·nH2O 

Prussian blue analog thin film, the magnitude of the magnetic anisotropy (Mparallel / Mperpendicular) 

is decreased (Ni-Cr Mparallel / Mperpendicular = 4.74, Cu-Cr Mparallel / Mperpendicular = 2.02), Table 3-3.  

Similar effects are seen when the hexacyanochromate ion of the RbjNik[Cr(CN)6]l·nH2O Prussian 

blue analog thin film is exchanged for hexacyanoferrate (Ni-Cr Mparallel / Mperpendicular = 4.74, Ni-

Fe Mparallel / Mperpendicular = 2.06) 
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Figure 3-15.  FC (closed squares) and ZFC (open squares) magnetic susceptibility vs. 

temperature data, for RbjMk[Cr(CN)6]l·nH2O compounds, in He = 100 G for the 
parallel (blue) and perpendicular (red) film orientations with respect to the applied 
field.  Magnetic succeptibilities have been normalized to one for comparison 
simplification. 
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Figure 3-16.  FC (closed squares) and ZFC (open squares) magnetic susceptibility vs. 

temperature data, for RbjMk[Fe(CN)6]l·nH2O compounds, in He = 100 G for the 
parallel (blue) and perpendicular (red) film orientations with respect to the applied 
field.  Magnetic succeptibilities have been normalized to one for comparison 
simplification. 

Table 3-3.  Magnetic anisotropy of RbjM´k[M(CN)6]l·nH2O thin films as a function of divalent 
transition metal ion at 2 K 

Prussian blue analog Magnetic anisotropy (Mparallel/Mperpendicular) 
NiFe 2.06 
CuFe 0.89 
CoCr 2.50 
NiCr 4.74 
CuCr 2.02 
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Thin film anisotropy: thickness dependence 

The thickness dependence of the magnetic anisotropy of sequentially adsorbed and spin 

cast thins films of Rb0.88Ni4.0[Cr(CN)6]3.00·nH2O with thickness ranging from 55 nm to 2.2 µm 

were fabricated on Melinex solid supports was then investigated.  All of the thin film samples 

displayed magnetic anisotropy, though it generally decreased with film thickness, Figures 3-17 

and 3-18.  Like the thicker films, less anisotropy is observed in the spin cast films as well.  These 

observations indicate that the thicker films and  spin cast films exhibit magnetic behavior more 

reminiscent of representative bulk powders.  This observation is in contrast to the evolution in 

the glassy nature of the thin films, as previously discussed. 
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Figure 3-17.  Magnetic anisotropy of RbjNik[Cr(CN)6]l·nH2O thin films as a function of film 
thickness, displaying a gradual decrease in anisotropy with increased film thickness.  
Little dependence upon thin film thickness is observed in the magnetic anisotropy of 
the dc magnetic susceptibility of the thin films. 
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Figure 3-18.  FC (closed squares) and ZFC (open squares) magnetic susceptibility vs. 

temperature data, for RbjNik[Cr(CN)6]l·nH2O compounds, in He = 100 G for the 
parallel (blue) and perpendicular (red) film orientations with respect to the applied 
field.  Magnetic succeptibilities have been normalized to one for comparison 
simplification. 
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Discussion 

Thin Film Precipitation 

Binary transition metal Prussian blue analog thin films, with the general molecular formula 

of RbjM΄k[M(CN)6]l·nH2O, were fabricated with sequential absorption and spin cast techniques.  

These two synthetic procedures lend themselves to the preparation of continuous, coordination 

compound films of tunable thickness and composition onto a variety of substrates.  Although the 

sequential deposition allows for fine control of film thickness, the PBA lattices precipitate onto 

the solid support at a rate of several unit cells per deposition cycle.  Though the thickness of each 

Prussian blue analog thin film increases with repeated deposition cycles, the rate of deposition is 

highly dependent upon the nature of the divalent transition metal ion and hexacyanometallate, 

decreasing from left to right across the first row transition metal series.  This evolution in 

precipitation rate is a result of increased ion lability of the divalent transition metal ions and 

closely mimics their behavior as predicted by the Irving-William stability series.   

The lability of the transition metal ions and the use of the sequential deposition method 

allows for the dissolving and recrystallization of the already precipitated Prussian blue analog 

films.  This facilitates structural annealing of the thin films and enables structural coherence to 

permeate through the film to a greater extent than in related powders.  This equilibrium process 

would possibly allow for the formation of PBA lattices with different structures or more lattice 

defects and cyanometallate vacancies.  This helps explain the decreased interstitial cation 

concentration of the Cu and Zn containing PBA thin films, as well as the precipitation of isolated 

crystallites in the ZnCr and ZnFe Prussian blue analog thin films.   

Magnetic Anisotropy in PBA Thin Films 

The temperature dependences of the dc magnetic susceptibilities, M, of the Prussian blue 

analog RbjM´k[M(CN)6]l·nH2O thin films were investigated as a function of transition metal 
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composition and film thickness.  Ferromagnetic and ferrimagnetic ordering were observed in the 

Prussian blue analog thin films, accompanied by spin glass behavior.  The magnetic ordering 

temperatures and spin glass behavior of the Prussian blue analog thin films are consistent with 

the previously reported bulk powders. 25,83-87,110,114-116  The decrease in glassy behavior with 

increased film thickness in the RbjNik[Cr(CN)6]l·nH2O thin films may be due to increased 

structural coherence in the films as a result of structural annealing during the additional 

deposition cycles. 

For all Prussian blue analog thin film samples, except the CuFe PBA, the magnetic 

susceptibility when oriented parallel to the applied magnetic field was greater that when 

perpendicular to the applied magnetic film, suggesting that the thin films contain a magnetic easy 

axis in the plane of the film, Figure 3-19.   
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Figure 3-19.  Schematic of the easy axis in the Prussian blue analog thin films.  When the sample 
is orientated parallel to the applied magnetic field the magnetic domains 
preferentially align with the easy axis and applied field leading to a greater 
magnetization, than observed in the perpendicular orientation. 
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A magnetic easy axis is a direction in which the magnetic material has a greater susceptibility to 

an applied magnetic field.  This is due to a preferred, lower energy orientation of the magnetic 

spin moments.  With the easy axis in the plane of the substrate and thin film, Hparallel aligns the 

magnetic moments with the applied field and hence each other, while Hperpendicular allows for the 

spins to be randomized.  This additive effect in the parallel orientation causes an increased thin 

film magnetization parallel to the applied field, as opposed to the perpendicular orientation.  The 

magnetic anisotropy observed in the CuFe Prussian blue analog thin films, though small, had the 

opposite effect.  Prussian blue analog compounds are composed of face-centered cubic lattices 

and should not exhibit any structural or magnetic anisotropy.  The presence of magnetic 

anisotropy in the thin films, a property not found in the bulk powders, indicates that the interface 

between the solid support and the Prussian blue analog thin film plays a role in the formation of 

the easy axis by directing the precipitation of the film and its structure.41,117,118   

Another contribution to the magnetic anisotropy observed in these thin film systems is 

single-ion anisotropy.  During the deposition process, large Prussian blue analog domains are 

grown, which may be strained by the coordinating amine functional groups of the Melinex thin 

film.  This stress placed upon the network during thin film fabrication could in turn be reduced 

through coherent, Jahn-Teller distortions upon magnetic ordering at low temperatures.  This 

distortion of the lattice would induce structural anisotropy in the thin films and lift the 

degeneracy of the multiple spin states of the transition metal ions, Figure 3-20.  This would in 

turn cause the preferential alignment of the spin-orbit interaction along a given axis or 

orientation.  Because the magnetic ordering temperatures are not affected by film orientation, it 

is likely that the magnetic ordering of the PBA thin films at low temperatures is inducing the 

distortion from the perfect octahedral symmetry of these compounds.   
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Figure 3-20.  Schematic of the tetragonal distortion of a Cr3+ ion.  The break in symmetry and 

added zero field splitting energies (D) lifts the degeneracy of the possible spin states. 

Also observed in these Prussian blue analog thin films is an ion dependency on the 

magnitude of magnetic anisotropy.  The observation and magnitude(Mparallel / Mperpendicular) of the 

anisotropy in the dc magnetic susceptibility of the thin films depend on the overall spin of the 

magnetically coupled transition metal ions in the lattice and the possible spin states in which 

each ion can exist.   

Conclusions 

Prussian blue analog thin films with a variety of divalent transition metal ions (CoII, NiII, 

CuII, and ZnII) and hexacyanometallates (Fe(CN)6
3- and Cr(CN)6

3-) were fabricated with 

sequential adsorption and spin casting methods.  All of the Prussian blue analog thin films 

displayed magnetic anisotropy, which could be tuned with the exchange of transition metal ions 

within the lattice of the PBA thin films.  The experimental anisotropies observed in the thin films 

displays a strong correlation with those predicted by a spin-only approximation of single ion 

anisotropy.  The magnetic anisotropy in the dc magnetization data of RbjNik[Cr(CN)6]l·nH2O 

thin films showed very little thickness dependence, indicating the permeation of structural 
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coherence throughout the film.  We have attributed the magnetic anisotropy observed in these 

systems to Jahn-Teller lattice distortions initiated by magnetic ordering at low temperatures.  

Low temperature EPR and UV-VIS spectral analyses may give some structural insight, which 

will aid in further validating this claim.  Further understanding of the origins of this phenomenon 

may lead to the development of new classes of magneto-optical storage devices. 
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CHAPTER 4 
SIZE DEPENDENT THERMAL CTIST IN COBALT IRON PRUSSIAN BLUE ANALOGS 

Introduction 

A variety of transition metal coordination polymers and cyanometallate networks exhibit 

low-temperature photoinduced magnetism, 17-35 thermally induced CTIST,28,30,36 and spin 

crossover phenomenon near room temperature.36,119-125  Spin crossover and CTIST-active 

coordination compounds displaying magnetic bistability show evidence of possible application in 

the development of new magnetic and memory storage devices.  Major challenges in the 

fabrication of new magnetic devices include the control of the size and composition of the SCO 

material, as well as the temperature and width of thermal hysteresis associated with the spin 

crossover event.  One synthetic approach capable of tuning the composition and size of spin 

crossover compounds is the use water-in-oil microemulsion and encapsulating polymers to 

restrict growth and prevent aggregation during nanoparticle precipitation.  Such nano-crystalline 

materials often demonstrate physical properties and magnetic behavior different from their 

macro-sized counterparts.63-69,81,126-129 

Nanoparticles of FeII containing spin crossover compounds have recently been synthesized 

by modifying procedures reported by Mann and by Mallah and coworkers.  Investigations of the 

[Fe(Htrz)2(trz)](BF4) coordination polymer performed by Pardo-Ibáñez and coworkers 

demonstrated the synthesis of SCO nanoparticles with a wide thermal hysteresis centered around 

~360 K and a steep onset of magnetism.126  Subsequent investigations by Létard and coworkers 

on [Fe(NH2trz)3](Br)2 presented nanoparticle fabrication of related compounds, which were 

accompanied by a decrease in thermal hysteresis and the temperature at which the material’s 

magnetism increases.127  Later studies conducted by Mallah and coworkers, illustrated the 

precipitation of Hoffman clathrate {Fe(pz)[Pt(CN)4]} nanoparticles.128  These nano-sized 
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networks displayed more gradual thermal spin crossover, decreased thermal hysteresis, and 

reductions in the fraction of spin transitioning material.   

The synthesis of Prussian blue analog nanoparticles has also garnered considerable interest 

in the field of molecular magnetism and the development of magnetic devices; of no exception is 

the Co-Fe Prussian blue analog.63-69,81  Though the ability to control the equilibrium particle size, 

photomagnetism, low temperature magnetic behavior, and critical size of this Prussian blue 

analog have been investigated, the evolution of the thermal CTIST event with particle size has 

not yet been reported.  Exhibiting a thermally induced CTIST transition from CoIII
LS-FeII

LS 

(S = 0) pairs to the metastable state of ferrimagnetic CoII
HS-FeIII

LS (S = 1) at a variety of 

temperatures, one viable candidate for such a study is the NajCok[Fe(CN)6]l·nH2O Prussian 

blue.30 

Hashimoto and coworkers investigated bulk powders of this material and demonstrated the 

ease with which the behavior of the CTIST phenomenon (TCTIST, rate of magnetic increase, and 

thermal hysteresis width) can be tuned with alkali cation concentration and transition metal ion 

ratios.  They observed that the CTIST temperature (TCTIST) could be shifted from 200 K to 280 

K, simply by varying the Co:Fe ratio and increasing the average number of interstitial sodium 

ions per unit cell from 1.08 to 1.90, Figure 4-1.30  Though the temperature of the CTIST 

transition was changed, the thermal hysteresis remained ~40 K.  They also found that when the 

sodium ion concentration was lowered beyond this range, the CoFe PBA existed solely in the HS 

state between 50 and 300 K, while it resided in the LS state when the concentration was higher.  

Unlike previous investigations of the photomagentic behavior of the CoFe Prussian blue analogs, 

size dependence studies of the thermally induced CTIST phenomenon have not yet been 

extended to nanoparticles.   
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Figure 4-1.  χMT versus T plots for NajCok[Fe(CN)6]l·nH2O Prussian blue analogs as a function 
of interstitial cation concentration and transition metal ion ratio, during the cooling (i) 
and warming (ii) process, at H = 5000 G.30,73   

The thermal CTIST phenomenon of NajCok[Fe(CN)6]l·nH2O nanoparticles, synthesized by 

microemulsion and aqueous synthetic methods, are reported herein.  These nanoparticles display 
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thermal CTIST consistent with their respective microcrystalline powders.  Though the 

nanoparticles exhibit the same CTIST phenomenon found in the bulk powders, the onset 

temperature of the transition was increased, by as much as ~60 degrees, to temperatures as high 

as 320 K.  This change in the thermal CTIST was also accompanied by a decrease in thermal 

hysteresis width and magnitude of CIST transition with decreasing particle size.  Though 

diminished thermal hysteresis and CTIST magnitude are qualitatively consistent with previously 

reported Monte Carlo simulations on spin crossover materials130-131 and experimental magnetic 

data from investigations of spin crossover nanoparticles, the increase in transition temperature is 

an intriguing new development. 

Experimental Section 

Materials 

Na3Fe(CN)6(aq) was synthesized by oxidizing Na4Fe(CN)6(aq) with Cl2(g) and used in situ.30  

Deionized water, used in synthetic procedures, was obtained from a Barnstead NANOpure 

system with a resistivity of at least 17.8 MΩ.  All other reagents were purchased from Sigma-

Aldrich or Fisher-Acros and used without further purification. 

Synthesis 

NajCok[Fe(CN)6]l·nH2O bulk powder precipitation (1-4) 

Four Co-Fe Prussian blue analogs with different transition metal ratios and alkali cation 

concentrations were prepared using procedures previously described by Hashimoto and 

coworkers.30  Microcrystalline powders were synthesized by treating aqueous solutions of 2 mM 

Na3Fe(CN)6(aq) and NaCl(aq) (0-5 M) with equivolume solutions comprised of 2 mM CoCl2(aq) and 

NaCl(aq) (0-5 M).  The concentration of NaCl(aq) and temperature of the four reaction systems are 

the following: 1 (0 M, r.t), 2 (1 M, r.t), 3 (3 M, r.t), and 4 (5 M, 75ºC).  The reaction mixtures 

were stirred for three hours in the open atmosphere, and the precipitated powders were then 
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isolated by centrifugation.  The precipitated Prussian blue analogs were rinsed three times with 

water and dried under a stream of nitrogen gas. 

NajCok[Fe(CN)6]l·nH2O small bulk powder precipitation (2a) 

A smaller microcrystalline powder of 2 was synthesized by modifying the synthetic 

approach described above.  Aqueous solutions of 40 mM Na3Fe(CN)6(aq) were mixed with 

equivolume solutions comprised of 40 mM CoCl2(aq) and 2 M NaCl(aq).  The reaction mixture was 

stirred for 30 minutes in the open atmosphere, and the precipitated powder was then isolated by 

centrifugation.  The precipitated Prussian blue analog was rinsed three times with water and 

dried under a stream of nitrogen gas. 

NajCok[Fe(CN)6]l·nH2O nanoparticle precipitation (3a and 3b) 

Two sets of Co-Fe Prussian blue analog nanoparticles were synthesized by modifying the 

procedures previously reported by Yamada and coworkers.67  Two separate microemulsions were 

formed by the drop-wise addition of 350 µL aqueous solutions of 20 mM CoCl2(aq) with 1 M 

NaCl(aq) and 20 mM Na3Fe(CN)6(aq) with 1 M NaCl(aq) to 10 mL cyclohexane solutions of Igepal 

CO 520.  The size of the aqueous droplets of the microemulsions was controlled by varying the 

concentration of Igepal CO 520 in the cyclohexane solutions: 3a (1.5 g / 10 mL ) and 3b (1.75 g / 

10 mL).  After thirty minutes of stirring, allowing for microemulsion equilibrium, the two 

microemulsion solutions were combined and allowed to react for three hours.  The nanoparticles 

were then flocculated by the addition of ethanol and isolated by centrifugation.  The precipitated 

particles were washed three times with ethanol and dried under a stream of nitrogen gas.   

Instrumentation and Characterization 

Chemical and structural characterization 

Fourier transform infrared (FT-IR) spectra, taken of samples prepared as KBr pellets or 

mounted between NaCl plates, were recorded using a Thermo Scientific Nicolet 6700 
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spectrometer.  Variable temperature FT-IR experiments were conducted using a OMEGA 

CN76000 thermocouple device.  A Joel 2010F spectrometer was used to perform energy 

dispersive X-ray spectroscopy (EDS) and transmission electron microscopy (TEM) to determine 

transition metal composition and particle size, by analyzing 15-50 particle counts with ImageJ 

imaging software.77  Samples were deposited as methanol dispersions onto 400 mesh copper 

grids with holey carbon support films, purchased from Ted Pella Inc. 

Magnetic measurements 

Magnetic measurements were performed by the University of Florida Department of 

Physics using a Quantum Design MPMS XL superconducting quantum interference device 

(SQUID) magnetometer.81  High temperature data (T > 100K) were taken in a field of 5000 G 

with temperature sweep rates of dT/dt < 1K/min, using gelcaps as sample holders.  Backgrounds 

were subtracted from the magnetic data by using the measured mass susceptibility of similar 

sample holders.  Prior to recording magnetic data, the SQUID was demagnetized, during which 

the magnetic field is oscillated to zero by successive ramps starting at 20kG, and subsequently 

allowed to relax for at least two hours.   

Results 

Chemical and Physical Characterization 

Chemical composition determination 

Microcrystalline powders and nanoparticles of the Co-Fe Prussian blue analog with the 

general formula NajCok[Fe(CN)6]l·nH2O were precipitated from aqueous media and water-in-oil 

microemulsions, using the surfactant Igepal CO 520.  To initiate particulate precipitation, 

solutions containing sodium chloride and sodium ferricyanide were treated with solutions of 

cobalt chloride and sodium chloride.  The chemical formulas were determined by considering the 

results of EDS, combustion analyses, and FT-IR spectroscopy.  The Co and Fe ratios were taken 
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directly from the EDS results, because these elements displayed signals with a high signal to 

noise ratio and were reproducible.  The elemental percentages of C, H, and N in the 

microcrystalline compounds were taken from combustion analyses.  Using the results of 

combustion analyses, the quantity of molecular water in the precipitated solids was calculated by 

assuming all hydrogen and oxygen atoms in the compounds are in H2O molecules.   

The relative ratios of FeII and FeIII in the isolated compounds were determined by fitting 

and integrating the peaks assigned to the cyanide stretches in the room temperature FT-IR 

spectra of each species, assuming all extinction coefficients to be equivalent.  The FT-IR 

spectrum of the pure cobalt hexacyanoferrate displays cyanide stretching peaks at 2160, 2117, 

2098, and 2060 cm-1, which have been assigned to the CoII
HS-FeIII

LS, CoIII
LS-FeII

LS, CoII
HS-FeII

LS, 

and the linkage isomerized CoII-FeIII phases.30,81  The individual FT-IR spectra and  their 

respective fitting parameters can be seen in Figure 4-2.  Finally, the sodium ion content in the 

chemical formulas was assigned according to charge balance of the network in conjunction with 

EDS analyses.  The resultant expanded chemical formulas are listed in Table 4-1.   

Table 4-1.  Transition metal elemental analyses and proposed molecular formulas for 
NajCok[Fe(CN)6]l·nH2O compounds 

PBA  Elemental composition experimental (calculated) 
         % Co                     % Fe                    % C                    % H                    % N           

    1 Na0.15CoII
4.0[FeIII(CN)6]2.53FeII(CN)6]0.14 · 19.8 H2O 

    20.28(20.29)        12.84(12.83)        17.49(16.56)         1.71(1.72)         20.41(19.32)  
    2 Na1.91CoII

4.0[FeIII(CN)6]2.21FeII(CN)6]0.82 · 17.4 H2O 
    19.08(19.08)        13.70(13.69)        17.67(17.69)         2.54(2.84)         20.07(20.63)  

    2a Na1.79CoII
4.0[FeIII(CN)6]1.97FeII(CN)6]0.97 · 17.9 H2O 

    19.29(19.28)        13.38(13.43)        18.90(17.33)         2.95 (2.93)        22.05(20.21)  
    3 Na2.38CoII

4.0[FeIII(CN)6]2.30FeII(CN)6]0.87 · 16.6 H2O 
    18.60(18.61)        14.04(14.05)        18.11(18.13)         2.64(2.66)         21.11(21.13)  

    3a Na2.26CoII
4.0[FeIII(CN)6]1.42FeII(CN)6]1.50 · n H2O 

    57.80(59.10)        42.20(40.10) 
    3b Na2.11CoII

4.0[FeIII(CN)6]1.57FeII(CN)6]1.35 · n H2O 
    57.90(59.10)        42.10(40.10) 

    4 Na3.81CoII
4.0[FeIII(CN)6]3.93FeII(CN)6]0.02 · n H2O 

    50.33(51.66)        49.67(48.34) 
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 2095.0 39.1 32.2 

  

Figure 4-2.  FT-IR spectra (black) and respective fitting parameters for synthesized 
NajCok[Fe(CN)6]l·nH2O compounds as a function of cation concentration and particle 
size.  All fits (red) were performed using either three or two Lorentzian lines (green).  
ω is defined as the peak stretching energy, W is defined as the peak half-maximum 
width, and A is defined as the area under the curve. 
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Structural characterization 

The structure of the compounds was then investigated with TEM and room temperature 

FT-IR spectroscopy.  The TEM images of the bimetallic Prussian blue analogs indicate that the 

defined edges and cubic shape of the particles are maintained by both the microcrystalline 

powders and nanoparticle samples, Figure 4-3.  The slight tendency of the particles to exhibit 

more rounded edges with lower sodium ion concentrations appears to be a result of the 

incorporation of more cyanometallate vacancies and increase in the number of defects within the 

lattice.  There is no clear evolution in the equilibrium particle edge length of the bulk powders 

with varying concentrations of interstitial cations.  This is indicated by the gradual increase and 

subsequent decrease in equilibrium particle edge length with increased sodium content, Figures 

4-3 and 4-4.  On the other hand, the average size of the particles decreases significantly with 

increased reactant and surfactant concentration and decreased reaction times, Table 4-2.   

 

Figure 4-3.  TEM images of microcrystalline and nanoparticle NajCok[Fe(CN)6]l·nH2O 
compounds from Table 4-1. 
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Table 4-2.  Equilibrium particulate size of NajCok[Fe(CN)6]l·nH2O compounds as a function of 
surfactant and transition metal reagent concentration 

PBA 
sample 

Surfactant concentration 

(g / 10 mL cyclohexane) 

Co2+ and Fe(CN)6
3- 

(mM) 

Particle edge length 
(nm) 

    1 0 2            120   ±   38 

    2 0 2            238   ±   40 

    2a 0 40              73   ±   15 

    3 0 2            557   ±   77 

    3a 1.5 20          14.4    ±   1.1 

    3b 1.75 20          12.7    ±   1.1 

    4 0 2           319    ±   41 
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Figure 4-4.  Particle distributions of the four bulk powder cobalt iron Prussian blue analogs, 

NajCok[Fe(CN)6]l·nH2O, as a function of alkali cation concentration. 

First, by increasing the concentration of the aqueous reactants twenty fold and decreasing 

the reaction times, the average particle edge length of Na1.91CoII
4.0[FeIII(CN)6]2.21FeII(CN)6]0.82 · 

17.4 H2O (2) was decreased from 237 ± 40.1 nm to 72.8 ± 14.9 nm, Figure 4-5.  The changes in 

the synthetic method prevent Oswald ripening and initiate an increased number of crystallization 

sites, decreasing the quantity of aqueous reactants available for the formation of each particle.   
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Figure 4-5.  Particle distribution of 2 and 2a.  Upon increasing the reactant concentration and 
decreasing the reaction time, the particle size decreased from 237 ± 40.1 nm to 72.8 ± 
14.9 nm. 
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Figure 4-6.  Particle distribution of 3, 3a, and 3b.  Upon increasing the surfactant concentration, 
the particle size decreased from 557.1 ± 77.2 nm to 14.4± 1.1 nm and 12.7 ± 1.1nm. 
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Control over the average particle size was further demonstrated by using surfactants and 

varied concentrations of Igepal CO 520. The concentrations of the aqueous reactants were also 

changed to induce reduction in particle size.  The average particle edge length of 

Na2.38CoII
4.0[FeIII(CN)6]2.30FeII(CN)6]0.87 · 16.6 H2O (3) was decreased from 557.1 ± 77.2 nm to 

14.4± 1.1 nm and 12.7 ± 1.1 nm in nanoparticle samples 3a and 3b, Figure 4-6.  Also, the 

standard deviation in equilibrium particle size decreased with the use of the microemulsion 

synthetic method.  The use of water-in-oil microemulsions limits the particle growth by 

decreasing the amount of available aqueous reactants, and the encapsulating surfactant stabilizes 

the outside of the particles, limiting further growth by Oswald ripening. 

Room temperature FT-IR spectroscopy was then used to verify the oxidation states of the 

iron ions within the lattices and determine the relative amounts of CoII
HS-FeIII

LS (HS), 

CoIII
LS-FeII

LS (LS), CoII
HS-FeII

LS (reduced) pairs within the materials.  The intensities of the peaks 

in the FT-IR spectra corresponding to these phases, and therefore the relative amounts of the 

different spin state pairs within the cobalt iron Prussian blue analogs, is affected by both the 

concentration of interstitial sodium ions and average particle size.  FT-IR spectra of the seven 

compounds are seen in Figures 4-7 and 4-8. 

The sodium ion concentration dependent behavior of the Prussian blue analog was first 

investigated, in order to make comparisons to smaller nanocrystalline powders and nanoparticle 

samples of equivalent chemical formulas, Figure 4-7.30  The FT-IR spectra of 

Na0.15CoII
4.0[FeIII(CN)6]2.53FeII(CN)6]0.14 · 19.8 H2O (1) displays a major peak at 2160 cm-1 and 

two minor peaks at 2116 and 2102 cm-1.  This indicates that the compound exists primarily in the 

HS state at room temperature, while a small fraction of the Co-Fe pairs remains in the LS and 

reduced, paramagnetic state.  As the concentration of interstitial sodium ions is increased in 
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compounds Na1.91CoII
4.0[FeIII(CN)6]2.21FeII(CN)6]0.82 · 17.4 H2O (2) and 

Na2.38CoII
4.0[FeIII(CN)6]2.30FeII(CN)6]0.87 · 16.6 H2O (3), the relative fraction of HS Co-Fe pairs 

decreases, while the amount of LS material increases.  This is denoted by the decrease in relative 

intensity of the peaks near 2160 cm-1 and the increase in those near 2120 and 2090 cm-1.  The 

change in relative intensities of these peaks is accompanied by a shift to lower wave numbers.  

This change in behavior a result of the increased ligand field and d-orbital splitting and the 

subsequent stabilization of the LS state as the ground state.  After the sodium ion concentration 

is further increased, reducing the number of cyanometallate vacancies, the FT-IR spectrum of 

Na3.81CoII
4.0[FeIII(CN)6]3.93FeII(CN)6]0.02 · n H2O (4) now displays a prominent peak at 2121 cm-1 

and two shoulders at 2156 and 2088 cm-1.  This shows that the majority of the Co-Fe pairs are 

now in the LS state, while a small fraction still remains in the HS and reduced states.   
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Figure 4-7.  Absorbance IR spectra of cobalt iron Prussian blue analogs, 1 – 4.  Changes in the 
FT-IR spectra and spin states of the PBAs are displayed as a function of cation 
concentration. 
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The effect of particle size upon the Prussian blue analog behavior was then monitored with 

FT-IR.  Nanoparticles of the Co-Fe Prussian blue analog, 2a, 3a, and 3b, were synthesized, and 

their FT-IR spectra were compared to those of their respective bulk powders, 2 and 3, Figure 4-8.   
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Figure 4-8.  Size dependent behavior of the absorbance FT-IR spectra of cobalt iron Prussian 

blue analog nanoparticles, 2a, 3a, and 3b.  For comparison, the FT-IR of the 
respective bulk powders, 2 and 3, have been included.  Changes in the FT-IR spectra 
and spin states of the PBAs are displayed as a function of particle size. 

The bulk powders’ FT-IR spectra display three peaks corresponding to the presence of HS, 

LS, and reduced states.  As the particle size of 2 was decreased from ~238 to ~ 73 nm, the 

relative amount of HS Co-Fe pairs decreased, and the number of LS Co-Fe pairs increased, 

denoted by the change in the peaks’ intensities.  The increase in LS Co-Fe pairs within the lattice 

leads these smaller particles to exhibit structural and magnetic properties more similar to those 

Co-Fe Prussian blue analogs with a higher concentration of interstitial cations.  This same 

general behavior was seen in the series of compounds, 3, 3a, and 3b.  As the particle size was 

decreased from ~560 to ~14 and ~13 nm, almost all of the HS Co-Fe pairs are eliminated, 

leading to a dominating presence of LS and reduced material in the nanoparticles.  These data 

lead to the observation that the smaller Prussian blue analog particles favor the formation of 

CoIII
LS-FeII

LS and CoII
HS-FeII

LS pairs within the lattice. 
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Thermal CTIST Behavior 

Variable temperature FT-IR 

The size dependence of the thermally induced CTIST of NajCok[Fe(CN)6]l·nH2O Prussian 

blue analogs was first monitored using variable temperature FT-IR.  In their previous report, 

Hashimoto and coworkers demonstrated that the thermal CTIST effect observed in 

NajCok[Fe(CN)6]l·nH2O bulk powders can be quantitatively investigated by monitoring the 

relative intensities and peak energies of the cyanide stretching modes.30  In order to determine 

the size dependency of this phenomenon, FT-IR spectra of nanocrystalline Co-Fe PBAs (3a and 

3b) were recorded at different temperatures, Figure 4-9, and compared to that of their respective 

bulk material Na2.38CoII
4.0[FeIII(CN)6]2.30FeII(CN)6]0.87 · 16.6 H2O (3), Figure 4-7.   

FT-IR spectra were taken for nanoparticle samples 3a and 3b at three different 

temperatures: room temperature, 340 and 335 K, and 350 and 355 K.  For compounds 3a and 3b, 

single, prominent peaks at 2110 and 2106 cm-1 indicate the stabilization of the CoIII
LS-FeII

LS state 

in the material.  The shift in peak energy from 2120 cm-1 designates the presence of CoII
LS-FeII

LS 

pairs within the lattice.  Upon warming the samples to ~340 K, a small shoulder at 2156 cm-1 

emerges in the FT-IR spectra and the peak energies of the cyanide stretching modes shift to 

lower wave numbers of  2096 and 2110 cm-1.  These changes in the FT-IR spectra suggest the 

formation of CoII
HS-FeIII

LS pairs from CoIII
LS-FeII

LS metal pairs through a thermal CTSIST event 

and the possible formation of more CoII
HS-FeII

LS pairs through thermal decomposition.  Thermal 

decomposition is supported by the non-reversible nature of the transition as seen in the magnetic 

data; the magnitude of χT decreases slightly with repeated cycling.  The fraction of the 

nanoparticle Co-Fe pairs transitioning during the CTIST seems to be very small, illustrated by 

slight decreases in the intensity and peak energy corresponding to the LS state and the 

emergence of only a small shoulder at 2156 cm-1.   
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Figure 4-9.  Size dependence of thermal CTIST in NajCok[Fe(CN)6]l·nH2O nanoparticles, 3b and 

3a.  Variable temperature FT-IR spectra indicate the formation of CoII
HS-FeIII

LS and 
CoII

HS-FeII
LS pairs through thermal CTIST and decomposition. 

In order to confirm these qualitative observations, the FT-IR spectra at the three 

temperatures were fitted using two and three Lorentzian lines.  The area under these lines was 

subsequently integrated, yielding the relative amounts of CoII
HS-FeIII

LS, CoIII
LS-FeII

LS , and 

CoII
HS-FeII

LS in the particles.  The results of this analysis can be seen in Figure 4-10 and 

Table 4-3.  At room temperature, 295 K, 17.9 % of the Co-Fe pairs in 

Na2.38CoII
4.0[FeIII(CN)6]2.30FeII(CN)6]0.87 · 16.6 H2O (3) exist in the HS state as opposed to 21.8 % 

in the reduced state.  Heating the microcrystalline powder did not lead to a change in the FT-IR 

spectra, indicating that all CTIST active material has already transitioned into the HS state.  At 

the same temperature, 295 K, a much smaller percentage (0.6 and 0.0 %) of Co-Fe pairs in 3a 

and 3b exist in the HS state, while a higher percentage (51.5 and 46.2 %) of the Co-Fe metal 

pairs exist in the non-CTIST active, reduced state.  Upon heating the two nanocrystalline 

samples to ~340 and finally to ~350 K, the fraction of HS and reduced material in each sample 

increases at the expense of the CoIII
LS-FeII

LS pairs.  As the particle size decreases, a smaller 

percentage of the Co-Fe pairs transition into the HS state upon warming.  For compounds 3a and 

3b, 13.2 and 2.6 % of the Co-Fe pairs in the material have transitioned to the HS state. 
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Figure 4-10.  Size dependent behavior of thermal CTIST exhibited by variable temperature 

FT-IR spectra (black) of NajCok[Fe(CN)6]l·nH2O nanoparticles 3a and 3b.  All fits 
(red) were performed using either two or three Lorentzian lines (green).   
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Table 4-3.  Variable temperature FT-IR results for NajCok[Fe(CN)6]l·nH2O bulk powder 3 and 
nanoparticles 3a and 3b 

PBA sample Temperature (K) Relative spin-state fraction 
           % HS                   % LS                     % Reduced          

3 295             17.9                      60.3                           21.8                
3a 295 

340 
350 

              0.6                      47.9                           51.5                
              9.3                      31.3                           59.4                
            13.2                      27.1                           59.7                

3b 295 
335 
355 

              0.0                      53.8                           46.2                
              0.4                      50.5                           49.4                
              2.6                      16.7                           80.7                

 

This reduction in the CTIST effect appears to be a result of both the reduction in particle 

size and an increase in the fraction of non-CTIST active Co-Fe pairs.  Though the magnitude of 

the CTIST phenomena decreased from sample 3 to 3a, the percentage of LS material which 

undergoes CTIST into the HS states ([%HSHT-%HSLT]/[%HSLT+%LSLT]) marginally increases 

from 23 to 26%.  Upon further heating of the nanoparticles, no additional CTIST behavior is 

observed, and the samples decompose.  Though the transition in the nanoparticles is small in 

magnitude, it is significant that the temperature at which the phenomena occurs has changed.  

The phase transition is complete in 3 at 295 K, but it is not until ~350 K that CTIST effect has 

reached completion in the nanoparticle samples 3a and 3b.   

High temperature magnetism 

The size dependence of the thermal CTIST effect was then studied in the 

NajCok[Fe(CN)6]l·nH2O compounds by recording the temperature dependences of the dc 

magnetic susceptibility temperature product (T) in 5 kG and in the temperature range of ~100 K 

to ~375 K for particles of varying sizes.  A thermal sweep rate of < 1 K/min was utilized to 

insure equilibrium was maintained throughout the spin-crossover event.  The results of these 

studies are displayed in Figure 4-11 and summarized in Table 4-4.   
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Figure 4-11.  Temperature dependent magnetization studies as a function of particle size for 

NajCok[Fe(CN)6]l·nH2O.  T vs T as measured in a SQUID magnetometer with an 
applied field of 5 kG.  For powder samples, the magnetic signals are expressed per 
mole of compound, using the chemical formulas reported above.  Data for 
nanoparticle samples is reported per gram of compound measured. 

All NajCok[Fe(CN)6]l·nH2O samples demonstrate a thermally induced CTIST, which 

appears to be able to be cycled with temperature.  This behavior is indicated by the sudden 

decrease of the magnetic susceptibility upon cooling the materials to temperatures of ~ 150 K 

and the subsequent increase in magnetization after warming to ~350 K.  These CTIST events 

also exhibit thermal hysteresis, which is characteristic of the cooperativity of the transition.  The 

lack of agreement of the experimental χT values with the spin-only approximations is due in part 
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to the orbital angular momentum contributions of the CoII ions.  Remnant magnetism at lower 

temperatures is a result of incomplete transition from the HS to the LS state upon cooling.  The 

temperature at which the CTIST event occurs (Tc = [T1/2up + T1/2down]/2), the width of this 

thermal hysteresis, and the magnitude of the CTIST event depend heavily on both the 

composition and the equilibrium particle size of the Prussian blue analog particulates, Table 4-4.  

The slight tail in the low temperature magnetic data of the nanoparticle samples (3a and 3b) is 

likely due to an artifact of the measurement caused by high temperatures and poor background 

subtraction. 

Table 4-4.  Size dependence of thermal CTIST in NajCok[Fe(CN)6]l·nH2O.  TCTIST is defined as 
the temperature upon which the thermal hysteresis is centered (Tc = ½(T1/2up-T1/2down). 

PBA sample TCTIST and thermal hysteresis (K) 
       T1/2up        T1/2down        TCTIIST        ΔThysteresis      

CTIST active material 
% 

2         215             178             197             37        69 
2a         225             200             213             25        78 
3         275             246             261             29        74 
3a         328             311             320             17         
3b         328             298             313             30         

Upon decreasing the equilibrium particle size of 2 and 3, the temperature at which the 

thermal CTIST phenomenon takes place for these compounds increased 16 and ~60 K, 

respectively.  It is noteworthy to mention that the transition temperature for the latter compound, 

3, has now been shifted to above room temperature, 320 K.  For each NajCok[Fe(CN)6]l·nH2O 

PBA stoichiometry, a decrease in thermal hysteresis (~ 12 K) was observed with decreasing 

particle size, excepting sample 3b.  The charge transfer spin transition also becomes more 

gradual, loosing the abrupt nature seen in the bulk powders.  This change in the CTIST effect is 

associated with both a loss of cooperativity in the lattice and an increase in surface volume 

fraction.127,128,130  Surrounded by fewer unit cells on each side, this region of the particulates is 

more accommodating to the lattice distortions associated with the thermal CTIST phenomenon, 
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enabling it to transition from the more compact LS lattice to an expanded HS network more 

easily.130   

Discussion Section 

Nanoparticle Precipitation 

Microcrystalline and nanoparticle samples of NajCok[Fe(CN)6]l·nH2O were synthesized 

using aqueous and microemulsion synthetic methods.  We demonstrated the ability to control the 

equilibrium particle size and transition metal stoichiometry of the precipitated solids by tuning 

the reactant and surfactant concentrations.  Increasing the concentration of the aqueous 

precursors and Igepal CO 520 and decreasing the length of the reaction times lead to the 

precipitation of nanocrystalline solids smaller than their bulk counterparts with decreased 

standard deviations in particle edge length.  These changes in the physical structure of the 

precipitated solids are due in part to the prevention of Oswald ripening and the increase in 

crystallization sites within the reaction mixtures.  When studying the physical structure of the 

bulk powder samples, the equilibrium particle size increased and the cubic shape became better 

defined with increasing interstitial cation concentration in the solids.  These changes are a result 

of a decrease in lattice defects and cyanometallate vacancies in the compounds. 

Along with its ability to control the equilibrium particle size of the Prussian blue analog 

particulates, the use of Igepal CO 520 water-in-oil microemulsions appears to also have an effect 

on the metal oxidation and spin states within the nanoparticle lattices.  An increase in surfactant 

concentration not only leads to a decrease in particle size and subsequent increase in the relative 

fraction of surface material in the precipitated solids, but also an increase in the relative amount 

of CoIII
LS-FeII

LS and CoII
HS-FeII

LS pairs, Figure 4-9 and Table 4-3.  The formation of a higher 

fraction of CoIII
LS-FeII

LS pairs may be attributed to retarded PBA crystallization as a result of 

hindered reactant diffusion within the microemulsion reaction systems.  The slow reaction times 
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can lead to the precipitation of particulate cores with a lower abundance of defects and 

cyanometallate vacancies.  The lattice’s cobalt ions would experience an increased ligand field, 

making the CoIII
LS-FeII

LS phase the ground state at higher temperatures, decreasing the magnitude 

of the CTIST transition and possible shifting it to higher temperatures, Figure 4-11.  With 

precipitation rates increasing with particle size, the outside of the particle would inherently 

incorporate more defects and cyanometallate vacancies and fewer interstitial sodium ions.  This 

material would in turn be comprised of primarily CoII
HS-FeII

LS and CoIII
HS-FeII

LS pairs, adding to 

the remnant magnetization at lower temperatures, Figure 4-11.  Though the particles may be 

comprised of a sodium rich and sodium deficient regions, the average sodium ion composition 

would be of an intermediate level.   

Thermal CTIST 

Increasing TCTIST 

An evolution in the transition metal stoichiometry and equilibrium particle size lead to 

changes in the temperature at which the thermally induced CTIST occurs in 

NajCok[Fe(CN)6]l·nH2O compounds.  An increase in the interstitial sodium concentration from 

1.91 to 2.38 sodium ions per unit cell caused a shift in the CTIST onset temperature from 197 K 

for Na1.91CoII
4.0[FeIII(CN)6]2.21FeII(CN)6]0.82 · 17.4 H2O (2) to 261 K for 

Na2.38CoII
4.0[FeIII(CN)6]2.30FeII(CN)6]0.87 · 16.6 H2O (3).  This evolution in CTIST behavior is due 

to the stabilization of the LS state at higher temperatures.30  With an increase in the interstitial 

cation concentration, the average ligand field strength around the cobalt ions increases, causing a 

large separation between the eg and t2g d-orbitals and a stabilization of the LS spin state.  At 

higher temperatures, the energy separation between the LS and HS states decreases, allowing for 

the population of the HS state and a charge transfer induced spin transition.   
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A reduction in the equilibrium particle size, accompanied by an increase in the relative 

fraction of low spin and reduced Co-Fe pairs, also leads to an increase in temperature at which 

the CTIST phenomenon occurs.  The CTIST transition temperatures shifted from 197 and 261 K 

for 2 and 3 to 213, 320, and 313 K for 2a, 3a, and 3b, respectively.  It is important to note that 

this effect is opposite of previously reported shifts in the transition temperatures of SCO 

compounds.126-128  The incorporation of the non-CTIST active CoII
HS-FeII

LS pairs and the use of a 

coordinating surfactant may inhibit any thermal expansion of the Prussian blue analogs.  By 

restricting the lattice expansion associated with the CTIST phenomenon, the more compact, LS 

lattice of the PBA material would be stabilized at high temperatures, and the energy barrier of 

the CTIST transition would be increased.  This would in turn force the phenomenon to take place 

at higher temperatures in the nanoparticles, as compared to their bulk solids.  Another possible 

influence of the shift in transition temperature would be the inclusion of a higher fraction of 

CoIII
LS-FeII

LS pairs in the CTIST transitioning particle core, effectively changing the composition 

of the spin transitioning CoFe PBA unit cells.  As described above, increased interstitial ion 

concentration and ligand field of the surrounding cobalt ions stabilizes the LS state and forces 

the transition to higher temperatures.   

Evolution of CTIST slope and hysteresis 

The slope of the charge transfer induced spin transition and the width of the thermal 

hysteresis, defined as T1/2up-T1/2down, decrease as the size of the PBA particulate decreases and as 

the relative fraction of reduced Co-Fe pairs in the material is increased.  The decrease in 

equilibrium particle size and the surfactant’s ability to isolate individual particles lead a loss of 

cooperativity in NajCok[Fe(CN)6]l·nH2O nanoparticles.126-128  With a decrease in the number of 

Co-Fe pairs transitioning at once, a decrease in the thermal hysteresis associated with the spin 

transition is observed.  This is associate with diminished magnetic interaction between particles 
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enabling smoother spin transitions with smaller activation barriers.  Another contributing factor 

to decreased hysteresis width is an increase in surface volume fraction.  With fewer neighboring 

unit cells, the surface of the particles may undergo lattice distortions associated with the CTIST 

effect more easily.  This allows for smoother transitions between the LS and HS states, marked 

by a decrease in the slope of the transition and a lower hysteresis width.  A decrease in the size 

distribution, as seen in the nanocrystalline samples, has also been attributed to a loss in thermal 

hysteresis in related compounds.128   

Finally, the incorporation of CoII
HS-FeII

LS pairs leads to the dilution of CTIST active 

material within the lattice.  This leads to further loss of cooperativity within the precipitated 

solids and diminishes the thermal hysteresis width.  As mentioned previously, the dilution of the 

CTIST has been investigated in Prussian blue analogs, by doping the lattices with diamagnetic 

species.  The CTIST diluted Rb0.70Cu0.22Mn0.78[Fe(CN)6]0.86·2.05H2O was compared to its parent 

compound Rb0.81Mn[Fe(CN)6]0.95·1.24H2O, but in this case, no appreciable change in the width 

of the hysteresis loop was observed.96  Other studies of CTIST dilution in ternary transition metal 

Prussian blue analogs have also attributed a reduction in the magnitude of the CTIST event to 

incorporation of diamagnetic species44.  We cannot, as off yet, conclude that this is the origin of 

the decreased magnitude of the CTIST effect in our systems. 

Conclusions 

In our current study, we demonstrated the tuneable synthesis of NajCok[Fe(CN)6]l·nH2O 

Prussian blue analog nanoparticles using a microemulsion synthesis procedure.  These 

nanoparticles displayed thermal CTIST consistent with their respective microcrystalline 

powders.  Upon decreasing the size of the Prussian blue analog particulates, the transition from 

the LS to HS phase became more gradual and the thermal hysteresis was diminished.  There was 

also a change in the temperature at which the CTIST phenomenon was observed; compared to 
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their respective microcrystalline bulk powders, the TCTIST of the nanoparticles shifted to higher 

temperatures.  Nanoparticle samples 3a and 3b exhibited transition temperatures above room 

temperature (320 and 313 K, respectively).  To our knowledge, this is the first Co-Fe Prussian 

blue analog nanoparticle displaying thermal CTSIT above room temperature, as well as, the first 

study displaying the size dependence of this effect in these materials.  Further investigations on 

the systematic orientation of such particles may lead to the development of magnetically 

switchable devices, applicable at ambient temperatures.   
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CHAPTER 5 
INTRODUCTION TO SUPRAMOLECULAR ASSEMBLY WITH 

LANGMUIR MONLAYERS 

Supramolecular Chemistry and Self-assembly 

The technology industry’s constant pursuit to minimize component and device size and 

scientists’ desire to mimic biological systems and intelligently tune compounds’ composition and 

properties have led to extensive research in the design and synthesis of nano-scale materials.  To 

circumvent the fast approaching size limitations afforded to us by current physical and 

lithographical techniques, chemists are ardently searching for new synthetic pathways, which 

will allow for the manufacture of such systems.132  One such approach, extensively utilized by 

synthetic chemists, is supramolecular assembly, the synthesis of large, complex structures from 

smaller, simple, molecular building blocks.133  This approach to synthetic chemistry has lent 

itself to the development of novel materials with a diverse set of properties and applications in 

such fields as molecular magnetism, catalysis, molecular recognition, optics, and gas or ion 

absorption.  

In order to coordinate these molecular building blocks and form thermodynamically stable 

extended networks, supramolecular chemistry employs a variety of interactions from the weak 

Van der Waals forces, pi-pi stacking, and hydrogen bonding to stronger coordinate covalent 

bonds.  Utilizing bonding types of intermediate strength allows for the formation of robust 

networks, while keeping a certain level of structural lability to enable the materials to anneal into 

more stable structures with extended lattices.134,135  Due to its predictable nature, capacity to 

direct coordination geometry, and flexibility in constituent exchange, a modular approach to 

reticular supramolecular chemistry has been extensively studied.  Using this approach, the 

desired coordination geometry and properties of the supramolecular network has to first be 

determined.  After choosing atomic and molecular building blocks with the appropriate 
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composition, structure and binding geometry, these components can then be synthesized into 

secondary building units (SBUs) with high levels of symmetry and rigidity.  In turn, these SBUs 

can be polymerized, through structure annealing, into three-dimensional, extended metal-organic 

frameworks (MOFs).   

 

Figure 5-1.  The assembly of a metal organic framework (MOF) with diamonoid coordination 
topology from the copolymerization of metal ions with organic linkers.136 

Though an endless library of coordinating, organic ligands and the many coordination 

geometries of transition metal ions may lead to an almost infinite number of synthetic 

combinations of SBUs with various coordination geometries, only a short list of synthesized 

MOF geometries exists.  The incorporation of transition metal ions and conjugated organic 

ligands can lead to the formation of assemblies with increased network rigidity, vibrant 

coloration and the observation of such properties as molecular magnetism, catalytic ability, 

electrical conductance, gas absorption, and charge transfer phenomena.136-142   

The application of many of these supramolecular structures and coordinate covalent 

networks may require the attachment of these structures to devices with the use of nanoscale 
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wiring and circuitry; this entails depositing them onto a substrate or positioning them at an 

interface.  In order to eliminate the possible problems associated with the synthesis and 

subsequent placement of these networks at an interface, one can synthesize these supramolecular 

networks at the interface itself.  One such boundary, used extensively by our research group, is 

the air-water interface, making it an appropriate system with which to carry out our study of 

self-assembly at an interface.  Utilizing Langmuir monolayers at the air-water interface, 

amphiphillic ligands can be used to direct the coordination geometry and synthesis of extended 

networks, utilizing its polar head group’s predetermined orientation and coordination geometry. 

Langmuir Monolayers and Self-assembly at Interfaces 

Our studies of supramolecular assembly at interfaces focus on the air/water interface and 

the use of Langmuir monolayers.  This air/liquid interface affords us many benefits and 

eliminates common obstacle that other interfaces, namely the liquid/liquid, liquid/solid, and 

solid/solid interfaces, do not.  First, utilizing Langmuir monolayers spread over aqueous 

subphases eliminates the problem of diffusion restriction of reactants, which would otherwise 

limit the reactivity of our system.  The air/water interface also guarantees us a smooth, uniform 

surface and can act as a structure director, assuring that our networks will be limited to 

two-dimensional coordination.  Using Langmuir monolayers to study network self-assembly also 

allows us to use several analytical techniques, like attenuating-total-reflectance (ATR) fourier 

transform infrared (FT-IR) spectroscopy, atomic force microscopy (AFM), grazing incidence 

X-ray diffraction (GIXD), and Brewster angle microscopy (BAM).  In addition, Langmuir 

monolayers and the extended networks, which they are used to form, are easily transferred to 

solid supports, with the use of Langmuir-Blodgett (LB) film methods, for future application and 

further characterization of their structural and physical properties.   
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In order to precipitate extended networks at the air-water interface, an amphiphillic ligand 

is first spread over the water surface, forming a uniform, molecular monolayer.  The subphase 

often contains transition metal ions or metal complexes.  Bonding of the amphiphillic molecules 

to the subphase components, using coordinating functionalities like cyanide and carboxylic acid 

functional groups, results in the formation of a coordination polymer at the air-water interface.  

The desired coordination topology and two-dimensional nature of the precipitated networks is 

controlled by the symmetry of the amphiphiles and subphase components, charge of the 

reactants, and the dimensional limitations of the interface itself, Figure 5-2. 

 

Figure 5-2.  Synthetic strategy for the self-assembly of two–dimensional coordinate covalent 
networks at the air-water interface.  The coordination topology of the networks is 
controlled by the geometry of the amphiphiles (black) and subphase reactants (red).  
The three possible two-dimensional network topologies shown on the right are the 
(6,3) honeycomb, (4,4) face-centrered cubic, and linear chain topologies.143,144 

To construct a Langmuir monolayer, one first dissolves the desired amphiphillic molecule 

into a volatile organic solvent, which will not dissolve into the subphase over which it will be 

spread.  Next, the dissolved amphiphile is spread upon the subphase between a set of movable 

barriers, which skim the surface.  Once the volatile solvent evaporates, the molecules will spread 

over the surface, orienting themselves with polar heads below the water surface and aliphatic 

carbon chains above the interface.  To study the nature of the monolayer and monitor the order of 
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the amphiphillic molecules, the surface pressure of the monolayer is often monitored, by a 

Wilhelmy balance, during monolayer compression and displayed in a pressure vs. area isotherm, 

as can be seen in Figure 5-3.  As the barriers of the trough are moved toward each other and the 

surface pressure increases, the monolayer may undergo several phase transitions.  The 

observation of these phases is dependent upon temperature and surface area available for each 

amphiphile, and may not be observed for all species and in all conditions.   
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Figure 5-3.  A schematic representation of characterization of Langmuir monolayers throughout 
the film’s compression.  As the monolayer is compressed, the proximity of the 
amphiphiles is increased leading to increased organization and phase transitions.  The 
change in surface tension of monolayers through the compression sequence is 
monitored to produce surface pressure vs. mean molecular area isotherms. 

At ambient temperatures and with the barriers spread wide allowing a large area per 

molecule, the monolayer may exist in a two-dimensional gas phase; in this state, the molecules 

have little or no interaction between each other.  As the barriers compress the monolayer, 

increasing the amphiphiles’ proximity and interaction, the surface pressure rises; this evolution 

in monolayer behavior is often accompanied by a phase transition.  The monolayer can then exist 

in a liquid-expanded (LE) phase, which is analogous to a three-dimensional liquid.  As the 
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barriers are moved even closer together and the monolayer is further compressed, the film can 

then go through another phase transition into the two-dimensional liquid condensed (LC) phase, 

similar to a three-dimensional solid, though still lacking long range order.  As the monolayer is 

compressed and goes through these phase transitions, the phases of the monolayer will often 

coexist in a state of equilibrium.  Plateaus in the isotherm mark the times at which the phases 

exist together in equilibrium.  Though observed in many monolayer systems, all of these phases 

may not be observed for all amphiphiles at room temperature.  The behavior of the isotherms 

over the reactant subphases can give information about the formation of the two-dimensional 

coordination polymers formed at the air-water interface.  By extrapolating the steepest portion of 

the pressure versus area isotherm, one can acquire the minimum mean molecular area of the 

amphiphillic molecule at zero applied pressure.145  Differences in the mean molecular area, 

slope, and collapse pressure of the isotherms over pure water and transition metal ion containing 

subphases give evidence of interaction between the amphiphiles and subphase components. 

Numerous studies have shown the propensity of Langmuir monolayers to form extended 

two-dimensional networks and multi-component systems through inter-amphiphile interactions 

and the selective coordination of subphase ions, small molecules, and extended molecular 

networks.  In order to develop novel systems with applications in molecular electronics and 

optical devices, Palacin and coworkers have conducted investigations into the fabrication of 

Langmuir-Blodgett films comprised of amphiphillic metal-containing heterocyclic, thiophene, 

and porphyrin compounds.146-149  The self-assembly of these networks primarily utilized 

electrostatic, van der Waals, and pi stacking interactions between adjacent molecular species.  

Similar self-assembly at interfaces was conducted by Drain and coworkers, during their 

investigations of porphyrin complexes.150,151  Lending themselves as a medium capable of 
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directing the self-assembly of molecular complexes from aqueous subphases, Langmuir 

monolayers were used by Yakhmi and coworkers to control the crystallization and orientation of 

Prussian blue analogs and allow for their transfer to solid supports.104,152  The fabrication of 

extended two-dimensional, metal-organic lattices, based on layered metal phosphonates and 

cyanometallate networks have been extensively investigated in our own research group.  Metal-

phosphonate Langmuir-Blodgett films were investigated by Byrd, Petruska, Fanucci, and 

coworkers to development novel two-dimensional, magnetic networks and metal-organic 

surfaces which could be used as solid supports for three-dimensional network templating, 

biological sensing, and catalysis studies.153-157  To control the magnetic properties of two-

dimensional, metal-organic networks through predetermined network topology, Culp utilized 

pentacyano ferrate and terpyridine based amphiphiles to fabricate cyanometallate Langmuir-

Blodgett films.56,59,72,101,102,143,158  Using these amphiphiles and the strong coordinate covalent 

bonds formed between cyanide ligands and transition metal ions, he was able to precipitate 

square grid and linear chain networks based on Prussian blue analogs.  These two-dimensional 

PBA systems were subsequently shown to have the ability to form multi-layered solids, template 

extended coordinate covalent networks, and possess molecular magnetism.   

Monolayer and Thin Film Characterization 

Brewster Angle Microscopy 

Though the nature of the isotherm gives a considerable amount of information about the 

films’ behavior on the air-water interface, the amphiphile’s propensity to form ordered 

monolayers can also be studied with the use of Brewster angle microscopy (BAM).159  This 

technique is now widely used to image Langmuir monolayers in situ.  The basis of the technique 

is Brewster angle refraction and the Brewster angle, θB, which is given by θB = tan-1 (n1/n2), 

where n1and n2 are the refractive indices of two joined media. Linearly polarized light, at the 
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Brewster angle, aimed at the interface of two media with different refractive indices, will 

transmit entirely from one media to the other.  The Brewster angle of the air-water interface is 

~53ο.  When running a BAM experiment at the air-water interface, a polarized laser is directed 

towards the surface of the water, and the angle of incidence is set to the Brewster angle.  This 

causes all incident light to be internally refracted.  When this happens, the camera of the BAM 

does not detect any light.  When a monolayer is spread upon the water surface, the beam 

encounters a new refractive index, and its reflectivity changes, Figure 5-4.  The change in 

reflectivity allows for the reflected light to be detected by a high-resolution CCD camera; the 

detected light is then used to form images of the monolayer and study its phase behavior.160  
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Figure 5-4.  A schematic representation of the principle behind Brewster angle microscopy 
(BAM).  The introduction of a film at the air-water interface changes the refractive 
index of the surface.  Internally refracted light is not reflected away from the surface 
and can now be detected by a camera.  This allows for real time imaging of Langmuir 
monolayers. 

FT-IR Spectroscopy and Atomic Force Microscopy of Langmuir-Blodgett Films 

Further characterization of this reaction system requires the deposition of these films onto 

a solid support.  The Langmuir-Blodgett (LB) technique, seen in Figure 5-5, allows for the 

transfer of monolayers from the water surface onto both hydrophobic and hydrophilic surfaces, 

to form monolayer and multi-layered thin films.161,162  When using this technique, the film is first 

compressed to the desired surface pressure, and the substrate is submerged into the aqueous 
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subphase.  When transferring onto a hydrophillic surface, the polar head-groups and precipitated 

networks of monolayers interact with the substrate.  Upon lifting the solid support from the 

subphase, a single layer of the monolayer is transferred onto the surface.  The substrate can again 

be submerged into the subphase, through the monolayer, and lifted back out, depositing a bilayer 

of the amphiphillic network and producing a multi-layered Langmuir-Blodgett film.  This 

process can be repeated in order to produce thin films of varied thickness.   

 

Figure 5-5.  A schematic depiction of the deposition of a monolayer and multi-layer 
Langmuir-Blodgett film onto a hydrophilic solid support.  Repeating the deposition 
process allows for the fine control in the preparation of thin films of varying 
thickness.   

FT-IR spectroscopy studies of the transferred thin films enable one to monitor the 

coordination behavior of the amphiphiles by evaluating the different spectral peaks associated 

with the amphiphile.  Attenuated total internal reflectance (ATR) crystals are used to give the 

method monolayer sensitivity; the geometry of the crystal is such that the incident IR radiation is 

internally reflected, resulting in multiple passes of the beam through the sample.  The vibrational 
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modes of the C-H, C-N, and C-O bond stretches are readily observed in the monolayers’ FT-IR 

spectra of multi-layered LB films, and will be used to study the behavior of the amphiphiles 

studied herein.  The peak multiplicity and peak stretching frequencies of the C-H stretches gives 

information about the packing density and orientation of the alkyl tails of the amphiphiles,163 

while those of the C-N and C-O stretches give information about the coordination of subphase 

components by the polar head groups of the amphiphiles.   

The surface morphology and thickness of the transferred films can be investigated using 

atomic force microscopy, AFM.  With the appropriate choice of tips and slow scanning rates, 

AFM can give detailed surface images and roughness analyses, with nanometer resolution, as 

well as accurate depth measurements with a resolution on the order of angstroms.  These studies 

can be performed over sample areas as small as tens of nanometers, or as large as several 

microns.  While the structure of the coordination polymer network of the thin films are often 

masked by thick layers of alkyl chains from the amphiphiles, information about the coordination 

topology of the networks can be elucidated from the thickness of the films. 

Scope of Research 

The work presented herein is aimed at understanding the self-assembly of extended 

coordinate covalent networks at an interface.  In Chapter 6, we demonstrate the control of 

network precipitation and coordination topology with amphiphile symmetry and coordination 

geometry, along with the acidity and transition metal composition of the aqueous subphase using 

data obtained from surface pressure isotherms, BAM, ATR FT-IR and AFM. 
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CHAPTER 6 
TOPOLOGICAL CONTROL OF TWO-DIMENSIONAL METAL-ORGANIC NETWORKS 

Introduction 

Because of the approaching size limitations of conventional synthetic and lithographic 

techniques, supramolecular assembly has gathered considerable attention in the design and 

synthesis of many recent nanoscale materials.133  This approach of constructing large, extended 

networks from smaller molecular building blocks utilizes both weak attractive forces, such as 

electrostatic, van der Waals, and pi stacking interactions, and strong intramolecular forces, such 

as coordinate covalent bonding.134,135  Future analysis and application of these materials and 

envisioned devices, such as cellular mimicking monolayers, molecular circuitry, and nanoscale 

and thin film magnetic materials, will most likely require them to be transferred to a solid 

support or placed on a surface.  In order to avoid the possible problems associated with the 

synthesis and subsequent placement of these materials onto a substrate, one can use the 

alternative method of synthesizing these materials at the desired interface.  With an extensive 

library of common synthetic routes and a growing understanding of how this knowledge can be 

applied to supramolecular chemistry, there is now an increasing desire in the scientific 

community to understand how both reactants and the interface itself can be used to direct and 

modify the synthesis, dimensionality, and topology of self-assembled networks. 

Using the air-water interface as a medium to study the self-assembly at interfaces provides 

us an inexpensive and readily available system with which to work.  This air/liquid interface 

eliminates the diffusion restriction of reactants and provides a smooth, uniform surface, which 

can act as a structure director, assuring that our networks will be limited to two-dimensions.  The 

use of Langmuir monolayers to study network self-assembly affords us the use of a plethora of 

analytical techniques to monitor network formation and enable the easy transfer of these films to 
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solid supports by the Langmuir-Blodgett technique for further application and characterization of 

their physical and structural properties.   

Past research studies have shown Langmuir monolayers have the ability to form extended 

two-dimensional molecular solids56,59,153-157 and selectively bind ions, small molecules,146-151 and 

extended molecular networks104,152 in order to assemble multi-component extended systems.  

Though there are a variety of different geometries and connectivity possible in three-dimensional 

supramolecular structures, there are primarily two coordination geometries found in these two-

dimensional grids: a square grid, 44, network and a honeycomb shaped, 63, grid (Schlafli symbol 

defining the number of nodes in the shortest circuit associated with those nodes and the number 

of angles at each node).164  These two coordination topologies can be pictured by excising a 

single layer from three-dimensional structures of a Prussian Blue analogue and the diamondoid 

network formed by coordination of 4,4’,4”-tricyanotriphenylmethanol and silver cations 

respectively, Figure 6-1.   

 

Figure 6-1.  Excised layers of a Prussian Blue analogue (A) and silver containing diamondoid 
type network (B), yielding a two-dimensional square grid lattice and honeycomb 
networks.73,152,165 

A

B 

A 
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In previous investigations, our research group has demonstrated the use of Langmuir 

monolayers to coordinate subphase ions to form continuous metal-organic lattices, based on 

layered metal phosphonates156,157 and cyanometallate networks.72,101,102  Utilizing long-chain 

pentacyano ferrate amphiphiles to coordinate cationic transition metal species from the subphase, 

Culp demonstrated the precipitation 44 square grid networks of Prussian blue analogs.  The 

coordination topology of the networks was predetermined by the four-fold symmetry of the 

cyanometallate amphiphiles and the octahedral coordination sphere of the aqueous transition 

metal reagents.  These systems were subsequently shown to have the ability to form 

multi-layered solids,56 template extended coordinate covalent solids,59 and possess molecular 

magnetism.56,59,72,101,102  After demonstrating the ability to precipitate square grid networks using 

Langmuir monolayers, our interests have now turned to the synthesis of Langmuir-Blodgett films 

with a hexagonal coordination topology. 

There is an extensive list of solid-state honeycomb and diamonoid networks composed of 

transition metal ions bridged by organic molecules, possessing a variety of coordinating 

functional groups, such as nitriles, amines, phosphonates, and carboxylic acids.166-172  In an 

attempt to predetermine the coordination topology of these networks, researchers used 

octahedrally and tetrahedrally hybridized transition metal ions and coordinating organic ligands 

with multiple coordination nodes and three-fold symmetry.  In this present research study of 

supramolecular assembly, we will demonstrate the use of the air/water interface and Langmuir 

monolayers to direct the synthesis of two-dimensional, metal-cyanide and metal-carboxylate 

networks, with honeycomb topology, using similar coordination strategies to those shown in 

Figure 6-2.  Here in, we report that the reaction of the C3 symmetric amphiphile, 

4,4’,4”-triccarboxytriphenylmethyl octadecyl ether with cationic transition metal ion subphases 
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resulting in the formation of two-dimensional metal-organic frameworks; the evidence offered 

indicates that the self-assembled networks possess hexagonal coordination. 

 
Figure 6-2.  Schematic of two-dimensional (6,3) honeycomb metal-organic networks formed 

from the coordination of amphiphillic molecules (black) to transition metal ions (red) 
in the aqueous subphase.  Coordination nodes are denoted by the sides of triangles 
and the terminal ends of thick lines.  Three-fold symmetry is denoted by triangles and 
y-shapes, while thick lines denote two-fold symmetry. 

Network formation and topology was controlled by the three-fold, coordination symmetry of the 

amphiphile and subphase ions, the charge of the subphase transition metal cations, acidity of the 

aqueous subphases, and the dimensional restriction of the air/water interface.  The observations 

were supported by surface pressure vs. mean molecular area isotherms, Brewster angle 

microscopy, ATR FT-IR experiments and atomic force microscopy. 

Experimental Section 

Synthesis 

Materials 

All reagents were purchased from Sigma-Aldrich or Fisher-Acros and used without further 

purification.  Dry solvents were obtained from a SECA Solvent Dispensing System designed by 

J. C. Meyer.  All reactions were performed under an inert atmosphere. 

Instrumentation 

All nuclear magnetic resonance (NMR) spectra were obtained on a Gemini 300 MHz 

spectrometer, Appendix C.  The characteristic solvent peaks were used as reference values.  

Fourier transform infrared (FT-IR) spectra as KBr pellets were recorded with a Bruker Vector 22 
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IR.  Melting points were obtained on a MEL-TEMP capillary melting point apparatus.  

Combustion analyses and mass spectrometry were performed by the University of Florida 

Spectroscopic Services laboratory, in order to obtain elemental percentages of carbon, hydrogen, 

and nitrogen and molecular ion masses.   

4,4’,4”-tricyanotriphenylmethanol (1)173 

This synthetic procedure was modified from that previously reported.173  A solution of 

4-bromobenzonitrile (4.0559 g, 22.5 mmol) in THF (100mL) was stirred at -78°C under dry 

argon and treated drop wise with a solution of n-butyl lithium (8.2mL, 2.5M in hexane, 

20.5 mmol) over an hour.  The resulting mixture was kept at -78°C for one hour, and was then 

treated slowly with a solution of methyl-4-cyanobenzoate (1.6920 g, 10.5 mmol) in THF 

(100mL).  The resulting solution was then kept at -78°C for two hours and was then slowly 

warmed to room temperature.  The reaction was quenched with ice water.  Ether (~100mL) was 

added to the mixture and the mixture was then washed twice with a NaHCO3/NaHSO4 solution 

(100mL), washed twice with water (100mL), and once with brine (50mL), keeping the organic 

phase.  The organic phase was then dried over MgSO4 and filtered.  Volatiles were removed 

under reduced pressure and the resulting residue was put to vacuum over night.  The residue was 

purified by column chromatography174 (70% Hexane, 30% Ethyl Acetate) and recrystallized 

from THF as a white solid (1.5 g, 20%): m.p. 228°C (225 °C).  IR (KBr) (cm-1): 3450, 3100, 

2900, 2250, and 1610.  1H NMR (MHz, CDCl3) δ: 3.32 (s, 1 H, OH), 7.40 (d, 6 H, Har), 7.66 (d, 

6 H, Har).  
13C NMR (MHz, CDCl3) δ: 81.2, 112.3, 118.1, 128.4, 132.3, and 149.4. 

4,4’,4”-tricyanotribenzylmethyl dodecyl ether (2)175 

A solution of 1 (0.1536 g, 0.4580 mmol) and sodium hydride (0.0421 g, 1.75 mmol) in 

THF (100mL) was stirred at reflux under dry argon for two hours and was then treated slowly 

with a solution of 1-bromododecane (0.15mL) in THF (50mL).  The reaction mixture was then 
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kept at reflux for four days.  The reaction mixture was then quenched with water.  Ether 

(~100mL) was added to the mixture and the mixture was then washed twice with a 

NaHCO3/NaHSO4 solution (100mL), washed twice with water (100mL), and once with brine 

(50mL), keeping the organic phase.  The organic phase was then dried over MgSO4 and filtered.  

Volatiles were removed by evaporation under reduced pressure and the resulting residue was put 

to vacuum over night.  The residue was purified by column chromatography (70% Hexane, 30% 

Ethyl Acetate) and (100% Hexane) and isolated as an oil (0.018 g, 8%).  Elemental Analysis 

calculated in %: C: 81.1; H: 7.4; N: 8.3; found: C: 80.5; H: 9.0; N: 7.0.  IR (KBr) (cm-1): 3100, 

2900, 2800, 2250, and 1620, 1490.  1H NMR (MHz, CDCl3) δ: 0.86 (t, 3H), 1.26 (m, 18H), 1.64 

(p, 2H), 2.98 (t, 2H), 7.49 (d, 6 H, Har), 7.65 (d, 6 H, Har).  
13C NMR (MHz, CDCl3) δ: 14.0, 

22.6, 26.1, 29.3, 29.7, 29.9, 31.9, 35.0, 64.6, 85.6, 112.0, 118.1, 128.9, 132.2, and 147.2. 

4,4’,4”-tricyanotriphenylmethyl octadecyl ether (3) 

A solution of 1 (0.1660 g, 0.50 mmol) and sodium hydride (0.04 g, 1.5 mmol) in THF 

(100mL) was stirred at reflux under dry argon for two hours and was then treated slowly with a 

solution of 1-iodooctodecane (0.23 g, 0.60 mmol) in THF (50mL).  The reaction mixture was 

then kept at reflux for four days.  The reaction mixture was then quenched with water.  Ether 

(~100mL) was added to the mixture and the mixture was then washed twice with a 

NaHCO3/NaHSO4 solution (100mL), twice with water (100mL), and once with brine (50mL), 

keeping the organic phase.  The organic phase was then dried over MgSO4 and filtered.  

Volatiles were removed by evaporation under reduced pressure and the resulting residue was put 

to vacuum over night.  The residue was purified by column chromatography (70% Hexane, 30% 

Ethyl Acetate) and (100% Hexane) and isolated as an oil and recrystallized from hexanes 

(0.026 g, 9%).  Elemental Analysis calculated in %: C: 81.7; H: 8.4; N: 7.2; found: C: 81.5; H: 

8.9; N: 6.7.  IR (KBr) (cm-1): 3100, 2900, 2250, and 1610.  1H NMR (MHz, CDCl3) δ: 0.88 (t, 
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3H), 1.26 (m, 30H), 1.63 (p, 2H), 2.99 (t, 2H), 7.50 (d, 6 H, Har), 7.65 (d, 6 H, Har).  
13C NMR 

(MHz, CDCl3) δ: 14.1, 22.6, 26.1, 28.1, 28.7, 29.3, 29.4, 29.5, 29.6, 31.9, 32.8, 33.9, 64.5, 85.5, 

111.9, 118.0, 128.9, 132.1, and 147.2. 

4,4’,4”-tricarboxytriphenylmethyl octadecyl ether (4)176 

A mixture of 3 (1.200 g, 2.042 mmol) and potassium hydroxide (1.711 g, 30.4 mmol) in 

20 mL ethylene glycol and 5mL water was heated at reflux for 96 hours.  The solution was 

cooled to r.t. and acidified to pH 1 by addition of aqueous HCl (1 M).  The resulting solid 

precipitate was separated by filtration, washed with water, and dried under vacuum.  The solid 

was purified by column chromatography (100 % Hexane) and (100% Methanol) and was isolated 

as a flaky tan solid (0.2939 g, 22%), after rotary evaporation.  Elemental Analysis for C40H54O8: 

calculated in %: C: 72.8; H: 8.25; found: C: 72.9; H: 8.38.  IR (KBr) (cm-1): 3400, 3075, 2925, 

2854, 1693, 1607, 1419, 1184, and 1079.  1H NMR (MHz, CD3OD) δ: 0.87 (t, 3H), 1.26 (m, 

30H), 1.63 (p, 2H), 3.08 (t, 2H), 7.54 (d, 6 H, Har), 7.98 (d, 6 H, Har) and 12.94 (s, 3H, HOH).  13C 

NMR (MHz, CDCl3) δ: 14.7, 23.8, 27.5, 29.1, 30.8, 33.1, 65.1, 87.4, 129.7, 130.5, 149.7, and 

169.3.  MS (643.36 (M-H-) 

Monolayers and LB Films 

Materials 

All reagents were used as received or synthesized above.  Subphases were prepared with 

water, having a resistivity of 17.8 to 18.1 MΩ, from a Barnstead NANOpure system. 

Substrate preparation 

Single-crystal (100) silicon wafers, purchased from Semiconductor Processing Company 

(Boston, MA), were used as deposition substrates for atomic force microscopy (AFM).  These 

substrates were cleaned using the RCA cleaning procedure and dried under a stream of nitrogen.  

Samples for attenuated-total-reflectance (ATR)-FTIR experiments were prepared on Silicon 
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ATR parallelograms (45°, 50 mm x 10 mm x 3 mm).  The silicon ATR crystals were cleaned 

with piranha etch (75% Hydrogen peroxide, 25% Sulfuric Acid) before use to remove any debris.  

Hydrophobic substrates are prepared by modifying substrates with a deposition of a monolayer 

of OTS. 

Instrumentation 

The Langmuir-Blodgett experiments were performed using KSV 2000 and 5000 

Instruments modified to operate with hydrophobic double barriers on homemade Teflon troughs 

with surface areas of 717 cm2 (15.0 cm x 57.8 cm) and 953.4 cm2 (13.0 cm x 71.8 cm), 

respectively.  The surface pressure was measured with a filter paper Wilhemy plate suspended 

from a KSV microbalance.  Brewster angle microscopy experiments were performed using a 

Nanofilm Technology GmbH BAM2plus with the LB trough mentioned above.  A polarized 

Nd:YAG laser (532 nm, 50 mW) was used with a CCD camera (572 x 768 pixels).  The 

instrument is equipped with a scanner that allows an objective of nominal magnification of 10x 

and 20x to be moved along the optical axis.  For the 10x objective, a laser power of 50%, 

maximum gain, and a shutter time of 1/50 s are used.  The incident beam is set at the Brewster 

angle in order to obtain a minimum signal before the monolayer is spread upon the trough.  A 

piece of black glass is placed at the bottom of the trough in order to absorb the internally 

refracted beam to avoid stray light.  The polarizer and analyzer are set at 0° for all experiments.  

The laser and camera are mounted on an x-y stage that allows for the examination of the 

monolayer at different regions.  FT-IR spectra of transferred LB films were recorded using a 

Thermo Scientific Nicolet 6700 spectrometer.  A Harrick TMP stage was used for ATR 

experiments.  ATR-FTIR spectral runs consist of 60 minutes of scans at a resolution of 4 cm-1.   

Tapping mode AFM experiments were performed on nitrogen-dried samples using a Multimode 
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AFM with a Nanoscope IIIa controller (Digital Instruments, Santabarbara, CA) and 

commercially available silicon cantilever probes (Nanosensors, Phoenix, AZ). 

Monolayer and LB film preparation 

The amphiphillic molecules 2 – 4 were spread over aqueous transition metal subphases 

using chloroform solutions with concentrations ~ 4 mg/ 10mL.  Amphiphiles 2 and 3 were 

spread over 2mM aqueous subphases of NaCl, CuCl2, Ni(NO3)2, and AgNO3.  Amphiphile 4 was 

spread over 4mM aqueous solutions of NaCl, CuCl2, MnBr2, FeSO4, and La(NO3)3; the subphase 

pHs were adjusted with dilute aqueous solutions of NaOH(s) and HCl(aq).  All monolayers were 

allowed to equilibrate for 30 minutes upon spreading and were then compressed at a rate of 

1mN/min with a maximum speed 5 mN/min.  The stability of the spread monolayers and 

aqueous solubility of the amphiphiles were analyzed with the use of a “creep test,” where 

monolayers of amphiphiles 2 and 3 were compressed to and held at a constant pressure of 

1mN/m, after which a kinetic study of the mean molecular area as a function of time was 

performed.  Monolayer and multilayer thin films were transferred as Y-type films at a rate of 

2mm/ min onto hydrophilic substrates at a surface pressure held constant at 5, 10, and 20 mN/m 

at ambient temperatures, in order to utilize ATR FT-IR spectrometry and AFM in the study of 

the coordination behavior of the amphiphiles with the alkali and transition metal aqueous 

subphases. 

Results Section 

Langmuir Monolayers 

Amphiphile design and LB film fabrication 

In order to achieve the desired coordination geometry, amphiphiles with three-fold 

symmetry and three coordination nodes and tetrahedrally and octahedrally hybridized transition 

metal ions in the aqueous subphase were employed.  Because of its propensity to form two and 
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three dimensional honeycomb networks with transition metal ions, tri(4-cyanophenyl)methanol 

was chosen as the primary building block to construct the possible target amphiphiles shown in 

Figure 6-3.165  These systems exhibit several attributes, which make them suitable for this study.   

 

O
X

X

X
O

X

X

X

O

N

X

X

X

N

 
Figure 6-3.  Target amphiphiles with three-fold symmetry and three coordination nodes.  X is 

defined as a coordination node comprised of either a cyano or carboxylic acid 
functional group. 

First, carbon substitution chemistry has been extensively studied, which enables one to easily 

vary substituents on the central carbon atom.  The tetrahedral methyl center supplies a rigid, 

three-fold symmetry for the amphiphiles, and the para-substituted aromatic rings provide three 

nitrile functional groups, which are easily oxidized to carboxylic acid functionalities, as 

coordination nodes. Carboxylic acid and cyano coordination nodes are known to spontaneously 

form strong, coordinate covalent bonds with transition metal ions and can supply 

electronegativity to the amphipihles’ polar head group.  Finally, these molecules also lend 

themselves to alkylation, giving the amphiphiles some hydrophobic nature.   

The ease with which the amphiphile could be synthesized and our ability to tune both the 

length of the hydrophobic, alkyl tail and type of coordinating functionality present on the polar 

head group led us to choose the center amphiphile for this study.  The synthetic reaction scheme 

for the amphiphiles reported above is shown in Figure 6-4.  Though each step of the synthesis 
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exhibited low product yields, this approach afforded the successful fabrication of three 

amphiphiles with varied alkyl tail lengths (C12 and C18) and two different coordinating 

functionalities (CN and CO2H). 

 

Br

CN

+ NC
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-78oC OH

CN
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CN

OH

CN
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CN

NaH, RX
THF, ref lux

OR

CN

NC

CN

1) KOH, ethylene glycol
ref lux

2) HCl OR

CO2H

HO2C

CO2H  
Figure 6-4.  Synthesis procedure for amphiphiles 2, 3, and 4. 

Coordination reactions between these three amphiphiles and transition metal ions from the 

subphase can lead to the precipitation of two-dimensional, hexagonal networks with two 

different coordination topologies, Figure 6-2 (A and C).  If the amphiphiles coordinate metal ions 

from the subphase which bind in a linear or bent fashion, a hexagonal network with a large mean 

molecular area (~120 Ǻ2/ molecule) will be formed, Figure 6-2 (A).  On the other hand, if the 

amphiphiles bind to transition metal ions which coordinate in a facial manner, a honeycomb 

network with a smaller mean molecular area (~80 Ǻ2/ molecule) will be precipitated, 

Figure 6-2 (C).  This observation allows for further control over network coordination topology 

with the variation of transition metal ion reactants.   

Tris-cyano amphiphiles 

The behaviors of amphiphiles 2 and 3 at the air/water interface were studied for aqueous 

subphases of 2mM MII (M = Cu and Ni) and MI (M = Na and Ag) and are represented with mean 
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molecular area vs. time “creep tests,” pressure vs. area isotherms, and BAM images.  The 

stability of the monolayer can be studied from the slope of the “creep test” isotherms, and the 

effect of transition metal coordination to the tris-cyanobenzyl methyl head groups of the 

amphiphiles can be inferred from the shapes of the individual isotherms and the contrast and 

appearance of the BAM images of the monolayers.   

For both amphiphiles, 2 and 3, “creep test” plots with small negative slopes indicate the 

amphiphiles’ propensity to form monolayers with low aqueous solubility, Figure 6-5.   
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Figure 6-5.  MMA versus time isotherms for 2 (black) and 3 (red) over a 2 mM aqueous 
subphases of NaCl.  Static slopes of near zero indicate low amphiphile solubility into 
the subphase. 

For each amphiphile studied, the compression isotherms contained two distinct regions 

corresponding to 1) a mixture of two-dimensional gas analogous phase and liquid-expanded (LE) 

phase and 2) a LE phase.  Comparing the compression isotherms of the two amphiphiles, 2 and 

3, over the transition metal ion subphases to those over NaCl(aq), one observes little change in the 

collapse pressure or take-off point of the isotherms, ≤ 2 mN/m and ≤ 5 Å2/molecule respectively.  

The mean molecular areas (MMAs) of amphiphiles 2 and 3 shifted from 45 and 50 Å2/molecule 

to ~48 Å2/molecule, and the collapse pressures decrease from 11 and 13 mN/m to 10 and 11 

mN/m, upon monolayer compression and interaction with the transition metal subphases.  One 
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also sees little or no change in the slope or shape of these isotherms.  This behavior is depicted in 

the isotherms of Figure 6-6. 

 

 
Figure 6-6.  Pressure versus area isotherms for 2 and 3 over 2 mM aqueous subphases of NaCl 

(black), AgNO3 (red), CuCl2 (green), and Ni(NO3)2 (blue). 

The behaviors of both amphiphiles were then studied over the four subphases with the use 

of Brewster angle microscopy by analyzing BAM images of the monolayers throughout 

monolayer compression.  BAM images of monolayers of 2 and 3, held at surface pressures of 0 

and 5 mN/m, over the four aqueous subphases are shown in Figures 6-7, 6-8, and 6-9. 

 
Figure 6-7.  BAM images of Langmuir monolayers of 2 and 3 over aqueous subphases of NaCl 

at pressures of 0 mN/m and 5 mN/m. 
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Figure 6-8.  BAM images of Langmuir monolayers of 2 over aqueous subphases of AgNO3, 
CuCl2, and Ni(NO3)2 at pressures of 0 and 5 mN/m. 

 

Figure 6-9.  BAM images of Langmuir monolayers of 3 over aqueous subphases of AgNO3, 
CuCl2, and Ni(NO3)2 at pressures of 0 and 5 mN/m. 

At lower MMAs and higher surface pressures, the monolayers exist in the liquid expanded 

phase, denoted by the presence of uniform, fluid regions with lighter contrast.  This behavior is 

observed while the amphiphiles are spread over all three transition metal ion aqueous subphases 

and strongly resembles that of the amphiphile when spread over the non-coordinating aqueous 
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subphase of sodium chloride.  These observations lend evidence that the two-dimensional 

coordinate covalent networks are not forming.   

Tris-carboxy amphiphiles: pH dependence of network formation 

The behavior of amphiphile 4 at the air/water interface was then studied for 4mM M3+ (M 

= La), M2+ (M = Cu, Mn, and Fe) and M+ (M = Na) subphases and is represented in the 

following pressure vs. area isotherms and BAM images.  The ability of the amphiphile’s 

tricarboxybenzyl methyl head group to coordinate transition metal ions from the aqueous 

subphases can be deduced from the shapes of these isotherms and the appearance of the BAM 

images of the monolayers.   

Amphiphile 4 was first studied for its ability to coordinate divalent subphase ions with 

varying levels of Lewis acidity.  For each metal ion (Cu2+, Mn2+, and Fe2+) system studied, the 

compression isotherms of amphiphile 4 contained three distinct regions corresponding to 1) a 

mixture of two-dimensional gas analogous phase and liquid-expanded (LE) phase, 2) a LE phase, 

and 3) a liquid condensed (LC) phase, when spread over subphases with pHs ≤ 3.25, 4.00, and 

2.50 respectively.  This behavior strongly resembled that of 4 over a NaCl(aq) subphase.  As the 

pH of these subphases was increased, the separation between the phases of the monolayers 

became less distinguishable, the slope of the isotherms decreased, the take off points of the 

isotherms shifted from ~80 Å2/molecule to ~120 Å2/molecule, and the collapse pressures of the 

monolayers decreased, as compared to 4 over NaCl(aq) subphase.  This behavior is seen in the 

amphiphile’s isotherms over the respective subphases, Figure 6-10.  The changes seen in the 

isotherms support the notion that the amphiphiles are coordinating the transition metal ions from 

the subphase and forming rigid, two-dimensional networks. 
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Figure 6-10.  Pressure versus area isotherms for 4 over aqueous subphases of CuCl2,  MnBr2, and 

Fe(SO4)2 at pHs of 4.9, 5.7, and 3.5 (blue); 4.0, 4.5, and 3.0 (green); and 3.0, 4.0, and 
2.5 (red) compared to 4 over a NaCl subphase (black). 

This behavior was then studied over the three transition metal subphases by analyzing 

BAM images of the monolayers.  Below are BAM images of the monolayers over aqueous 

subphases of M2+ (M = Cu, Mn, and Fe) at low pHs (3.25, 4.00, and 2.50) throughout their 

compression, Figure 6-11.  For amphiphile 4 fluid regions of dark and light contrast are present 

at high MMAs and low surface pressures over each subphase, indicating the presence of the gas 

analogous and liquid expanded phase of the monolayer.  Upon compression, the more condensed 

areas of the monolayers are forced together and the films undergo phase transitions into a liquid 

expanded phase.  Upon further compression, at low MMAs and higher surface pressures, the 
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monolayers appear to undergo another phase transition and may now exist in the liquid 

condensed phase, denoted by the presence of uniform, fluid regions with even lighter contrast. 

 

Figure 6-11.  BAM images of Langmuir monolayers of 4 over aqueous subphases of CuCl2, 
MnBr2, and Fe(SO4)2 at surface pressures of 0, 5, and 10 mN/m and low pHs.  

The pHs of these subphases were subsequently raised to pHs of 4, 5.7, and 4 respectively 

and were again studied with Brewster angle microscopy during a compression sequence, Figure 

6-12.  At high MMAs and low surface pressures, large rigid regions of bright contrast existed 

throughout the viewing area of the BAM, indicating that the monolayers existed in the 

condensed phase.  Upon compression, these condensed areas of the monolayers are forced 

together, eliminating areas free of amphiphile.  Upon further compression, these areas of 

condensed monolayer are further squeezed together, forming continuous sheets of condensed 

phase, until they are forced upon one another, initiating monolayer collapse, indicated by bright 
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lines between adjacent regions.  The differences seen in the BAM images of the monolayers over 

the subphases at different levels of acidity indicate that the amphiphiles are able to coordinate the 

transition metal ions from the subphase to form extended networks.  The network formation also 

seems to be pH dependent, with network formation only present at higher pHs. 

 

Figure 6-12.  BAM images of Langmuir monolayers of 4 over aqueous subphases of CuCl2, 
MnBr2, and Fe(SO4)2 at surface pressures of 0, 1, and 10 mN/m at higher pHs. 

Tris-carboxy amphiphiles: charge dependence of network formation 

The dependence of network coordination topology upon the charge of the subphase 

transition metal ions was then investigated.  For both metal ion (Fe2+ and La3+) system studied, 

the compression isotherms of the amphiphile, over subphases with pHs ≤ 2.5and 3.0 

respectively, contained three distinct regions corresponding to 1) a mixture of two-dimensional 

gas analogous phase and liquid-expanded (LE) phase, 2) a LE phase, and 3) a liquid condensed 
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(LC) phase and strongly resembled that of the amphiphile over a NaCl(aq) subphase.  As the pH 

of these subphases was increased, the separation between the phases of the isotherms became 

less distinguishable, the slope of the isotherms decreased, the take off points of the isotherms 

shifted to a different mean molecular area (75 and 120 Å2/molecule respectively), and the 

collapse pressures of the monolayers decreased, as compared to amphiphile over NaCl(aq) 

subphase (80 Å2/molecule).  This behavior is displayed in the isotherms below, Figure 6-13. 

 
Figure 6-13.  Pressure versus area isotherms for amphiphile 4 over aqueous subphases of 

Fe(SO4)2(aq) at pHs of 3.0 (green) and 2.5 (red) and NaCl(aq) (black), La(NO3)3(aq) at 
pHs of 4.0 (green) and 3.0 (red) and NaCl(aq) (black), and Fe(SO4)2(aq) at a pH of 3.0 
(red), La(NO3)3(aq) at a pH of 4.0 (green), and NaCl(aq) (black). 

At low pHs (pH = 2.5 and 3.0 for M2+/3+ = Fe and La respectively) fluid regions of dark 

and light contrast are present at high MMAs and low surface pressures over each subphase, 

indicating the presence of the expanded and liquid expanded phase of the monolayer.  After 

sufficient compression, the monolayer exists in the liquid expanded phase, denoted by the 
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presence of uniform, fluid regions with lighter contrast; an example of this behavior is shown in 

the BAM images of Figure 6-14. 

 

Figure 6-14.  BAM images of 4,4’,4’’-triscarboxybenzyl methyloctodecyl ether over subphases 
of Fe(SO4)2(aq) (pH = 2.50) and La(NO3)3(aq) (pH = 3.0) at surface pressures of 0 and 
10 mN/m. 

 

Figure 6-15.  BAM images of 4,4’,4’’-triscarboxybenzyl methyloctodecyl ether over subphases 
of Fe(SO4)2(aq) (pH > 2.50) and La(NO3)3(aq) (pH > 3.0) at surface pressures of 0 and 
10 mN/m. 
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After raising the pH of the subphases, the behavior of amphiphile changed drastically.  At 

high MMAs, rigid regions of lighter contrast are present in the BAM images, indicative of the 

existence of a condensed phase, Figure 6-15.  As compression of the monolayers proceeds, these 

smaller regions of the condensed phase are forced together.  During this process the formation of 

larger, uniform regions of the condensed phase is observed in the viewing area Brewster angle 

microscope.  The behavior observed in the isotherm plots and BAM images above give evidence 

that at higher pHs two discrete extended networks with different mean molecular areas form 

upon the amphiphillic coordination of Fe2+ and La3+ ions from the subphase. 

While studying the coordinating ability of amphiphile 4 for subphase ions and the pH 

dependence of this ability, it is important to note the behavior of the amphiphile over a subphase 

of sodium ions at varying levels of acidity.  It is essential to point out that 4’s behavior over a 

NaCl(aq) subphase is independent of subphase acidity.  These observations are displayed by the 

compression isotherms and BAM images in Figures 6-16 and 6-17. 
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Figure 6-16.  Pressure versus area isotherms for amphiphile 4 over NaCl(aq) at pHs of 2.5 (red) 

and 5.3 (black). 
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Figure 6-17.  BAM images of 4,4’,4’’-triscarboxybenzyl methyloctodecyl ether over subphases 
of NaCl(aq) at A) and B) a high pH 5.3 and B) and D) a low pH of 2.5 at surface 
pressures of 0 and 10 mN/m. 

Langmuir-Blodgett Films 

Tris-cyano amphiphiles 

Langmuir-Blodgett (LB) films of 2 and 3, over the four subphases, were formed by Y-type 

deposition onto a hydrophilic silicon ATR crystal.  Analysis of the alkyl tail and aromatic nitrile 

vibrational modes was performed with ATR-FTIR, comparing these functionalaties’ peak 

frequencies, along with the peak multiplicity and half-maximum widths, over the three transition 

metal subphases to that over an aqueous sodium chloride subphase.  The first region of the FT-IR 

spectra analyzed was that containing the peak corresponding to the stretch of the aromatic nitriles 

of the amphiphile.  With respect to both amphiphiles 2 and 3, the stretching frequency of the 

aromatic nitrile did not shift from its original value of 2230 cm-1,when the amphiphiles were 

spread over the three transition metal subphases, as is shown in the FT-IR spectra and table 

below.  The peaks corresponding to the alkyl chains were then analyzed, studying their peak 

stretching frequencies, peak multiplicities, and peak half-maximum widths.  ATR FT-IR spectra 

pH = 5.3 pH = 2.5 

0 mN/m 0 mN/m 

10 mN/m 10 mN/m 
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of amphiphile 2 and 3, spread over the four aqueous subphases, display two alkyl stretching 

peaks centered at 2924 and 2854 cm-1 and 2920 and 2850 cm-1, respectively.  When amphiphile 2 

was spread over NaCl(aq), these peaks’ half-maximum widths were 27 and 19 cm-1, while 

amphiphile 3’s spectra contained peaks with half-maximum widths of ~19 and ~12 cm-1, 

respectively.  As seen in the FT-IR spectra on Figure 6-18 and Table 6-1, the peak stretching 

frequencies, multiplicity, and half-maximum widths do not change appreciably for amphiphile 2 

and slightly increase for amphiphile 3, when spread over the three transition metal ion subphases, 

as compared to being spread over the non-coordinating sodium ion subphase.   
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Figure 6-18.  ATR-FTIR of LB films of 2 and 3 spread over aqueous subphases of NaCl(aq), 
AgNO3(aq), CuCl2(aq) , and Ni(NO3)2(aq) transferred onto a silicon ATR crystal, with the 
use of Y-type Langmuir-Blodgett transfers. 

Table 6-1.  List of the alkyl tail peak stretching frequencies and half-maximum widths for 
amphiphiles 2 and 3 over aqueous subphases of NaCl, AgNO3, CuCl2, and Ni(NO3)2 

Aqueous Subphase Peak Half-Maximum Widths (2) 
2924 cm-1       2854 cm-1 

(cm-1) 

Peak Half-Maximum Widths (3) 
2920 cm-1       2850 cm-1 

(cm-1) 
NaCl 27                    19  17                   10 

AgNO3 27                    19  19                   12 
CuCl2 27                    19  19                    14 

Ni(NO3)2 27                    19  21                    14  
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With no change in the FT-IR spectra, the behavior of amphiphiles 2 and 3 does not appear to be 

changing when spread over the four different aqueous subphases.  This leads us to believe that 

the amphiphiles are not coordinating transition metal ions from the subphase.177-179 

Tris-carboxy amphiphile FT-IR spectroscopy 

To continue the study of amphiphile 4‘s ability to coordinate divalent transition metal ions 

from the aqueous subphase, LB films of 4, after being spread over the three subphases, were 

formed by Y-type deposition onto silicon ATR crystal for FT-IR analysis.  Analyses of the 

aromatic carbonyl stretching modes was performed, comparing the peak frequencies of the 

carbonyl groups over the three transition metal subphases to that over an aqueous sodium 

chloride subphase.  In each case, the relative intensity of the carbonyl stretch at 1693 cm-1 

diminished, while those of the CO2
- stretches (1605 and 1412 cm-1) increased, Figure 6-19.   
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Figure 6-19.  ATR-FTIR of LB films of 4 spread over aqueous subphases of NaCl(aq), CuCl2(aq), 
MnBr2(aq), and Fe(SO4)2(aq). 
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These changes in the FT-IR spectra lend evidence to the deprotonation of the carboxylic acid 

functional groups and the subsequent coordination of transition metal ions from the subphase.177 

Similar ATR FT-IR experiments were performed in order to continue the study on the 

charge dependence of the monolayer coordination topology.  The half-maximum widths and 

multiplicity of the peaks, corresponding to the CH2 stretches of the hydrocarbon tails of the 

amphiphillic molecules upon coordinating the Fe(SO4)2aq and La(NO3)3aq subphase ions, were 

compared to that of the amphiphile over the NaCl(aq) subphase.  With respect to the FT-IR 

spectrum of the amphiphile spread over the NaCl(aq) subphase, the half-widths of the two peaks 

at 2942 and 2852 cm-1 increase by 5 and 2 cm-1 respectively when the amphiphile is spread over 

the Fe(SO4)2(aq) subphase, while remaining relatively unchanged when the amphiphile was 

spread over the La(NO3)3(aq) subphase.  It was also seen that the aromatic carbonyl stretch at 

1693 cm-1 fades, while the peaks at 1412 and 1605 cm-1 grow in relative intensity, when 

spreading the amphiphile over the La(NO3)3 and Fe(SO4)2 subphases, as compared to the FT-IR 

spectrum of 4 over the non-coordinating NaCl(aq) subphase.  These observations indicate 

interactions between the amphiphiles’ coordinating functional groups and the transition metal 

ions of two subphases.  They also support the idea that the amphiphiles spread over the La(NO3)3 

subphase are in closer proximity with their alkyl tails arranged in a more orderly fashion than 

those over the Fe(SO4)2 subphase.177-180  These results are seen in Figure 6-20 and summarized in 

the Table 6-2. 

Table 6-2.  List of the alkyl tail peak stretching frequencies and half-maximum widths for 
amphiphile 4 over aqueous subphases of NaCl(aq), Fe(SO4)2(aq), and La(NO3)3(aq) 

Aqueous Subphase Peak Half-Maximum Widths 
2924 cm-1       2852 cm-1 

(cm-1) 
NaCl(aq) 20                    12 

Fe(SO4)2(aq) 25                    14 
La(NO3)3(aq) 22                    12 
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Figure 6-20.  ATR-FTIR of LB films of 4 spread over aqueous subphases of NaCl(aq), 

Fe(SO4)2(aq), and La(NO3)3(aq).  The spectra presented display the regions containing 
stretching peaks of the A) amphiphile’s alkyl tails and the B) aromatic carbonyls. 

Tris-carboxy amphiphile AFM 

In order to probe the propensity of the amphiphiles to form uniform monolayers, through 

coordination of subphase metal ions, the films’ ability to coat a surface, and to further delineate 

between the two distinct monolayers formed over the two aqueous subphases, AFM studies were 

performed on transferred LB-films of 4 over monolayers of Fe(SO4)2(aq) and 

La(NO3)3(aq)  at a variety of surface pressures.  The results were compared to those from AFM 

studies of bare slides of the silicon substrates, upon which the monolayers were transferred. 

The first aspect of the coordinated monolayers studied was their ability to be transferred to 

a solid support and coat a surface.  Langmuir-Blodgett films of 4 over Fe(SO4)2(aq) and 

La(NO3)3(aq) subphases were transferred to silicon slides at a surface pressures of 5 and 20 mN/m 

and studied with atomic force microscopy, comparing their roughness, uniformity and surface 

coverage to that of bare silicon.  Bare silicon surface is a uniformly smooth surface, having a 

root mean square roughness of 0.062 nm, with no defects or height changes, aside from dust 

particles.  One sees a different view when studying the AFM study results of the transferred 
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Langmuir-Blodgett films.  The LB films of 4 transferred at a surface pressure of 5 mN /m, over 

the Fe(SO4)2(aq) and La(NO3)3(aq) subphases, display the ability to coat the surface of the 

hydrophilic silicon, although defects are seen the transferred monolayers, as in seen in Figure 

6-21.  Though the coated surfaces appear rough due to the many defects in the transferred 

monolayers, the LB films, spread over the Fe(SO4)2(aq) and La(NO3)3(aq) subphases, are relatively 

smooth with a RMS roughness of .195 and .123 nm, respectively.  Notice that the roughness, 

measured at areas of uniform coverage, of the thin film formed by the coordination of the 

amphiphile and the trivalent transition metal subphase is smoother than that of the amphiphile 

spread over the divalent aqueous subphase.   

 
Figure 6-21.  Two-dimensional AFM images of bare silicon and transferred monolayers of 

amphiphile 4 spread over subphases of Fe(SO4)2(aq) and La(NO3)3(aq) at a surface 
pressure of 5 mN/m. 

Langmuir-Blodgett films of 4 over Fe(SO4)2(aq) and La(NO3)3(aq) subphases were then 

transferred to silicon slides at a surface pressure of 20 mN/m and studied with atomic force 

microscopy.  Looking at these two thin films, one can see uniform coverage of the silicon slides 

in both cases, with little or no defects in the LB film, Figure 6-22.  Looking at the AFM data 

listed in the Table 6-3, one can again see that the transferred LB films, originally spread over the 

Fe(SO4)2(aq) and La(NO3)3(aq) subphases, are smooth, with a RMS roughness of 0.119 and .160 

nm respectively.  When comparing these results to those of the monolayers transferred at the 

 

Silicon 
  Fe2+ La3+

5 mN/m 5 mN/m 5 mN/m 
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lower surface pressure described above, one observes a more continuous thin film with fewer 

defects and higher percentage of surface coverage, along with slight changes in monolayer 

roughness.   

AFM measurements of the transferred LB films at a pressure of 5 mN/m were then used to 

determine thin film thickness and roughness of the distinct monolayers to differentiate between 

the two network coordination topologies; the results are summarized in Table 6-3.  As described 

in the paragraphs above, the LB film of the monolayer spread over a La(NO3)3(aq) subphase was 

smoother than that spread over a Fe(SO4)2(aq) subphase, indicating closer packed and more 

organized alkyl tails in the prior film.  Measuring the height difference between the silicon 

surface and the surface of the thin film, the thickness of the two LB films, spread over 

Fe(SO4)2(aq) and La(NO3)3(aq) subphases, were found to be 1.148 and 1.589 nm respectively, 

indicating a closer packing and more upright orientation of the alkyl tales in the latter monolayer. 

 

Figure 6-22.  Two-dimensional AFM images of bare silicon and transferred monolayers of 
amphiphile 4 spread over subphases of Fe(SO4)2(aq) and La(NO3)3(aq). 

Table 6-3.  Roughness and film thickness study results for monolayers of amphiphile 4 over 
aqueous subphases of Fe(SO4)2(aq), and La(NO3)3(aq), transferred onto hydrophilic 
silicon substrates (RMS roughness of 0.062 nm) 

Aqueous Subphase Transfer Surface Pressure 
(mN/m) 

RMS Roughness 
(nm) 

Film Thickness 
(nm) 

Fe(SO4)2(aq)   5  
20  

   0.20 ± 0.04  
   0.12 ± 0.03 

1.15 ± 0.12  

La(NO3)3(aq)   5  
20  

   0.12 ± 0.02 
   0.16 ± 0.04 

1.59 ± 0.18  

Silicon Fe2+ La3+

20 mN/m 20 mN/m 20 mN/m 
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Discussion Section 

Tris-cyano Amphiphiles 

The amphiphillic behavior of compounds 2 and 3 and their ability to assemble into 

extended coordinate covalent networks by binding subphase ions have been extensively studied 

over aqueous transition metal subphases (AgNO3, CuCl2, and Ni(NO3)2); these observations 

were then compared to the amphiphiles’ behavior over a aqueous subphase of NaCl(aq).  In their 

mean molecular area vs. time isotherms, minor negative slopes indicate compounds’ 2 and 3 

monolayer stability and low water solubility.  Well-defined surface pressure vs. mean molecular 

area isotherms possessing a phase transition from a mixture of liquid expanded and 

two-dimensional gas phases to homogenous monolayers of liquid expanded phase are 

accompanied by Brewster angle microscope images throughout monolayer compression 

mimicking this same behavior.  These observations demonstrate these compounds’ viability as 

amphiphiles for this study.   

Surface pressure vs. mean molecular area isotherms and BAM images of monolayers of 

compounds 2 and 3 over the transition metal ion subphases were then compared with those over 

a sodium chloride subphase.  In the case of both amphiphiles, the shape, slope, collapse point, 

and take-off point of the isotherms did not change an appreciable amount when the subphase was 

changed from the NaCl(aq) subphase to the transition metal ion subphases.  BAM images of the 

monolayers’ compression over all the subphases indicate that each monolayer studied contained 

a coexistence of dynamic regions of liquid expanded and gas-analogous phases.  It was not until 

a phase transition, resultant of monolayer compression, that the formation of a uniform film of 

liquid expanded phase occurred.  One last important observation from these isotherms is that 

both amphiphile’s mean molecular area, ~45 Å2 (2) and ~50 Å2 (3), appear to be considerably 

less than the optimized cross-sectional area of the polar tris-cyano head group (~75 
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Å2/molecule).  The fluid nature of the monolayer, less than optimized mean molecular area, and 

the lack of behavior change seen in the amphiphiles’ isotherms lead us to conclude that there is 

minimal amphiphile/subphase interaction and the transition to more condensed phases during 

monolayer compression is due to the maximization of van der Waals and pi stacking interactions.   

In order to determine the extent of the interaction between the transition metal ions of the 

subphase and amphiphiles’ 2 and 3, Langmuir-Blodgett films of the monolayers were deposited 

on ATR crystal for FT-IR analysis in order to compare the spectra of the transferred monolayers 

over the transition metal ion subphases to those over a NaCl(aq) subphase.  Comparing the 

multiplicity, half-maximum widths, and stretching frequencies of the peaks corresponding to the 

alkyl tails and aromatic nitriles of 2 and 3, no significant differences were seen in the spectra 

over all four aqueous subphases.  These observations indicate that there was no change in the 

packing alignment or density of the alkyl tails of the amphiphiles or interaction between the 

coordination nodes of the amphiphiles and the subphase ions.  The inability of the amphiphiles to 

coordinate transition metal ions from the subphase to form extended networks is due to their 

failure to make charge balanced networks with those ions.   

In order to address this problem, the nitrile functional groups on the polar head group of 

the amphiphiles were oxidized to carbonyl groups, yielding a tri-acid species.  Upon spreading 

the resultant molecules over an aqueous subphase, the deprotonation of the amphiphiles will 

yield tri-anionic species; this will allow for the formation of charge-balanced covalent networks 

with cationic transition metal ions from the subphase.  If the acidity of the aqueous subphase is 

kept low, the equilibrium of the reaction will lie to the right, enabling coordination between the 

amphiphiles and subphase ions, Figure 6-23. 
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Figure 6-23.  Reaction scheme of tricarboxy amphiphiles with divalent (A) and trivalent (B) 
transition metal subphase ions during two-dimensional network precipitation.   

Tris-carboxy Amphiphiles 

To achieve charge balance within the precipitated networks, we chose to use the tri-anionic 

amphiphile 4,4’,4”-triccarboxytriphenylmethyl octadecyl ether to continue our study of the 

self-assembly of coordinate covalent networks.  Amphiphile 4’s ability to assemble into 

extended coordinate covalent networks by coordinating subphase ions, and the pH dependence of 

these reactions, have was studied over aqueous transition metal subphases (MnBr2, CuCl2, 

Fe(SO4)2, and La(NO3)3); these observations were then compared to the amphiphile’s behavior 

over an aqueous subphase of NaCl(aq).  Changes in the monolayers behavior after being spread 

over transition metal subphases at higher pHs (increases in MMA, decrease in collapse pressure, 

the existence of rigid islands of condensed phase, and the diminished intensities of the FT-IR 

spectara’s carbonyl peaks) observed with Brewster angle microscopy, surface pressure vs. MMA 

isotherms, and FT-IR spectroscopy, indicated network formation through the interaction between 

the coordinating functional groups of the amphiphiles and the subphase reactants.  Upon raising 

the acidity of the subphase solutions, the separation in the behavior over all four subphases 

becomes indistinguishable, providing evidence to the pH dependence of the network formation. 

The dependence of network coordination topology upon the charge of the subphase ions 

was then investigated by reaction of Langmuir monolayers of 4 over aqueous subphase of 

Fe(SO4)2, and La(NO3)3.  Two possible extended networks formed from subphase ion 
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coordination by amphiphile 4 are shown in the schematic below, Figure 6-24.  The schematic 

illustrates the dependence of the networks coordination topology and the amphiphiles’ mean 

molecular area upon subphase cation charge. 
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Figure 6-24.  Perpendicular schematic view of two-dimensional honeycomb metal-organic 
networks formed from the coordination of a Langmuir monolayer of 4,4’,4”-
tricarboxytriphenylmethyl octadecyl either to A) divalent and B) trivalent transition 
metal ions from an aqueous subphase.  The respective mean molecular areas of the 
amphiphiles in the two networks are ~120 and ~80 Å2. 

As in the monlayer systems discussed above, similar evidence supporting 

two-dimensional network formation was provided by BAM, ATR FT-IR, and surface pressure 

vs. MMA isotherms.  Of greater importance are the differences in behavior observed for these 

two monolayer systems.  When spread over Fe(SO4)2(aq) and La(NO3)3(aq) subphases, the mean 

molecular area of amphiphile 4 was observed to be 120 and 80 Å2/molecule, respectively.  These 

experimental mean molecular areas accurately correspond to the idealized networks pictured in 

Figure 6-24.  Further analyses, FT-IR and AFM, of Langmuir-Blodgett films of the two 

monolayers indicated closer, more crystalline packing of the alkyl tails and thicker and smoother 
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LB films when spread over the trivalent metal subphase, as opposed to the divalent transition 

metal subphase.  These observations support the idea that the amphiphiles, when over the 

La(NO3)3(aq) subphase as compared to a Fe(SO4)2(aq) subphase, are in closer proximity to each 

other, lending evidence that two discrete, hexagonal networks are forming, each pictured above.  

Each honeycomb network has its own coordination topology and amphiphile mean molecular 

area, and these topologies are dependent upon the charge of the subphase ions and coordination 

geometry of the reactants. 

Conclusions 

Reaction of the amphiphiles 4,4’,4”-tricyanotribenzylmethyl dodecyl ether and 4,4’,4”-

tricyanotribenzylmethyl octodecyl ether with monovalent and divalent transition metal ion 

subphase did not result in the formation of two-dimensional metal-organic networks, due to their 

inability to form charge balance structures.  Spreading monolayers of 

4,4’,4”-tricarboxytribenzylmethyl octodecyl ether over trivalent and divalent transition metal ion 

subphases resulted in the self-assembly of two-dimensional networks.  By varying the pH of the 

metal ion subphases, the pH dependence of the network formation can also observed.  The 

network coordination topology was controlled both by subphase cation charge and amphiphile 

coordination symmetry.  These finding are reinforced with the aid of pressure vs. area isotherms, 

BAM images, ATR FT-IR, and AFM measurements and give us a better understanding of the 

topological control and self-assembly of two-dimensional networks.  Such systems may lend 

themselves to the templating and fabrication of thin films of analog porous materials, which may 

be used for chemical sensing, filtration, and absorption.  To explicitly confirm the structure and 

topology of the individual two-dimensional networks GIXD experiments are needed.  
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APPENDIX A 
TRANSMISSION ELECTRON MICROGRAPHS OF HETEROSTRUCTURED THIN FILMS 

100 nm 100 nm100 nm 100 nm
 

Figure A-1.  High resolution TEM images of (left) ~180 nm and (right) ~800 nm Prussian blue 
analog heterostructured sandwich films, comprised of a layer of 
RbjCok[Fe(CN)6]l·nH2O deposited between two layers of RbjNik[Cr(CN)6]l·nH2O.  
The prior film was synthesized with alternating deposition cycles of 10 absorption 
cycles of each aforementioned analog, while the latter had repeat cycles of 40 
deposition cycles.  The sequential adsorption technique used in the synthetic 
procedure is analogous to that used in the preparation of the binary transition metal 
Prussian blue analog thin films.  A lack of contrast difference in the prior film 
indicates extensive mixing of the two Prussian blue analogs throughout the film, 
while the latter appears to have three discrete layers with interfacial mixing at the 
interfaces of each individual layer.   

 
Figure A-2.  High resolution TEM images of Prussian blue analog heterostructured sandwich 

films, comprised of a layer of RbjCok[Fe(CN)6]l·nH2O deposited between two layers 
of RbjNik[Cr(CN)6]l·nH2O.  The observed fracturing of the thin films is common in 
the microtomed samples due to the stress of section preparation and the interaction 
between the electron beam and sample TEM grids.  Scale bars are 500 nm. 
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APPENDIX B 
TRANSMISSION FT-IR SPECTRA OF PBA THIN FILMS 
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Figure B-1.  FT-IR spectra (black) and respective fitting parameters for synthesized 
RbjMj[Cr(CN)6]l·nH2O fast thin film compounds as a function of M.  All fits (green) 
were performed using two Lorentzian lines (red).  ω is defined as the peak stretching 
energy, W is defined as the peak half-maximum width, and A is defined as the area 
under the curve. 
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Figure B-2.  FT-IR spectra (black) and respective fitting parameters for synthesized 

RbjMj[Fe(CN)6]l·nH2O fast thin film compounds as a function of M.  All fits (green) 
were performed using two and three Lorentzian lines (red).  ω is defined as the peak 
stretching energy, W is defined as the peak half-maximum width, and A is defined as 
the area under the curve. 
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APPENDIX C 
NMR SPECTRA OF AMPHIPHILIC MOLECULES 
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Figure C-1.  Proton (1H) NMR of 4,4’,4”-tricyanotribenzylmethyl dodecyl ether (2) in CDCl3. 
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Figure C-2.  Carbon (13C) NMR of 4,4’,4”-tricyanotribenzylmethyl dodecyl ether (2) in CDCl3. 
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Figure C-3.  Proton (1H) NMR of 4,4’,4”-tricyanotribenzylmethyl octadecyl ether (3) in CDCl3. 
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Figure C-4.  Carbon (13C) NMR of 4,4’,4”-tricyanotribenzylmethyl octadecyl ether (3) in CDCl3. 
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Figure C-5.  Proton (1H) NMR of 4,4’,4”-tricarboxytribenzylmethyl octadecyl ether (4) in 
CD3OD. 
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Figure C-6.  Carbon (13C) NMR of 4,4’,4”-tricarboxytribenzylmethyl octadecyl ether (4) in 
CD3OD. 
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